
Investigations on Interrelations Between
Design for X-Guidelines and Product Life
cycle Phases—An MDM-Based Approach

M. Manojkummar, K. E. K. Vimal, Abdul Zubar Hammed,
and K. Jayakrishna

Abstract The development of a comprehensive system for understanding the early
stages of product development process helps in preventing excessive changes in
the advanced phases of the life cycle. Increasing the transparency among product
goals and potentials, arising from different life cycle phases is essential to enhance
the process of product planning. Therefore, the primary objective of this work is
to explore how the network of DFX guidelines can be characterized, and thereby,
interrelations among the life cycle phases can be studied based on their association
with different DFX guidelines. Conclusions about which life cycle phase plays an
important role in pursuing andmeeting certain life cycle-oriented goals and how these
phases are interlinked are also drawn. The analyses were carried out using aMultiple
Domain Matrix (MDM)-based approach, which includes deriving respective Design
Structure Matrices (DSMs) to allow the detection of central life cycle phases and
DFX guidelines based on structural metrics addressing the centrality of elements.
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1 Introduction

Organizations believe that effective product life cycle (PLC) management has its
impact on product design and development but beyond that, they also have their
effect on the manufacturing strategy. A product life cycle comprises entire life cycle
of the product starting from concept, engineering design, manufacturing till its dis-
posal. The process of PLC management also includes several decision factors such
as people, data, marketing and enterprise strategies and integrating these to attain
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sustainability. Though the PLC policies are used for more than several decades, still
the gap between meeting exact customer need and product characteristics exists. The
product should possess certain characteristics in order to meet both business objec-
tives and customer needs. Such products are developed by transforming a feasible
idea into a product by selecting viable technical and economic strategies [1]. The
overall analysis of a product life cycle helps in determining where the product will
succeed and fail during its life cycle. By analyzing the product characteristics, the
factors contributing in making the product successful could be determined across
each phase of the life cycle. Even before the product reaches its initial PLC stage,
it undergoes a pre-manufacturing phase where numerous ideas for the product are
projected and are analyzed by considering various factors that will make the product
a success in the market. This pre-manufacturing phase should be as short as possi-
ble because the first launch of the product among competitors has an impact on the
revenue generated by the company by that product [2]. Every product has different
PLC stages based on its life cycle period, target market, innovation, etc.

PLC stages are generally classified as development, introduction, growth,maturity
and decline. In this study, these life cycle stages are taken with specification to
manufacturing of a product such as raw material extraction, material processing,
design, manufacturing, distribution and sales, product use and end of life stages [3].
PLC stages have their roles in determining product characteristics. Raw material
extraction focuses on the processes and the guidelines followed while selecting and
obtaining thematerials for production; these are thematerialswhich are taken as input
in every process. Based on the extracted raw material, the parameters considered in
production are selected and evaluated in material processing stage. The design phase
plays a major role in determining various product features [4], and based on the
output of the design phase, process planning is made; these processes are dealt in the
manufacturing phase. The marketing activities such as demand forecasting and the
process involved in taking customer order and delivering the product to the customer
are taken into account in distribution and sales phase. The customer response and
feedback after the use of the product by the customers will be considered in product
use phase; this phase has the character of being uncertain. The product delivered
by the company can either be success or failure and the factors such as ‘design for
serviceability’ and ‘design for maintainability’ have its relations with this phase. The
end of life stages phase deals with the activities that are carried out after the product
is damaged such as recycling and refurbishing.

From the above context, the complexity of the products’ life stages can be under-
stood from each stage of PLC. Every stage involves many processes, and every
process has several alternatives such as design, machine and material alternatives.
Design for X (DFX) where ‘X’ stands for the different attributes such as cost, the
environment of use and material is considered across the PLC stages. The resultant
product characteristics will have maximum matches with that of customer require-
ment. By considering this DFX across each stage of product development, determin-
ing the interdependencies between them will help to improve sustainability of the
product. DFX also helps in improving product quality, reliability, design flexibility,
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efficiency, productivity and reducing waste, prototyping cost and overall life cycle
cost.

The objective of this study is to reveal the interrelationships that exist between
DFX guidelines and PLC stages and to determine the product characteristics based
on the interdependencies of DFX guidelines and PLC stages. The DFX guidelines
involved in a process are interdependent, and different DFX can have its impact on
the same product characteristics. For example, the ‘design for cost’ and ‘design for
carbon footprint’ guidelines have their impact in raw material extraction phase of
PLC and also interrelation among DFX such as ‘design for material’ and ‘design for
manufacturability’ are related, based on the material, manufacturing process and but
the process parameters may vary at each phase. This forms complexity in the product
development process due to the presence of numerous networks of dependencies
existing between the DFX guidelines and also among the PLC stages. By improving
the transparency in the interrelation networks, guidelines affecting a particular phase
of PLC and how it can alter the resultant product characteristics can be identified.
The product development stage constitutes certain uncertainties as both customer
and company objectives need to be achieved. It means that the relation between
DFX and PLC stages has to be evaluated together [5]. The complexity of the system
depends on the number of factors contributing and controlling the system, where the
product development stage can be controlled by a number ofDFX in each PLCphases
[6]. In order to deal with such complex network relation identification, in this study,
MultipleDomainMatrix (MDM) technique is used. AnMDM is composed ofDesign
StructureMatrix (DSM) andDomainMatrixMultiplication (DMM).DSMdealswith
determining the intra-relations among several factors of the strategy considered and
DMM deals with determining the intra-relations among different domains involved
in the strategy [7].

The above-described objectives can be split down into two major goals as

1.1 Goal 1

To improve the transparency in determining product characteristics, as it is based on
the interrelations among different PLC stages with respect to DFX guidelines and to
conclude which phase of the life cycle plays an important role in meeting the product
goal. The processes are classified as major goals because different PLC stages can
address the same product characteristics with different DFX guidelines and identify
the networks making the product development phase more transparent.

1.2 Goal 2

To explore the network of DFX guidelines, interrelations among the life cycle phases
can be arrived based on their association with different DFX guidelines. This is also a
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major goal because a DFX guideline could address different PLC stages with respect
to product characteristics and identify the central DFX guidelines which have a
prime impact over the PLC stage that would improve the early product development
strategies.

2 Methodology

The complexity of the DFX guidelines and PLC stages networking activity could
be analyzed using MDM technique in a feasible way. As discussed, the MDM is
comprised of DSM and DMM; therefore, it gives both inter- and intra-relations
between the factors considered, which helps to achieve the goals of this study. The
results of these MDMs also help to bring benefits to both company and customer by
providing sustainable consumption and production of products.

DSM is an m × m matrix having corresponding factors enlisted in both rows and
columns and gives both directional and non-directional results of interdependencies
of the factors. DMM is an m × n matrix which determines the network of the
relationship between different domains. DMM is constrained for comparing only two
domains at a time,whereasMDMcan be used to comparemultiple domainswith both
inter- and intra-relationships in combination with DSM [8]. This structured analysis
makes the techniquemore feasible to determine the interdependencies of higher order
complex networks like this study. As mentioned, this combination of DSM in MDM
paves way for solving several levels of detailed problems and is considered in this
study to its simplest form in order to reduce the complexity of the process. This study
gives a generic approach of determining interrelationships between DFX guidelines
and PLC stages with respect to product characteristics which can be taken as a base
model and customized based on the product decided by the OEM.

From the identified major goals of the study, it shows that DFX guidelines are
common in both the goals which make it a major decision-making factor of the
process involved in this study. There are numerous DFX guidelines available [9],
but in this study, a representative set of DFX guidelines across the PLC stages was
selected based on the theoretical analysis in consultation with subject experts and
a brief literature review is also made on selecting the DFX guidelines. The DFX
guidelines considered are shown in Table 1. From the selected DFX guidelines,
certain product characteristics could be determined such as material, surface finish,
quality and reliability but as the objective of this study is to determine product
characteristics based on interrelation with PLC stages, the relation network between
PLC stages and DFX guidelines is plotted using DMMmatrix. This network is made
based on the analysis with the guidance of subject experts. For example, ‘design
for material’ guideline implies that material has a huge influence on the product
development. Different manufacturing strategies such as equipment selection and
process parameters are required based on the material selected for manufacturing the
product [10] which shows the relation of ‘design for material’ guideline with PLC
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Table 1 Analyzed DFX guidelines

Design for cost [14] Design for environment of
use [15]

Design for carbon footprint
[15]

Design for material [10] Design for equipment
selection [10]

Design for layout [16]

Design for reduce [17] Design for material
handling [10]

Design for
manufacturability [18]

Design for variants [10] Design for strength [10] Design for safety [15]

Design for ergonomics [19] Design for quality control
[16]

Design for yield [16]

Design for assembly and
disassembly [18]

Design for productivity [16] Design for six sigma [20]

Design for efficiency [16] Design for ease of
fabrication [19]

Design for supply chain [21]

Design for logistics [21] Design for sustainable
packaging [15]

Design for serviceability
[16]

Design for maintainability
[18]

Design for utilization [16] Design for recycle [17]

Design for refurbish [18] Design for remanufacture
[18]

Design for disposal [17]

Design for validation [20] Design for robustness [16] Design for standards [20]

phases of ‘raw material extraction,’ ‘material processing,’ ‘design,’ ‘manufacturing’
and ‘end of life stage.’

In order to determine inter- and intra-relations between the DFX guidelines, a
DSM is made with the context of selected DFX guidelines (DSM for DFX) shown
in Table 2. For instance, the ‘design for cost’ guideline has intra-relation with other
DFX guidelines such as ‘design for material,’ ‘design for strength’ and ‘design for
supply chain.’ Similar to DSM of DFX, another DSM is made for determining the
relationships in PLC stages (DSM for PLC). For example, design phase has its
influence over manufacturing, product use and end of life stages which shows that
the process of one phase affects the process to be carried out in subsequent phases,
concluding that theremust be clarity in the evaluation of selecting the process strategy
carried out in each stage.

Table 2 Part of DMM for DFX guidelines and PLC stages

Cost Environment
of use

Carbon
footprint

Material Equipment
selection

Layout

Raw material
extraction

∞ ∞ ∞ ∞

Material
processing

∞ ∞ ∞ ∞ ∞ ∞

Design ∞ ∞
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Fig. 1 Analyzed MDM of
DFX guidelines and PLC
stages

DF-X Guidelines PLC stages 

DF-X Guidelines DSM for DFX DMM for DFX to PLC

PLC stages DMM for PLC to DFX DSM for PLC stages

As the objective of this study is to determine product characteristics based on the
combination of bothDFXguidelines and PLC stages and their interdependencies, the
analysis was carried out with data comprising interrelationships of DFX guidelines
and PLC stages in regard of product characteristics. An MDM is made with DSM
of DFX and DSM of PLC in main diagonal and DMM linking DFX and PLC in
off-diagonal of the matrix.

As a summary of the procedure described, Fig. 1 shows the matrix representation
with DSMs and DMMs.

3 Results and Discussions

Table 2 shows the DMM matrix of DFX guidelines and the PLC stages, where the
relation network of DFX guidelines shown in Table 1 and PLC stages considered
are plotted. The ‘∞’ sign shows that there is a relation between factors mentioned
in row and column.

Table 3 shows the DSM matrix for DFX guidelines where the interdependencies
of DFX guidelines are identified. DSMs have their wide application in automobile,
electronic and other such fields to solve problems [11]. Table 4 shows the DSM
matrix for PLC stages where the interdependencies of PLC stages are identified.

Based on these DSMs and DMMs, theMDM is formulated and is shown in Fig. 2.
In order to evaluate the complex interdependencies ofDFXguidelines andPLCstages
together in determining product characteristics, MDM is made. This MDM is further

Table 3 Part of DSM for DFX guidelines

Cost Environment
of use

Carbon
footprint

Material Equipment
selection

Layout

Cost 0 ∞ ∞ ∞
Environment
of use

0 ∞ ∞ ∞

Carbon
footprint

∞ ∞ 0 ∞

Material ∞ ∞ ∞ 0 ∞
Equipment
selection

∞ ∞ ∞ 0 ∞

Layout ∞ 0
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Table 4 Part of DSM for PLC stages

Raw material
extraction

Material processing Design Manufacturing

Raw material
extraction

0 ∞

Material processing ∞ 0

Design 0 ∞
Manufacturing ∞ 0

0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
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Cost 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Environment of use 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Carbonfootprint ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Material ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Equipment selec on ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Layout ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Reduce ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Material Handling ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞
Manufacturability ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Variants ∞ 0 ∞ ∞ ∞ ∞ ∞
Strength ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞
Safety ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Ergonomics ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞
Quality control ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Yield ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞
Assembly & Disassembly ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞
Produc vity ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Six sigma ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Efficiency ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞
Ease of fabrica on ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞
Supply chain ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Logis cs ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞
Sustainable packaging ∞ ∞ ∞ ∞ ∞
Serviceabil y ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞
Maintainability ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞
U liza on ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞
Recycle ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞ ∞ ∞
Refurbish ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞
Remanufacture ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞
Disposal ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞ ∞ ∞
Valida on ∞ ∞ ∞ ∞ 0 ∞ ∞
Robustness ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞
Standards ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞
Raw material extrac on ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞
Material Processing ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0
Design ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞
Manufacturing ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞ ∞
Distribu on & Sales ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞ ∞
Product use ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0 ∞
End of life stages ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0
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Fig. 2 MDM formulated from DSM and DMM

solved using ‘clustering’ techniquewhere the scatteredMDMmatrix is clustered into
groups based on their relation with respective DFX guidelines and PLC stages. From
the literature reviewmade on clustering technique, it is evident that this technique has
been used for several similar decision-making strategies such as machine learning,
pattern recognition and information retrieval which has given a feasible solution
for higher order complex networks [12]. The clustering technique used can also
be termed as multi-objective optimization problem because of its ability to analyze
the multiple processes governing factors such as this study. Based on the clustered
groups, the relation of every DFX guidelines with PLC stage can be determined and
the product characteristics could be determined in the early product developmental
stage.
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4 Conclusions

Based on the analysis ofMDMmatrix, the interdependencies of PLC stages in associ-
ation with DFX guidelines were identified, and from the clustered matrix, the phases
with high impact factor on determining product characteristics were determined. The
results of the study show that ‘raw material extraction’ phase and ‘material process-
ing’ phase are coupled whichmeans that both of them havemutual sharing of process
parameters in determining product characteristics. Followed by them, ‘design’ phase
has relation with ‘manufacturing,’ ‘product use,’ ‘end of life stages’ and ‘manufac-
turing’ phase with ‘design,’ ‘distribution and sales,’ ‘product use’ and ‘end of life
stages.’ ‘Distribution and sales’ phase is interrelated with ‘product use’ and ‘end of
life stages’ such as other phases also have their contribution in determining product
characteristics in relation with the considered 33 DFX guidelines.

By the use of clustering technique in MDM approach of finding the interdepen-
dencies of DFX guidelines and PLC stages, a designer could get the common generic
algorithm for developing different future products with improved development speed
and efficiency. In comparison with other analyzing tools such as Gantt chart, this
approach is more user-friendly for integrating with computer software [13]. As the
number of decision-making factors increases, the complexity of the problem also
increases which makes the manual calculations a fuzzy approach. Also, the trend of
digitization and automation of operations make it simpler to feed the data to comput-
ers. The futuristic problem-solving softwares are also making their way in industries,
where these combinations will further simple down the process. This study gives an
application of MDM in a complex scenario in determining product characteristics by
analyzing the interdependencies of DFX guidelines and PLC stages. This approach
could be used by industries with respect to a product development phasewhichwould
give a feasible solution. By implementing this methodology in industry orientation,
further areas requiring more optimization can be identified and further study could
be carried out in the identified region.
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