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ABSTRACT

One of the many challenges that engineering designers
face today is a deficiency in practical and value-adding de-
sign methodologies that consider sustainability. Typically, de-
sign for sustainability (DfS) principles that address environmen-
tal and social impacts are not prioritized at the same level as
economic, physical, and functional needs. Additionally, many
newly-introduced DfS methodologies are fragmented and under-
developed. Furthermore, many methods are catered towards spe-
cific niche product domains or corporate workflows, making the
application of these methods across a wide range of problems
and products a challenge. By investigating the tools and meth-
ods available for DfS and identifying their application and lim-
itations, this study explores the integration of design structure
matrices (DSMs) and Life Cycle Assessment (LCA) tools to im-
prove DfS. The expectation is that an integrated DSM and LCA
will allow designers to explore how a single design change may
propagate through to specific changes in environmental and so-
cial impacts. The initial development of a full DSM and LCA is
demonstrated through two case studies of a reusable water bottle
and a micro-pump, showing which components, materials, and
processes have the most significant environmental impacts. The
results illustrate the value in applying this approach, which may
be suitable across a wide range of existing products in an effort
to improve DfS.
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INTRODUCTION

The topic of sustainability has become increasingly rele-
vant in various research disciplines over the past 20-25 years.
While the Brundtland Report of 1987 created one of the most fre-
quently cited definitions of sustainable development as “develop-
ment that meets the needs of the present without compromising
the ability of future generations to meet their own needs” [1],
more recent mainstream publications like the 2016 United Na-
tions (UN) 2030 Sustainable Development Goals (SDGs) have
pushed sustainability into the broader public [2]. The transfor-
mative plan of action presented in the 2016 UN report highlights
17 SDGs covering three categories of sustainability: environ-
mental, social, and economic. While design research may not
be able to address all of these goals, it can play a meaningful role
in creating products and systems with positive environmental and
social footprints. In particular, SDG 12 “Sustainable Consump-
tion and Production” is directly relevant to DfS in that it encour-
ages more sustainable behavior among product developing com-
panies and their customers, including specific policies and in-
ternational agreements on the management of materials that are
toxic to the environment [2].

According to previous research by the Royal Society for the
Encouragement of Arts, Manufactures, and Commerce (RSA),
most products designed today are still far from being ‘circu-
lar ready,” i.e., they are intended to follow a take-make-dispose
model [3]. Design for X (DfX) methods have been developed to
assist product developers in considering different life phases of
the product (manufacture, cost, etc.). One DfX field is Design for

Copyright © 2022 by ASME



Sustainability (DfS), which provides techniques to consider the
environmental and social impacts of design decisions. The aim
of DfS methods is to provide a holistic approach toward prod-
uct development that considers the “triple bottom line,” where a
product is sustainable in terms of environment, economy, and so-
ciety [4]. While many researchers have identified different tools,
methods, and techniques that can be used in DfS [5], designers
still need a practical and broadly applicable framework that can
comprehensively address sustainability in design problems [6].

Recent sustainable design approaches typically fall into one
or two of the following categories: Life Cycle Assessment
(LCA), Design for X (DfX), and Sustainable Design Methods
and Tools (SDMTs). The contributions and limitations of each
of these are summarized in Table 1. LCA is one of the more
generally accepted methods and is defined by ISO 14040 series
as quantifying environmental impacts of a product across its life
cycle [7,8].

TABLE 1. Contributions and limitations of major sustainable design

approaches
LCA DfX SDMTs
Methods for Approaches to . .
. Pp? . Specific, guided
assessing the consider specific
P 5 . methods and tools
£ | environmental, and | product life cycle .
= . . . for designers to
S | sometimes social, | phases during of
2. . account for
'E | impacts of a design; X may be .
= . environmental
2 | product or system; | manufacturing, use, .
o . . . and/or social
metrics capture the | end-of-life, or specific . .
. . o metrics during the
most important activities within these .
. . design process
impact categories | phases
Intended for Framed to consider
2 . . 600+ SDMTs are
§ | post-design one X/phase at a time; .
=] . published [9], but
& | evaluation or more often focus on .
= . .. not widely used;
£ | comparisons, rather | economic impacts
3 . most need more
than to support than environmental or .
. e . . business context
design activities social

This research explores the integration of design and LCA
methods to enable sustainable product design. In particular, we
combine the design structure matrix (DSM) with LCA, as a first
step toward a holistic approach to sustainable design. The pa-
per begins with a review of the literature in related fields with a
focus on DfX, particularly DfS, as well as DSM and LCA. The
DSM will be used as the foundation of the analysis, as it is an
effective problem decomposition technique that has been used
for decades across multiple fields of interest including engineer-
ing [10,11]. A DSM can be an important network modeling tool
that represents all the key elements of a given system or product,
revealing interactions while displaying the entire architecture in
an easy-to-understand format. The simple, compact visual repre-
sentation of a DSM also reveals system dependencies as well as
potential sensitivities in the overall design [12—-14]. LCAs, inde-

pendently, are already used with significant overall success when
compared to other tools that address sustainable design. In this
paper, a reusable water bottle and a solenoid micro pump [15]
are used as case studies to illustrate this integration of DSM and
LCA tools. These products are broken down by their individual
components and parameters, connections are mapped out in the
form of DSMs, and LCA is performed to explore the integration
potential and sustainability impacts of the products.

BACKGROUND

To make engineering decisions that are truly sustainable, we
must be able to systematically consider the interactions among
human stakeholders, technology, and the natural and built envi-
ronments. It is important to consider challenges in today’s en-
gineering processes for creating a product from initial concept
to final production, while also maintaining design objectives that
incorporate sustainability. Designers of a product often focus on
the details of a design along with functional and performance-
related objectives, i.e., making products work as intended phys-
ically [16]. Any other decisions like marketing, big picture fu-
ture choices regarding the company, or government interactions
and regulations are usually left to upper management and entities
outside the company altogether. This disconnect results in unin-
tended consequences and often a lack of execution when seeking
to develop a product that functions properly and is also designed
for sustainability.

One of the biggest dilemmas when it comes to implement-
ing sustainability across all products is that there are too many
sustainable design methods. Over the past few decades, a grow-
ing list of engineering methods have emerged, ranging from sim-
ple checklists to sophisticated analytical tools (i.e., LCA meth-
ods) available for companies to design more sustainable prod-
ucts [17]. In recent years, surveys have revealed criticism re-
lated to the progress over the years regarding sustainability meth-
ods. One major reason for this is that many methods seem to be
catered towards specific problems or product situations, which
makes it difficult to carry over the same process in other product
domains. There is also a push to create a holistic approach to in-
tegrate existing tools and simplify the overall effort in designing
for sustainability.

Still, product designers continue to push for simpler and
more effective methods for lowering environmental footprints of
their products and addressing DfS concepts [8]. Newer tech-
niques attempting to tackle DfS include the use of mind maps,
more detailed guidelines and checklists that have numerous re-
quirements, closed-loop approaches [3], reduction of silos when
implementing LCA methods, and improved key performance in-
dicators (KPIs) for newer products.
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Design for X

Design for X (DfX) is not a static field, as new categories
continue to be created due to changing market needs and busi-
ness drivers. However, no single DfX sub-category has yet at-
tracted widespread industry adoption [6]. DfX guidance and co-
ordination has struggled in recent years because the ‘X’ can rep-
resent any desired particular life cycle phase, idea, or characteris-
tic for a given product or system. DfX categories in the literature
include Design for Assembly, Design for Procurement, Design
for Manufacture, Design for Recyclability, and others [18, 19].
As a result, overall DfX guidelines merely provide a founda-
tion for addressing generic, life-cycle-oriented information in the
first stages of the innovation process [18]. Essentially, DfX ap-
proaches tend to be too generic to be used to maximum capacity
for any particular product or company.

Today, DfS is still a broad field of research that strives to-
wards large-scale system-level changes to address sustainability
within a product or system. DfS includes many ideas from the
past and present, including reduce-reuse-recycle, renewable en-
ergy consumption, efficiency improvements, repairability, green
design, eco-design, customer questionnaires, cradle to grave,
cradle to cradle, biomimicry, and base of pyramid systems [5].
The main characteristics of DfS approaches may be categorized
within the following innovation levels: product, product-service
system, spatio-social, and socio-technical system [5]. These
four levels make up the evolutionary framework that defines
DI1S today; while previous DfS iterations were narrowly focused
on green design methods, today’s DfS frameworks address the
larger scope of the environmental, social, and economic dimen-
sions of sustainability.

Design Structure Matrix

One important step in understanding a complex design prob-
lem is to decompose it into its essential parameters and functions
and study the relationships among its components. A design
structure matrix (DSM) is used in this framework to assess and
demonstrate couplings among the parameters, components, and
design decisions of the product. DSM-based methodologies, his-
torically, have several key functions, which include organizing
tasks associated with product design processes, breaking down
complex relationships for analysis, and influencing the produc-
tion of automated algorithms or programs to improve product or
process inefficiencies [20]. A fully constructed DSM can be bro-
ken down and manipulated either manually or through software
to reveal connections and sensitivities that other methods may
not show as easily. Overall, when compared to other modeling
or graphical methods like casual loop diagrams [21], the primary
benefit of a DSM is the ability the matrix format has in being
highly compact and scalable when organizing and interpreting a
product’s overall system architecture [11].

DSMs generally fall within one of two categories: time-

based or static. According to Kimita et al. [22], static DSMs
work better when clustering algorithms are used, which result
in a reordering of rows and columns to reveal modules or clus-
ters that are tightly interconnected. Using DSM software, parti-
tioning (sequencing) can reveal an automatic reordering of rows
and columns of the DSM. This process groups the components
according to some user or product-based objective [11]. Parti-
tioning or sequencing can move higher prioritized components
to the top of the overall matrix order through an algorithm of
components based on user-defined dependencies or other manu-
ally inputted system logic. Depending on the product analyzed,
clustering may lead to design efficiencies in the manufacturing
process. Other researchers have explored the idea of automati-
cally generating DSMs through the evolution of the product mod-
els [23], where computer-aided design (CAD) models are used to
extract the data and develop an automatic DSM. Such a process
could facilitate the implementation of DSMs into integrated de-
sign frameworks.

Life Cycle Assessment

Life cycle assessment (LCA) is a method to evaluate the po-
tential environmental impacts of products by compiling an inven-
tory, assessing the impacts using inputs and outputs, and inter-
preting the results. Potential environmental impacts of a product
throughout its life cycle can be evaluated using LCA [7]. Some
LCA techniques handle complex parameters such as part wear or
trends in supply and demand as stochastic processes, often repre-
sented by a single percentage value [24]. For many parameters,
such as the greenhouse gas emissions associated with extracting
and processing raw materials into plastic pellets, average market
values are used as approximations, as it may be impractical, if
not impossible, to use precise values related to a specific prod-
uct and its raw material sources [25]. Despite database expan-
sions and improvements in recent years, substantial LCA-related
information about a product is still required to both statistically
differentiate product systems and reduce the need to approximate
results.

The wide variety of LCA software tools and the lack of inter-
dependencies between product architectures and process require-
ments across a specific life cycle make it difficult for designers to
utilize LCA tools as intended. LCA outputs produce results that
have high uncertainties, data inaccuracies, data gaps, and model
variability due to a wide range of source selections available [26].

Researchers have not agreed on a single correct way to
conduct an LCA [27]. However, the consensus is that all as-
sumptions, boundary conditions, and unknowns need to be doc-
umented as completely and accurately as possible, and that this
information is made transparent to all stakeholders involved in a
given problem or product. Other research has attempted to ad-
dress these concerns by reviewing the challenges of simplifying
LCA tools in order to produce higher levels of sustainability [28];
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however, these do not explicitly solve the problem of integrating
LCA into the earlier phases of design. Altogether, LCA results
are often too complex for designers not familiar and experienced
with environmental assessments [24]. Since improving LCA
databases requires significantly more data, regionalization infor-
mation, and investment from all contributors, improving LCA
techniques is a trade-off situation in itself where improving the
system could potentially make the system even more difficult to
implement and use. These are some of the challenges with LCA
that tend to create hurdles among individual stakeholders, while
also leading product designers to move towards more precise al-
ternative tools in order to better estimate environmental impacts
on particular components or materials for a specific part [29].

Integration

To address the gaps in current DS practices, this paper pro-
poses an integrated framework combining DSM and LCA tools.
In this method, the product is broken down by its components,
parameters, variables, and functional subsystems. This top-down
approach closely follows modern-day model-based systems en-
gineering (MBSE) concepts where a system (product) is broken
down to its concept geometry and packaging, its performance
characteristics, and then to its structural and sub-components.
This process familiarity may reduce the learning curve needed
to broadly implement this overall method.

Further investigations exposed the pros and cons of recent
research on DfX tools. These included the purposes of the var-
ious DfX categories and examples of their applications. Re-
search revealed recent attempts to combine different methods
into new combined methodologies to build environmentally con-
scious guidelines into product design. Telenko and Seeper-
sad introduced a step-by-step methodology for developing new
guidelines in emerging areas of environmental sustainability by
integrating reverse engineering concepts with life cycle analy-
sis [30]. In their research, LCA is used mainly to help iden-
tify environmental requirements that are then used to generate
various environmental guidelines for a given product or class of
products.

The DfS literature discusses two key gaps in the current
landscape of sustainable design methods and tools. First, users
will continue using different methods or tools for a variety
of contexts, while at the same time, combining components
from different methods regardless of whether they are interre-
lated [31]. Second is the clear importance to develop DfS tools
and methods that can be implemented early in the conceptual de-
sign stages [8], as later in the design process substantive changes
are often prohibitively costly. This laid the foundation for this pa-
per, addressing the need to develop a widely-applicable approach
that leverages existing methods and tools.

METHODOLOGY

Existing sustainable design methodologies are typically
grouped in one of the following categories: diagram tools, check-
lists, guidelines, additional DfX categories, add-on LCA tools,
and new CAD-integrated tools [32]. This research proposes the
integration of DSMs and LCA tools to improve DfS.

This methodology can reveal the environmental impacts as-
sociated with the product’s design decisions using LCA software.
Then, adjustments can be made to these decisions in the DSM
and LCA through multiple iterations to compare the newly ad-
justed results to the original product baseline. The following sub-
sections will discuss the case studies and the two major steps of
this methodology: design decision mapping through DSM and
environmental impact assessment through LCA.

Case Studies

Two case studies were selected to illustrate the mechanism
of the integrated framework. First, a reusable water bottle, shown
in Figure 1(a), which has different types of materials, such as
plastic and stainless steel, and is a consumer-based product. An
environmental impacts analysis performed on this 21-ounce wa-
ter bottle can provide insights into the proposed framework’s
application and limitations when applied to a simple consumer
product. This product consists of three components, cap, seal
(o-ring), and bottle. The LCA considers the material extraction,
manufacturing, packaging, energy and fuel used, transportation,
customer use phase, and end of life phases.

Second, a solenoid-operated micro-pump, shown in Fig-
ure 1(b), was chosen to examine the proposed framework for
a slightly more complex, customized business-to-business prod-
uct. This micro-pump consists of twenty components, and it is
used in industries and laboratories where a precise, repeatable,
and discrete fluid volume is required [15]. Environmental im-
pacts of the micro-pump include raw material impacts on land
use, manufacturing processes that may impact global warming,

(b)

FIGURE 1. Case study products: (a) Reusable water bottle [33], and
(b) Solenoid operated micro-pump [15]
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non-recyclable materials, potential byproduct toxicities, overall
energy consumption in both manufacturing and product use, and
product life potential landfill impacts. In addition, the micro-
pump design choices influence material and energy use through
the manufacturing process and the need for specific engineering
processes for increased reliability and precision within the prod-
uct.

Step 1: Design Decision Mapping Using DSM

The DSM creation begins with the identification of design
decisions and their relationships using engineering data, includ-
ing two-dimensional drawings, CAD models, and bills of mate-
rials (BOMs). For the reusable water bottle, available online data
were used to identify the details of these design decisions [33].
The manufacturer provided detailed information and engineering
data on the micro-pump [15].

The products were first decomposed into components, and
then further decomposed to identify specific design decisions re-
lated to each component. Other design parameters were collected
by exploring the product’s assembly and the interactions between
components, performance parameters, and end-of-life decisions.
Performance parameters include anticipated effects on customer
satisfaction and end-of-life decisions such as waste to landfill,
recycling, or reuse. All parameters were categorized based on di-
mensional, material, manufacturing, and performance design de-
cisions. Each parameter was characterized in the DSM with the
following details: components/systems, design decisions, sym-
bols (as a representation method), measurement units, whether
the parameter is considered to be an input or output, the nomi-
nal value of the parameter, and minimum and maximum values.
Output characteristics were categorized as functional (i.e., what
the product must do) or non-functional (i.e., measurable charac-
teristics).

Next, a square DSM matrix was created with the parameters
listed on both the columns and the rows. For the water bottle, this
was a 30-by-30 matrix, with a sample section shown in Figure 2.
The dependencies between each pair of parameters were manu-
ally entered as an “X”” when the parameter in the column depends
on the parameter in the row symbol. The rationales behind these
dependencies are based on many factors, such as interdependen-
cies between the components or their locations within the assem-
bly. For example, the materials associated with the cap, seal, and
bottle are dependent on one another because their compatibility
is considered throughout the design. The manufacturing process
of each component also depends on the material, and the energy
parameter includes all the electricity used for material extraction,
manufacturing, assembly, and packaging of the water bottle.

The micro-pump has a more complex system of components
and mechanisms, which requires a more specific identification
method. Parameters of the product were extracted by dividing
the product into components, sub-assemblies, and final product

CM | SM | BM |B-MA|S-MA|C-MA| FA PK EN
Cap Material C-M X X
Seal Material S-M X X
Bottle Material B-M X X
Bottle Manufacturing |B-MA X
Seal Manufacturing S-MA X
Cap Manufacturing C-MA| X
Final Assembly FA X X X
Packaging PK X
Energy EN X X X X X X X X

FIGURE 2. Sample section of reusable water bottle DSM

assembly. This method helps categorize the design parameters
according to specific components while also identifying the de-
pendencies between the component’s design decisions. Using
a CAD model and drawings while considering the functions of
the components, design decisions were divided into mechanical,
electrical, fluid, pump body (structure), performance specifica-
tions, and manufacturing categories. A sample section of 84-
by-84 micro-pump DSM is shown in Figure 3, highlighting the
mechanical sub-systems. For example, the fifth parameter shown
is the spring diameter, which is a dependency for the pusher di-
ameter and connecting rod diameter.

The versatility of DSM structures allows for different appli-
cations towards product architecture DSM models. Many DSMs
define product component interactions in a symmetric way [11].
However, for the purposes of defining the sequence of design
decisions that can eventually feed into LCA tools and lead to ac-
tionable conclusions, the DSM is structured to have asymmetric
interactions where it is defined whether component B (column)
depends on component A (row), but not necessarily vice versa.
This is shown in the excerpt of Figure 2, which shows parame-
ters that have one-way dependencies. In Figure 3, the parameters
shown all impact one another bi-directionally.

Once the manual dependencies were marked in the DSM,

Pusher Material PS-M

Rod Material CR-M

Spring Material SP-M

Spring Length SP-L

Spring Diameter SP-D

Pusher Height PS-H

Pusher Diameter PS-D

Rod Height CR-H

Rod Diameter CR-D

FIGURE 3. Sample section of micro-pump DSM
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they were entered into an open-source DSM Excel macro pro-
gram that automates several common DSM operations, includ-
ing partitioning, tearing, and banding [34]. The main purpose
for using this software in this project is to generate a dependency
report. It can also reveal a new grouping of design decisions to
improve the efficiency of the design process, based on the depen-
dencies. The partitioning algorithm ranks parameters from the
fewest to the most dependencies. This rearrangement provides a
big picture view of the total dependencies in the system, identi-
fying critical and non-critical parameters. In this first step of the
proposed integrated framework, design decisions were identified
and their dependencies were mapped using the DSM tool.

Step 2: LCA Modeling

LCA modeling often requires detailed product information
that is not always available during the conceptual stages of prod-
uct design [30]. However, the DSM step is meant to prepare
designers to leverage the benefits of utilizing LCA tools while
reducing the difficulty, uncertainties, and error margins built into
the overall system. Therefore, prior to performing an LCA it is
important to know the precise materials used in all components, a
complete understanding of the manufacturing process, including
heavy machinery and resources used during production. Accord-
ing to Millet et al. [35], the value of LCA tools is that they answer
short-term questions by the design team while creating long-term
dynamics that favor environmental impacts in the overall design.

A clearly-defined functional unit is required for the LCA
process. A functional unit is a measurement unit or quantified
description of the product’s function. It serves as a critical ref-
erence for any variations to the original product’s parameters.
Furthermore, a top-down approach (i.e., breaking down of sys-
tems into sub-systems and primary components) to the product
is recommended when performing the LCA modeling while en-
suring that the product’s overall purpose to its customers is not
being compromised by designing for sustainability. Neverthe-
less, real-world products rarely achieve all ideals, and compro-
mise is sometimes necessary [6]. For the water bottle, the func-
tional unit for a proper LCA could be something like “100 liters
of water transported.” This would then be the denominator of the
LCA outputs, which may express, for example, the amount of
carbon emissions per 100 liters of water transported. However,
this functional unit requires a deep understanding of how the wa-
ter bottle’s design influences its lifespan and use patterns, which
are outside the scope of this paper. Similar challenges are present
with the micro-pump, and even more so as precision is more im-
portant than the quantity dispersed by a micro-pump. Therefore,
in this paper, the functional unit is chosen to be one product.

LCA modeling is performed using the available data about
the case studies and their flows, manufacturing processes, and
product type. Flows are all products, materials, or energy in-
puts and outputs of processes in the product system; these are

broken down into elementary flows, product flows, and waste
flows. Elementary flows, by definition, are materials or energy
of the environment that enters the process directly from the en-
vironment without previous human transformation or leaves the
process to be released into the environment. In contrast, product
flows are materials or energy exchanged between the processes
of the product system, while waste flows are materials or energy
leaving the system entirely. A unit process is the smallest el-
ement considered in the life cycle inventory analysis for which
input and output data are quantified in terms of LCA tools. In
addition, product types were inputs that are defined as goods,
services, software, hardware, or processed materials that can be
purchased from another entity [7].

LCA modeling of both case studies were performed using
the openLCA 1.10 software, which took in the collected data in
the design decision tables developed during the DSM phase. En-
vironmental Footprints (EF) is a freely available life cycle assess-
ment database selected for this analysis. This database was used
by the Product Environmental Footprint (PEF) initiative of the
European Commission’s Single Market for Green Products, to
develop a common methodology on the quantitative assessment
of environmental impacts of products [36]. The EF database suits
the purpose of this analysis, as it contains a higher number of pro-
cesses and flows compared to other freely available databases.

The inputs to the LCA were entered in openLCA according
to the details, nominal values, units and other specifications iden-
tified earlier in the design decision table. It should be noted that
best available material substitutes within the EF database were
used for many of the plastics and metal alloys in the openLCA
model. Some unknown parameters such as electricity used for
manufacturing were estimated using online available data. Once
the inputs and outputs were entered along with any additional
data such as machinery used, power requirements, or other re-
sources needed for production, a product system tree was gener-
ated. In openLCA, a product system contains all processes under
review and is illustrated as a network of processes to produce the
unit product.

The life cycle impact assessment (LCIA) method selected
for LCA is an essential part of the framework to enable the
meaningful representation of environmental impacts while inte-
grating DSM and LCA. There are several LCIA databases avail-
able within the openLCA software. ReCiPe is a popular LCIA
method that has been used since 2008 to transform long lists of
life cycle inventory results into 18 midpoint indicators, and then
it aggregates those midpoints into three main endpoints. These
endpoints are damage to human health, damage to ecosystems,
and damage to resource availability [37]. Each endpoint is mea-
sured in terms of its specific unit that can represent the value
of environmental impacts. the damage to human health is mea-
sured as disability-adjusted life years (DALYSs), the unit for dam-
age to ecosystems is the local species loss integrated over time
(species/year), and the damage to resource availability has a unit
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of U.S. dollars (USD), which represents the extra costs involved
for future mineral and fossil resource extraction. ReCiPe offers
three cultural perspective factors: I, H, and E. The individual-
ist perspective (I) is a short-term, optimism view that technology
can avoid many problems in future. The alternatives are the hi-
erarchist (H) which is based on scientific consensus with regard
to the time frame and the egalitarian (E) perspective with a long-
term view based on precautionary thinking. In this LCA analysis
the individualist perspective was selected because it can reveal
the impacts considering the relatively short-term goals of prod-
uct designers and companies.

RESULTS

The impact assessment results obtained from the 18 mid-
point impact indicators were listed in order of decreasing impact
as measured by the endpoint categories. The highest flow contri-
butions to these midpoints were then listed to demonstrate each
category’s design decisions. It should be noted that considering
the functional unit selected for this LCA analysis is the produc-
tion of one reusable water bottle or micro-pump, the absolute
results are small values. The results obtained from these LCAs,
presented in the following subsections, revealed the magnitude
that each process flow extracted from the design decisions can
impact the environment within the three endpoint categories.

The LCA results for the reusable water bottle are summa-
rized in Table 2. The table shows three endpoint categories and
the highest midpoint category contributors to each. Mineral re-
source scarcity is the highest contributor to the resource avail-
ability endpoint. For both of the other two endpoints of dam-
age to human health and the ecosystem, ozone formation has the
highest impact.

TABLE 2. Reusable water bottle endpoint ReCiPe LCA results, high-
lighting the most significant midpoint indicator in each endpoint cate-

gory
Endpoint

Total value Most significant midpoint

Resource avail. | 2.75E-5 USD Mineral resource scarcity

Human health | 4.74E-11 DALYs Ozone formation

Ecosystems 6.72E-12 species.yr | Ozone formation, terrestrial

Figure 4 provides example investigations into the highest
midpoint categories associated with each endpoint. The left-
most chart shows that mineral resource scarcity is mainly af-
fected by stainless steel (60%), electricity (26%), and powder
coating (14%) process flows. The powder coating process is one
of the final steps of bottle manufacturing, where the specific col-
ors selected for the bottle are coated on the outer layer of the

stainless steel bottle. Figure 4 also shows the contributions of
each process flow to the other two most significant midpoint in-
dicators, which are both ozone formation. The powder coating
process has the highest impact on these midpoint indicators with
27%, followed by electricity (23%) and the carton box packag-
ing (19%). Plastic labeling of the product (11%) and the injection
moulding process for cap and seal manufacturing (3%) were also
impacting this category.

The micro-pump has a wide range of materials and process
flows entered as the LCA inputs, and its life cycle assessment
results are summarized in Table 3. Mineral resource scarcity is
primarily influenced by the stainless steel (79%) used in micro-
pump’s components, such as the spring, shell, and armature. Fig-
ure 5 shows the other process flow contributions to this cate-
gory, which are Polyphenylene Sulfide (PPS) material (29%) and
electricity (1%). Damage to human health and ecosystem break-
downs show that PPS has the highest impact on these categories
(55%), followed by electricity used for processing and manufac-
turing (36%), and Ethylene propylene dien elastomer (EPDM)
material (6%).

TABLE 3. Micro-pump endpoint ReCiPe LCA results, highlighting
the most significant midpoint indicator in each endpoint category

Endpoint Total value Most significant midpoint

Resource avail. | 0.0059 USD Mineral resource scarcity

Human health 1.13E-10 DALYs Ozone formation

Ecosystems 1.61E-11 species.yr | Ozone formation, terrestrial

DISCUSSION

As a first step in the process toward developing an integrated
sustainable design approach, this paper demonstrates the con-
struction of DSMs followed by the performance of LCAs. All
the information and inputs required to perform the LCA were
extracted during the process of DSM construction. These data
were necessary first to identify the interconnected patterns be-
tween the design decisions of the system and then to define the
process flows in the LCA. The process of this data extraction and
defining dependencies is a manual task that is time-consuming
but essential to the analysis. These data were the foundation of
the analysis and may need to be validated by multiple design en-
gineers working on the specific product. As other researchers
have found, this task may be automated to some extent using
CAD models [23].

The reusable water bottle’s DSM showed that customer sat-
isfaction has the highest number of dependencies with 17, and
seal diameter has the lowest number of dependencies with 2. The
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FIGURE 4. Reusable water bottle process flow contributions to three midpoint categories
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FIGURE 5. Solenoid operated micro-pump process flow contributions to three midpoint categories

other highly connected parameters are bottle material, durability,
and total cost. As a consumer-based product and considering its
simple mechanism, these parameters primarily influence the de-
sign decisions for this product. LCA of the reusable water bottle
provided details into the environmental impacts of these design
decisions. According to the results, the bottle material (stain-
less steel) and manufacturing parameters (electricity and powder
coating) have the highest environmental impacts. These two are
also critical design decisions closely tied to performance param-
eters such as total cost, reliability, durability, and customer satis-
faction. Stainless steel is used for the bottle to satisfy the prod-
uct’s performance parameters such as durability, reliability, and
heat efficiency. The bottle material also has a significant effect
on the total cost of the product and customer satisfaction. Stain-
less steel material selected for the bottle has the highest impact
on mineral resource scarcity which is understandable consider-
ing that the bottle is the majority of the product’s total mass. The
third contributor to the ozone formation is the packaging design
decision (carton box) for both damage to human health and the
ecosystem. According to the dependency report produced using

the DSM, design parameters that depend on the bottle material
are the cap material, bottle manufacturing, total weight, heat effi-
ciency, durability, reliability, recycle/repair, waste, and customer
satisfaction.

The micro-pump has a more complex mechanism, but the
customized design aspect of the product also makes it highly de-
pendent on the customer satisfaction factor. The other highly in-
fluential parameters were performance parameters, such as max-
imum pressure, working fluid, precision, and flow coefficient.
The LCA results illustrated that, in this example problem, stain-
less steel and polyphenylene sulfide (PPS) have the device’s most
substantial environmental impacts. The design decisions associ-
ated with these two materials are known, and the dependencies of
other design decisions on these parameters are determined using
the DSM. For example, the environmental impacts of producing
stainless steel, which has the highest value in the LCA results, are
connected to the specific components made from this material in-
side the assembly of micro-pump. The DSM shows how many
parameters depend on stainless steel material within the design
of the micro-pump. To evaluate the magnitude of the impacts of
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these design decisions on the environment, a sensitivity analysis
can be performed to reduce the uncertainty of the results. In fact,
the proposed next steps of integrating the DSM with the LCA so
that design changes can propagate all the way through to impact
assessment results will facilitate such sensitivity analyses.

From a DS perspective, some opportunities for improv-
ing the environmental impacts of the reusable water bottle and
micro-pump were identified through this approach. These in-
clude overall design and configuration changes such as more sus-
tainable materials, optimized tolerances, and specific component
re-designs. The component mapping and DSM step broke down
these products by their components and systems to facilitate the
analysis of these hypothesized areas of improvement, while the
LCA step focused on assessing the product’s environmental foot-
print.

LCA results present their own limitations and assumptions.
Several processes or materials are not found in the available
databases, and identifying equivalent inventory items is challeng-
ing. Some components are also composite materials or manu-
factured in a multi-process operation where plating two or more
materials occurs. According to McNamara, multi-functional and
multi-property composite materials present unique challenges to
LCA tools, as well as the functional unit selection and deter-
mination [38]. Utilizing a more comprehensive LCI and more
complete data about the product, its logistics, and manufacturing
information can significantly reduce the uncertainty in the LCA
results. Despite these challenges, design decisions dependencies
and environmental impacts were identified for both case studies.

Outside of minimizing costs, there are other business and
sustainability drivers to designing and engineering a micro-pump
that maximizes its precision, accuracy, and reliability. This is es-
pecially true since this micro-pump has critical applications in
waste effluent removal, chemical dosing, and sterilizing applica-
tion. Additionally, the magnitude of the voltage plays a substan-
tial role in how a micro-pump performs under maximum loads.
Therefore, changing the parameters, components, or design of
any part of the micro-pump has significant risks, which may not
be accounted for in the current DSM. Consequently, DfS goals
need to be clearly defined before applying this methodology, be-
cause sub-categories like product longevity, repairability, and re-
cyclability all contribute to sustainability. Roughly 78 percent
of discarded products still function correctly when they are re-
placed, which suggests that the repairability of components of
the micro-pump should be considered when determining areas
for DfS improvement [5].

One of the key benefits of this approach to combining
DSM and LCA is in analyzing and understanding design trade
offs. Counterintuitively, sometimes shortening the lifetime of a
product may be environmentally preferable and a step towards
DAS [39,40]. This becomes true if future generations of those
products use fewer toxic materials, require significantly less re-
sources and electricity to operate, or are designed in a way where

components are recycled or repaired by the user. Furthermore,
if a product has anticipated areas of failure, then the design-
ers can build in a modular repair system for that specific com-
ponent, using fewer resources in manufacturing the component.
Components that see significant levels of wear and tear are ex-
amples where this design philosophy may be followed. On the
micro-pump, this could be the diaphragm which provides a seal
between the actuator (drive mechanism) and the compression
chamber, which is under constant pressure while generating suc-
tion and discharge flow alternately.

CONCLUSIONS

This paper presents and demonstrates an early application
of a new approach that integrates DSM and LCA tools to im-
prove designing products for sustainability. In particular, this
paper illustrates a simple application through analysis of two ex-
isting products in the marketplace, breaking down their compo-
nents through detailed component mapping, constructing a DSM
to group those components within sub-functions, and inputting
that information, along with its materials and resource needs in
regards to manufacturing, into an LCA for further analysis. De-
tailed dependency results were obtained from the DSM that iden-
tified the fundamental design decisions of the water bottle and
micro-pump. These parameters were grouped into categories and
organized according to their dependencies. By inputting these
data and additional product specifications into the LCA, the re-
sult is an ability to trace the relationships between the design
decisions and the environmental impacts of the product. Eventu-
ally, with an integrated DSM and LCA model, sensitivity analy-
ses and optimization capabilities may add substantial value and
lower the barrier to DfS adoption in general design practice.

The reusable water bottle and micro-pump were used to
demonstrate the utility of the proposed approach and present ini-
tial results on its feasibility. The results in this paper show a
proof of concept and make a case for the value of applying this
approach across a wide range of product types in an effort to
improve DfS. The findings for the micro-pump, in particular, re-
vealed specific environmental impact areas and significant po-
tential areas for improvement towards sustainable design. More-
over, the findings lay the foundation for future extensions that
will enable trade-off analysis and design decision exploration to
support more sustainable design decision making.
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