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ABSTRACT

A Discovery of Social Impact Categories for the Sustainable Design of Engineered
Products and Their Consideration by Industry Professionals

Andrew Taylor Pack
Department of Mechanical Engineering, BYU
Master of Science

Sustainable design is often practiced and assessed through the consideration of three essen-
tial areas: economic sustainability, environmental sustainability, and social sustainability. For even
the simplest of products, the complexities of these three areas and their tradeoffs cause decision-
making transparency to be lost in most practical situations. Additionally, the models and tools
available to consider social sustainability are severely underdeveloped. This thesis is separated
into three parts: 1) a design tool to consider all three aspects of sustainability simultaneously, 2)
a literature survey to characterize social impact as it relates to products, and 3) interviews with
engineering professionals regarding how social impact is currently considered in product design in
industry.

The existing field of multiobjective optimization offers a natural framework to define and
explore a given design space. In chapter 2 of this thesis, a method for defining a product’s sustain-
ability space (defined by economic, environmental, and social sustainability objectives) is outlined
and used to explore the tradeoffs within the space, thus offering both the design team and the de-
cision makers a means of better understanding the sustainability tradeoffs. This chapter concludes
that sustainable product development can indeed benefit from tradeoff characterization using mul-
tiobjective optimization techniques — even when using only basic models of sustainability. Inter-
estingly, the unique characteristics of the three essential sustainable development areas lead to an
alternative view of some traditional multiobjective optimization concepts, such as weak Pareto op-
timality. The sustainable redesign of a machine to drill boreholes for water wells is presented as
a practical example for method demonstration and discussion. In these efforts it became apparent
that the tools for considering social impact were lacking and needed to be further developed.

While efforts have been made to identify social impacts, academics, and practitioners still
disagree on which phenomena should be included, and few have focused on the impacts of prod-
ucts specifically compared with programs, policies, or other projects. The primary contribution of
chapter 3 of this thesis is to integrate scholarship from a wide array of social science and engineer-
ing disciplines that categorizes the social phenomena that are affected by products. Specifically,
we identify social impacts and processes including population change, family, gender, education,
stratification, e mployment, h ealth and w ell-being, human rights, n etworks and communication,
conflict and crime, and cultural identity/heritage. These categories are important because they can
be used to inform academics and practitioners alike who are interested in creating products that
generate positive social benefits for users.

Though academic research for identifying and considering the social impact of products is
emerging, additional insights can be gained from engineers who design products every day. Chap-
ter 4 explores current practices in industry used by design engineers to consider the social impact



of products. 46 individuals from 34 different companies were interviewed to discover what dis-
connects exist between academia and industry when considering a product’s social impact. These
interviews were also used to discover how social impact might be considered in a design setting
moving forward. This is not a study to find ‘the state of the art’, but considers the average engineer-
ing professional’s work to design products in various industries. Social impact assessments (SIA)
and social life cycle assessments (SLCA) are two of the most common processes discussed in the
literature to evaluate social impact, both generally and in products. Interestingly, these processes
did not arise in any discussion in interviews despite respondents affirming that they do consider
social impact in product design. Processes used to predict social impact, rather than simply evalu-
ate, were discussed by the respondents and tended to be developed within the company and often
related to industry imposed government regulations.

The combined work reported in this thesis is a significant step forward in being able to
handle the unwieldy nature of social impact in product design in the larger context of sustainability.
Not only do these efforts provide a basis upon which future tools can be developed, they are also
immediately useful in providing a basic framework upon which to consider the full spectrum of
social impact of products during design.

Keywords: Andrew Taylor Pack, social impact, product design, sustainability, sustainable product
design
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CHAPTER 1. INTRODUCTION

1.1 Sustainability

Sustainable development’s goal, as defined by the Brundtland report in 1987 [1], is to meet
the needs of today without sacrifice the ability of future generations to meet their needs as well.
This important goal has recently become one of the most popular goals for many organizations [2].
In fact, the United Nations Environmental Programme (UNEP) has designated sustainability as
the main goal for the future development of human kind [3]. We are fast approaching a point
where considering sustainability will no longer be optional, but will be a requirement imposed by
stakeholders or legislative policies [4].

A common way to consider sustainability is to divide it into three categories; economic,
environmental and social sustainability [S]. This is frequently referred to as the triple bottom line
[6,7], or the three pillars of sustainability [8]. These impact areas can be manifest in community
or governmental programs, business practices, engineered products and processes, and more. The
scope of this thesis is to consider sustainable development as it relates to engineered products and
their development.

Economic sustainability — often tied to profitability — has long been a regularly considered
area of impact in product development, while environmental and social sustainability have not
[9]. However, growing awareness of contemporary issues such as resource depletion [10], the
circular economy [11], and corporate social responsibility [12] has caused various organizations to
consider becoming more fully sustainable in their products, services, or operating practices, while
maintaining desirable economic performance.

To support decision makers and their organization’s desire to become more sustainable,
chapter 2 presents an approach for exploring design tradeoffs as they relate to sustainability.
Specifically, chapter 2 characterizes the Sustainability Space, which is a set of design alterna-

tives positioned within a three-dimensional geometric space defined by economic, environmental,



and social sustainability objectives. Measures and models to help a design engineer consider both
the economic and environmental impacts of their products were readily found in literature while
developing metrics for social impacts had to be rigorously developed specifically for chapter 2. In
doing this, it became apparent that models and measures for social sustainability were lacking.

To more fully understand the field of social impact as it relates to products, a multi-view
research approach was adopted. Three separate research studies were conducted in order to view
this gain a valuable perspective from each study. These three studies focused on: 1) a literature
survey, which aggregates what is found in academic literature about product social impacts, 2) a
product survey, which seeks to understand what social impacts a product may be perceived to have
and what are the relationships between those impacts, and 3) an industry survey, which works to
discover how industry professionals working in product development currently consider the social
impact of their designs.

These three approaches create a foundation for future work in the area of social impact.
Already there are efforts to develop new metrics for product social impact [13] which can lead to
better tools for use in sustainable product design. While three elements make up this multi-view
research approach, only the literature survey and industry survey (items 1 & 2) are reported here

in chapters 3 and 4, respectively.

1.2 Product Social Impact in Literature

Though exceptions exist, social impacts have not yet been the focus of significant research
efforts or included in the calculus utilized by engineers to evaluate product design features. Yet,
the concept of social impacts — the influence of a product “on the day-to-day quality of life of
persons” [14] — has a long-standing tradition in the mechanical and manufacturing engineering
professions, whose codes of ethics emphasize holding “paramount the safety, health and welfare
of the public” [15] and considering “the consequences of [our engineering] work and societal
issues pertinent to it.” [16] Despite the genuine and near-universal acceptance of these sentiments,
most practitioners do not commonly characterize the social impact of products beyond the basic
principles of mechanical and structural safety. Therefore, understanding the social impacts of

design frequently remains out of sight and reach of those who create and manufacture products.



The academic literature devoted to social impacts of products lags behind the attention
given to the topic by practitioners in the nonprofit sector. Exceptions include Vanclay [17], Epstein
and Yuthas [18], and Fontes et al. [ 19] who note that the relevance of particular social impacts often
depend on the local context or community. While efforts often result in lists of social impacts that
scholars and practitioners would do well to consider and represent a useful and growing body
of literature, their grounding in empirical research is often limited. Many of these sources that
offer lists of social impacts have been generated from the authors’ experience or influenced by the
authors’ “prejudices and biases” [17]. Chapter 3 is a step toward addressing the issue of biased
tools by integrating a wide range of studies in the social science and engineering literatures with
the intent to better inform our conception of products’ social impacts. The result of this effort is
the characterization of 11 product social impacts categories, which will be used in chapter 4 as

well.

1.3 Product Social Impact in Industry

Engineers stand in position to pioneer best practices in accounting for a holistic view of
sustainability, where “Sustainability Engineering is poised to propel the industry into a future that
combines permanence, profitability, as well as livability” [20]. As engineers design with all as-
pects of sustainability in mind, they are likely to create effective and desirable products while also
influencing the worlds economic standing, environmental state, and social well-being. Though de-
signing engineered products and systems from a social well-being perspective is an emerging topic
in literature, chapter 4 seeks to understand to what extent designing for social impact is found in
industry, among practicing engineers.

To be clear, the goal is not to review the state of the art in social impact design, but to
simply understand the degree to which common engineers currently consider the social implica-
tions of their designs. While social sustainability research may be lagging behind economic and
environmental sustainability, current practices within the engineering field can prove that social

sustainability is being increasingly accounted for.



1.4 Motivation

As previously stated, the eventual goal is to make all aspects of sustainability equally practi-
cal to design for. Currently, the tools for considering a product’s social impact are underdeveloped.
This thesis contains three parts, first, a tool which characterizes the sustainability space and assists
an engineer to understand the tradeoffs between the three categories of sustainability. It was in this
effort that it became apparent for the need for better tools in social sustainability. This leads to the
final two sections which are a literature survey and industry survey to gain new insights into social
impact as it relates to products. Through this work, engineers and product designers can open their
minds to potentially new social impacts never considered before and work to develop products that
are equally socially sustainable as they are economically and environmentally sustainable. Ad-
ditionally, new tools can be developed to make designing for social impact more accessible and
practical. In this way, the research found herein can be used both as a starting point for engineers
to consider social impact and as a foundation for new tools for social impact design to be built

upon.



CHAPTER 2. USING A PRODUCT*S SUSTAINABILITY SPACE AS A DESIGN EX-
PLORATION TOOL

2.1 Introduction

Regardless of whether it is explicitly considered or not, engineered products generally have
three impact areas tethered to them. They are economic impact, environmental impact, and social
impact. These three areas are the basis for sustainable design as introduced by Elkington [21], and
adopted by others [5,22,23]. Sustainable design seeks to develop products that have maximum
positive impact and/or minimum negative impact on the economy, environment, and society [1,9].

Economic sustainability — often tied to profitability — has long been a regularly considered
area of impact in product development, while environmental and social sustainability [9] have
not. However, growing awareness of contemporary issues such as resource depletion [10], the
circular economy [11], and corporate social responsibility [12] has caused various organizations to
consider becoming more fully sustainable in their products, services, or operating practices, while
maintaining desirable economic performance.

As a way of injecting a sustainable culture into an organization, some have created a posi-
tion for sustainability officers [8] and have tried to implement sustainable thinking into their prod-
uct development process. While this has potentially raised awareness of sustainability at all levels
of the organization, it has not changed the fact that the tradeoffs between economic, environmental,
and social sustainability can be obscured and not intuitively resolvable by the organization’s gen-
eral body of decision makers [24]. Unfortunately, this condition often relegates sustainable design
to a philosophy that many agree with in principle but find difficult to execute [25, 26].

To support decision makers and their organization’s desire to become more sustainable, this
paper presents an approach for exploring design tradeoffs as they relate to sustainability. Specif-
ically this paper characterizes the Sustainability Space, which is a set of design alternatives po-

sitioned within a three-dimensional geometric space defined by economic, environmental, and
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Feasible
Design Space

Economic Sustainability

Figure 2.1: The sustainability space, defined by the three pillars of sustainable design; economic,
environmental, and social sustainability. The shape within the space, represents the set of feasible
design alternatives, and the region shaded darkly represents the optimal tradeoff surface, or more
formally the Pareto frontier. We seek Pareto solutions because they represent the best that can be
feasibly achieved.

social sustainability objectives, as illustrated in Fig. 2.1. While potentially useful in all stages of
the product development process, the framework presented here is specifically for the redesign of
an existing product. As such, it is assumed that enough design information is available to con-
struct parametric models of product performance and sustainability — which is not an unrealistic
assumption for companies that have become well-established in a particular industry. From these
models, however basic or rudimentary they may be, a set of design alternatives can be generated
by changing the models’ parameter values and the sustainability space can be found.

To be clear, the definitions used throughout this paper for environmental impact and so-
cial impact are: the effect an engineered product has on the natural world, and the effect that an

engineered product has on the day-to-day quality of life of persons or communities, respectively.
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For the purpose of this paper, the latter definition excludes such issues as manufacturing workers’
rights and community cohesion in the location of the production facility, as these issues are less
likely to be influenced by product design decisions, and more likely to be influenced by supply
chain decisions.

We note that this paper does not attempt to contribute a new optimization technique to
the literature, but instead uses existing methods found in multi-objective optimization literature to
characterize and navigate the sustainability space. These techniques have not been presented in
the literature as a way to find the sustainable design space, but doing so can provide benefit to
product design teams seeking a quantitative technique to consider the design space created by the
three top-level objectives of sustainability. Along with building the design space, we also provide
guidelines for converging on a final sustainable design.

Before presenting the approach, we briefly review pertinent related literature upon which
the present paper is built (Section 2.2). In Section 2.3, five steps for finding and exploring the
sustainability space are presented. These steps are demonstrated in Section 2.4 as a machine for
drilling for water wells is redesigned for greater sustainability. Section 2.5 provides our main

conclusions from the research and delineates its limitations.

2.2 A Review of Previous Work

In this section, we briefly review literature in the areas of sustainable product development, multi-

objective optimization, and the way these two areas have mingled in the literature.

2.2.1 Sustainable Product Development

Definitions of sustainability vary widely [27] however the Brundtland report defines sus-
tainable development as development that meets the needs of the present without compromising
the ability of future generations to meet their own needs [1]. Many have interpreted this to include
economic, environmental, and social impacts [5,22,23]. This paper works in harmony with these
definitions and specifically looks at the impact a product will have relative to the three pillars of

sustainability.



Although not always considered by design teams, engineered products often have an impact
economically, environmentally, and socially [28]. Considering this triple bottom line — as it is
often referred to — we can reasonably assert that economic sustainability (when characterized by
profitability) has always been a part of product development. In contrast, the same cannot be
said for environmental sustainability, which emerged on the agenda in the late 1990s within the
product development sector [29-32]. It was at this time that life-cycle thinking, which encourages
environmental considerations at every stage of the product life-cycle (from materials extraction
to final disposal at the end of life), grew in popularity and it was recognized that a product’s
environmental impact is most effectively influenced when considered in the early stages of the
product development process [33,34]. The literature now contains a wide range of methods and
tools to support life-cycle thinking including LiDS wheel [29], Eco Indicator 99 [35], the LEED
Rating System [36], and more [37,38].

The one branch of the triple bottom line that has yet to receive much attention in the product
development literature is social justice [39,40]. Nevertheless, the products developed by organiza-
tions do impact society [9,41]. Unfortunately, social aspects are not often integrated into product
development processes and only a few leading-edge companies have progressed beyond ecode-
sign [42,43]. There has been, however, a growing interest in the use of design by foundations and
non-governmental organizations (NGOs) to assist with social change, particularly in relation to the
challenges of resource-poor countries [44,45]. While sustainable design is emerging as an impor-
tant approach for industry to adopt, research has shown that current sustainable design approaches
tend to focus on only a small number of environmental issues such as recyclability, material se-
lection, and energy consumption. Consequently these have limited ability to result in large-scale
sustainability improvements [46].

There has however been some progress in considering all three pillars together. For exam-
ple, Buchert et. al. developed an early stage method to simultaneously consider all three pillars
of sustainability to assist in choosing material and manufacturing process [5S]. And others have

successfully applied a full sustainable evaluation for a specific product [47].
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Figure 2.2: The general concept of Pareto optimality for two objectives being maximized. The
gray shaded space represents feasible solution space and the dark curve represents the set of Pareto
solutions (non-dominated solutions).

2.2.2 Multiobjective Optimization

As organizations seek sustainable design solutions, there will inevitably be tradeoffs be-
tween economic, environmental, and social sustainability. The field of multiobjective optimization
offers existing tools and theories to support the management of tradeoffs [48—50].

Multiobjective optimization is fundamentally different than single objective optimization
in that it must consider the tradeoffs between competing objectives before a final single solution
can be chosen. As such, multiobjective optimization problems generally result a set of design
alternatives that are non-dominated mathematically [51]. These are called Pareto solutions, the set
of which comprises the Pareto frontier as shown in Fig. 2.2 where both objectives are maximized.
Pareto solutions are defined as non-dominated because there are no other feasible designs for which
all objectives are the same or better.

There are two basic optimization strategies for solving multiobjective design problems.
The first strategy takes the multiple objectives and combines them into one objective and from
that point treats the problem as single objective. The second strategy is to generate a set of design
alternatives — all belonging to the Pareto frontier — from which the decision-making body chooses
the most desirable one. Neither method is without criticism [52-55].

Regardless of what optimization strategy is used, the design will need to be represented

mathematically in some form. Various design tools seek to simplify a product or system and



represent the design in alternate formats. Tools such as matrix-based methods and axiomatic design
[56] characterize functions and requirements allowing the designer to easily find critical parameters
or features of a systems. Even within matrix based methods there are various ways to characterize
a product or system. Other tools, such as Characteristics Property Model and Property Driven
design decomposes the design and considers either the structure of the product or the functions on

an individual basis [57,58].

2.2.3 Optimization-based Sustainable Product Development

Various publications describe the search for desirable sustainable solutions. Some are based
on traditional single objective optimization techniques [59], others are based on multiobjective
optimization techniques [60—-64], and some are not based on numerical optimization at all [65].

Despite the use of optimization techniques for sustainable design, the multiobjective char-
acterization of the three essential areas of sustainable design is surprisingly missing from the litera-
ture. That is to say, we have found no paper that promotes the value in identifying the sustainability
space, shows how to identify it, nor how to navigate through it.

A valuable review of multi-criteria decision making for sustainable design is presented by
Pohekar and Ramachandran [66]. This review not only examines multiobjective optimization tech-
niques, it also reviews a variety of approaches for aggregating objectives into a single objective.
This is appropriate as the overwhelming trend in the papers reviewed by Pohekar and Ramachan-
dran is to aggregate all sustainability issues into one measure that is optimized. In nearly all of
the cases reviewed, economic sustainability is one of the issues considered, while in many cases
it is considered only in the context of one other sustainability area, be it environmental or so-
cial. It’s important to recognize that while the tradeoff conditions are considered by the optimizer
(computer) when the objectives are aggregated, they are not visible, evaluable, or explorable to the
design team or decision makers. While the review carried out by Pohekar is over a decade old, it
does provide valuable insight into many techniques sill used today.

More recently, a noticeable quantity of work has been done on optimization-based envi-
ronmental sustainability. A variety of topic areas are present in the literature including tradeoff
resolution between performance and environmental impact [67, 68]; multiobjective optimization

in ecodesign [60]; multiobjective considerations of environmental impact [69]; wind farm opti-
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mization [59]; the search for sustainable systems based on a multi-domain optimization formu-
lation [70]; and the multiobjective evaluation of economic and environmental issues using evolu-
tionary algorithms [62,71]. Some provide an explicit Pareto-based approach; Shahi et al., do this
for the sustainable development of hybrid vehicles [61]. Others provide a strong link to life-cycle
analysis (LCA) [72].

An additional consideration relevant to sustainable design is the role that governmental
regulations have on the final design. Current literature has shown that optimization algorithms
may successfully include government policies that affect the design space [73,74]. This research
shows great potential in combining policy regarding the environment with other design models to
predict design changes based on these policies. If desired, these methods could be easily combined
with the method presented herein to get a more complete evaluation of product sustainability.

Despite the large quantity of recent work in this area, few have attempted to include social
issues in the optimization. Rossing et al. provide some guidelines for dealing with socio-economic
constraints [75]. You et al. is one of the few papers that explicitly considers economic, envi-
ronmental, and social objectives [63]. Unfortunately, they don’t provide a discussion about the
sustainability space, how to find it, or what it means to sustainable product development as a
whole. Matar et al. [25] explores project life-cycle phases, project execution entities, and sustain-
ability performance parameters, but like You et al., [63] does not provide insight regarding the

sustainability space as defined by the triple bottom line.

2.2.4 Observations from the Literature Survey

A sizable portion of the literature of the sustainable development literature clearly advo-
cates a triple-bottom-line approach to sustainability (economic, environmental, social sustainabil-
ity) [25,60-64,69,75]. Because these three elements are intrinsically linked, decisions regarding
any one of them is best made in the context of all three elements together [25,63]. The multiob-
jective optimization literature provides ways for the tradeoffs between interconnected objectives
to be characterized, which lays the ground work for making sustainability decisions while consid-
ering all three sustainability elements together [47]. Various work has been done that begins to
link multiobjective optimization tools to the needs of sustainable design [66], yet the value of char-

acterizing the sustainability space and using it for decision making in sustainable design has not
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been explored [76]. This paper introduces a deliberately quantified tradeoff space between social,
economic, and environmental sustainability that can be used to evaluate all three simultaneously

during the design exploration process.

2.3 Tradeoff Exploration Using a Product’s Sustainability Space

In this section, we present a 5-step process for exploring the sustainability space. This
begins with characterizing (or finding) the multiobjective sustainability space (Steps 1-4), followed
by navigating through it, and finally with making a decision based on what was learned in the

navigation (Step 5). The 5 steps are:

1. Identify sustainability issues
2. Link issues to parameters

3. Aggregate parameters

4. Find sustainability space

5. Explore sustainability space

The 5-step process is presented as simply what could be done by an organization wanting
to explore the sustainability space. We also follow the same 5-step process in the example as it
serves to break up a more complex discussion into 5 manageable pieces.

The process presented herein is used to link parameters that define the design of a product
to the performance of that product in each of the three pillars of sustainability. The process is built

on the following assumptions:

Assumption 1: Design teams directly control independent parameters. These independent
parameters define the design features. They include, for example, basic geometry and ma-
terials among other things. During the product development process, design teams choose
specific values for independent parameters as a way to define a product that meets market

needs.
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Assumption 2: Design teams indirectly control dependent parameters. Design teams are gen-
erally aware of how independent parameters influence dependent parameters. For example,
design teams know that certain combinations of geometry and materials (independent pa-
rameters) will result in more or less product mass (dependent parameter, in this case). Some

design teams explicitly evaluate dependent parameters, others do not.

Assumption 3: Independent and dependent parameters can, in any combination, influence
top-level dependent parameters (commonly called design objectives) that are often used in
decision making. For example, the mass of a product (dependent parameter) influences
the environmental sustainability as does the material selected (independent parameter, e.g.,

thermoset plastic versus thermoplastic).

Assumption 4: Sustainable product development decisions can be made in the context of
three top-level dependent parameters; economic sustainability, environmental sustainability,
and social sustainability [77]. As long as the independent parameters are constrained to
be within reasonable bounds, the decision should be dominated by these three dependent

parameters.

Assumption 5: The following five steps assume that the initial parts of the product develop-
ment process have already been carried out and a general design concept has been selected.
For example, this would mean that if a team were hypothetically modeling a hypodermic
needle, the following steps begin after a needle concept has been chosen rather than an

open-ended drug delivery mechanism (which could include a capsule or a needle).

We follow the simple and logical 5-step process here to explore the sustainability space.
We note that while economic and environmental sustainability are intuitive in nature, social sus-
tainability is not. For this reason, throughout the explanation of the method, brief references to a
hypodermic needle will be made, as needed, to clarify certain aspects of the process. A detailed
explanation and results of a hypodermic needle example are presented by Mattson et al. [76]. No
equations or results are presented for the needle as a more comprehensive example of the well-

drilling machine is introduced in Section 2.4.
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2.3.1 Step 1: Identify Pertinent Sustainability Issues

The goal of this step is to identify the sustainability issues that pertain to the selected
design concept. The output of this step is a list of sustainability issues that the chosen product can
influence based on its design. Sustainability is a broad topic and issues pertaining to sustainability
for a product may have nothing to do with its design parameters and more to do with distribution
or company policies. Eventually impacts that cannot be related to product design parameters will
not be considered in this method and must be considered in other ways. However, brainstorming
all possible impact issues, regardless of their relationship to the product design, is a good place to
start.

To do this, the team can start by simply asking what potential positive/negative impacts
can this concept have on the economy (profitability), environment, or society? Tools such as the
Design Abacus [42] can be very useful for facilitating brainstorming of this nature, as can other
analysis tools such as the Eco Indicator or the MET matrix [29]. Outputs from tools of this nature
can be distilled down to a smaller set of unique issues that merit inclusion in the decision-making
process.

For example, in the case of a for-profit company, profitability is one of potentially many
important economic sustainability issues. Market demand, production cost, and selling price are
others. Likewise, the team may identify the product’s weight, energy consumption, water usage,
resource consumption, or carbon footprint to be an environmental sustainability issues worth con-
sidering. Often less intuitive, but equally important, is the identification of the social impacts of
the product. When considering the design of a hypodermic needle, for example, it is valuable to
recognize that the needle’s design will have an influence on how painful the needle is to the patient,
what vaccines can be delivered with it, and how likely it is that the needle would be used for illegal
drug use. She and MacDonald [78], and Lofthouse [40] offer some assistance in thinking about
social issues related to products.

It’s important to recognize that a given sustainability issue may reasonably fit in more than
one of the triple bottom line areas (meaning the areas of economic, environmental, and/or social
sustainability). For example, the selling price of a product is both an economic sustainability

issue and a social sustainability issue, as it directly influences profitability and social inclusion,
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respectively. In such cases, it is valuable to consider the issue in both categories as it could capture
important tradeoff conditions. The reason for this will become more clear in Step 3.

In addition to the three areas listed above, there are some product requirements that may
be more appropriately treated as a constraint. For example, phlebotomists expect a certain axial
rigidity in the needles they’re using to penetrate the skin. The team may reasonably conclude that
axial rigidity of a needle is not an economic, environmental, or social sustainability issue. In this
case, the team can decide that a certain amount of axial rigidity is needed in order for the trained
phlebotomist to do his/her job. As such, it can be categorized as a constraint.

Like all brainstorming activities, this step requires the design team to make sure this phase
has considered a diversity of issues, and that the convergent phase has resulted in a filtering of the

issues based on the values held by the stakeholders.

2.3.2 Step 2: Link Sustainability Issues to Independent Parameters

For this step, the design features that influence the sustainability issues (from Step 1) are
identified and mathematical relationships that link them are chosen or created. To be more precise,
each dependent parameter is described as a function of independent parameters. The output of
this step is mathematical relationships for each sustainability issue that links it to specific design
parameters. The result of this step is one or more mathematical equations (d) that are functions
(f) of independent design parameters (x). For the i-th dependent parameter (or i-th sustainability
issue)

d; :f(x"l,xé,...,xil;) where xgv € {x1,x2, ..., xn, } 2.1)

Notice that by Eq. 2.1, not all independent parameters (x) will map to all dependent parameters
(d). For this, the notation xj- is used to mean the j-th parameter in the set x', which is the set of
independent design parameters pertaining to the i-th dependent parameter.

There are a variety of ways to carry out this step; the mathematical relationships may be
based on the physics of the product, or they may be empirically derived from a set of experiments
or other data, or they may be a simple mathematical relationships based on the designer’s intuition.

In linking dependent and independent parameters, Kishita et. al. use an ecodesign check list, then

examine each checklist item and connect it to product requirements and eventually to independent
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parameters [79]. As is the case with many design methods, the design team must choose models
and relationships that support their philosophy, such as an eco-efficiency philosophy [80] or an
eco-effectiveness philosophy [81]. The relationships developed should support one or both of
these philosophies.

We emphasize that while higher detail, higher fidelity, mathematical models will result in
more accurate portrayals of the tradeoff relationships, even low fidelity models — if made with care
— are better than no model at all. To make this clear, consider the skin penetration pain associated
with a given needle design. The team could choose to not model pain, given that it is a difficult
and uncertain parameter, but not modeling it would either (i) ignore that pain exists, or (ii) rely
on the design team’s members to use his or her own mental model of pain. We would argue
that most mental models can be sketched as a function. From these sketches simple mathematical
models can be extracted using curve-fitting techniques, even those available in ubiquitous software,
such as Microsoft Excel. An example of this is provided in Section 2.4. The value of developing a
mathematical representation is that it can then be used in a computational setting to explore various

parameter value combinations.

2.3.3 Step 3: Aggregate Independent and Dependent Parameters into Single Measures of
Economic, Environmental, and Social Sustainability
In this third step of the process, all the models resulting from Step 2 for economic sustain-
ability are combined into a single measure of economic sustainability (Seco). The same is done for
environmental sustainability (Sepy) and for social sustainability (Ssoc), separately. The output of
this step are three equations, one for each sustainability category, that have been aggregated from

the equations created in Step 2. For economic sustainability this can be expressed generically as:

Seco = fCCO(d7~x) (2.2)
For environmental sustainability:

Seny = fenv(d,x) (2.3)
And for social sustainability:

Ssoc = fsoc (d,x) (2.4)
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where d is a set of dependent parameters and d € {d,,d, ...,dp, }, x is a set of independent param-
eters and x € {x1,x2,...,x,, }, and ny and n, represent the number of dependent and independent
parameters, respectively. Note that these single measures are aggregations of all issues categorized
as relating to economic sustainability, environmental sustainability, and social sustainability, re-
spectively. This has been done for visualization and decision-making convenience. For issues that
have been categorized into more than one sustainability area, their influence is captured in both
areas by including it in both aggregate measures.

The most common aggregation approach for creating the measures represented by Egs. 2.2—
2.4, though not without flaws [54], is the weighted sum approach. Some alternative approaches
that are not as popular, though they overcome some of the drawbacks, are the weighted square sum
method, weighted product method, compromise programming method, and Analytics Hierarchy

Process (AHP) method.

2.3.4 Step 4: Find the Sustainability Space

Once Steps 1-3 are complete, the sustainability space can be identified using traditional
multiobjective optimization techniques. The output of this step is a set of Pareto solutions that can
be evaluated by the design team. The multiobjective optimization problem formulation in Eq. 2.5
seeks values of x that maximize the sustainability measures, subject to constraints:

maximize Seco(d, ), Senv(d,x),Ssoc(d,x)
X

subject to  dipin < d < diax (2.5)

Xmin < X < Xmax

where the only three objectives maximized are economic, environmental, and social sustainability.
Recall that as a result of Step 1, some issues were categorized as constraints. As per Eq. 2.5,
the maximization of the economic, environmental, and social sustainability is subject to those
constraints.

There are at least two strategies that could be used to solve this multiobjective optimiza-
tion problem. One way is to search for a single optimal design based on an aggregate objective

function, such as a weighted sum of objectives. When this strategy is chosen, it is important to rec-
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ognize that the choice of aggregation and weights can significantly affect the outcome. A different
strategy is to identify a set of non-dominated solutions that can be considered optimal candidates
for the design team to choose from. Any Pareto frontier generation method can be used to iden-
tify this set, including the normal constraint method, the normal boundary intersection method, or
multiobjective genetic algorithms. This strategy allows the design team to view the whole design
space and choose an optimal design accordingly. Both methods have been shown in Section 4:
Step 4.

The results of this step is a three dimensional Pareto surface, which represents the non-
dominated tradeoff conditions between the three essential areas of sustainable development. This
surface can be incredibly valuable in the decision-making process because it captures the intrica-
cies of the tradeoff relationships and only presents solutions that have already been improved as

much as possible without giving up anything in exchange.

2.3.5 Step 5: Explore the Sustainability Space and Choose a Specific Sustainable Design

The Pareto surface resulting from Step 4 can now be explored, which means that the design
team can start to understand the nature of the tradeoffs between the three main objectives. Because
the space is three dimensional, a number of traditional visualization techniques could be used to
better understand the space.

Upon examining the sustainability space, it will become more clear to the product devel-
opment team which parts of the sustainability space are desirable to the overall objectives for the
product, and which areas are not. From the desirable areas the team should choose a few designs
to present to the decision makers. The final decision can then be made based on the tradeoff con-
ditions in the sustainability space, the condition of the constraints, the corresponding values for
the independent design parameters, and importantly on the basis of any other unmodeled objective
that is important to the stakeholders.

In the specific case of seeking a sustainable design, there is one special condition in the
design space that is worth noting here. This condition relates to the concept of weak-Pareto opti-
mality. While not generally of interest in traditional settings, solutions considered weakly Pareto
optimal have an interesting meaning in the sustainable design space. To understand this, consider

Fig. 2.3. This figure shows two dimensions of interest: Economic sustainability and social sustain-
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ability. Both are being maximized; the Pareto surface is shown as a heavy dark line. Regions of the
Pareto frontier that exhibit very small change in one objective, given very large changes in another
are considered weakly Pareto optimal. They are considered as such because while the solutions in
the weak-Pareto region are mathematically different in the objective with small changes, they are
not different in practice. The traditional view of this concept is that in the weak-Pareto region we
always prefer point A. However, this characteristic has an interesting implication in the case where
environmental and social sustainability are valued but not nearly as much as economic sustainabil-
ity. As such, any design in the weak-Pareto optimal region would be desired over Point A because

it would have better social sustainability at practically the same economic sustainability value.
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Figure 2.3: The general concept of weak Pareto optimality for two objectives being maximized.
Large changes in Sgoc correspond to small changes in Seco.

While generally deemed useless, it is valuable for the design team to identify areas of weak
Pareto optimality as they may lead the team to decisions that have large improvements in one

objective while giving up very little in the competing objective.

2.4 Example: Village Drill

We now provide an example of how the sustainability space can influence design. We use
the 5-step process presented in the previous section as a way of breaking up the complex discussion

into meaningful pieces. We do this for the Village Drill, a machine used to drill bore holes for water
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wells in areas of the world that do not have access to advanced drilling processes [45]. The Village
Drill is unique because it is human powered and easy to disassemble and transport to a job site.
This allows the drill to reach villages in areas that are unable to create bore holes using modern
drilling rigs. The drill is currently being used to provide clean drinking water to hundreds of
thousands of individuals in parts of Africa, Asia, and Latin America [45].

The Village Drill was designed by Brigham Young University under the direction of WHO-
lives.org. Five years after its introduction the market, the impact of this drill was critically evalu-
ated by Mattson et al. [45], giving WHOlives.org the opportunity to more deeply assess the drill’s
sustainability.

The Village Drill has been chosen as an example in this paper for two reasons: 1) The
impact of the drill is documented with data that can be used for creating sustainability relation-
ships, and 2) the relationship between the authors and WHOlives.org allows easy access to product
documents normally only accessible to the design team. In this way it creates a realistic situation
similar to what a typical design team may experience when implementing the process presented in
this paper.

We assume that WHOlIives.org wishes to continue producing a drill similar in concept to
what is currently being produced (as opposed to producing a drill with a completely new geometry
and mechanisms), but the development team has freedom to change the drill dimensions and a few
select features. The general concept that will be modified for sustainable product development is

shown in Fig. 2.4.

Drill Operation: The current drill design is operated by 3-4 wheel operators, a slurry pump
operator, and a winch operator. The drill is disassembled and transported by truck, cart or by hand
to a new drill site. The current assembly consists of 6 assembly pieces for the main structure, 17
pieces to build the wheel and spokes, and over 80 lengths of pipe just under 1 meter long for the
drill string. The wheel operators drill into the ground by continuously rotating the wheel assembly
while a winch operator keeps tension on the drill string to prevent the string from wedging itself
into the ground. Strategic use of the winch allows the wheel to turn easily while maintaining a
good cut at the drill bit. After a full length of pipe has been drilled into the ground the team stops

the wheel rotation and attaches another length of pipe to the drill string. They then re-attach the
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square cross-section kelly bar on the other end of the pipe and continue drilling. This process is
continued until the drill team has reached the desired depth for the well. The winch is also used to
retract the pipe at the end of the drilling process. The slurry pump is used while drilling to push
a water/bentonite mixture down the drill string to remove cuttings from the hole and seal the bore

hole walls.

Kelly Bar
Main Structure
\ Wheel Assembly
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Drill String/ AL
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Figure 2.4: The general drill concept, with drill pipe attached.

2.4.1 Example: Step 1 (Identify Sustainability Issues)

The first step is to identify the sustainability issues that are pertinent to the current design.

For this example, the following is identified.

1. Economic Sustainability
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(a) cost to produce the drill

(b) selling price of the drill
2. Environmental Sustainability

(a) manufacturing process emissions
(b) shipping emissions

(c) ongoing emissions from drill operation
3. Social Sustainability

(a) number of people served water
(b) jobs created

(c) potential for driller injury
4. Design Constraints

(a) structurally safe

(b) geometrically feasible

Clearly this list is not exhaustive but is sufficient to illustrate the process. More importantly,
however, the list represents key measures that are important to WHOlives.org and other stakehold-
ers and users of the product. Several more factors could have been considered in each category.
Undoubtedly the more detailed and comprehensive we make the list the more accurately we can
characterize the design space. In many cases, the design team will need to decide between devel-
oping a high-fidelity expensive model or developing a low-fidelity inexpensive model. Both model
types are valuable and for this example we have developed a medium-fidelity model to promote a
discussion of ways the model could be increased or decreased in scope to meet an organization’s

needs.

2.4.2 Example: Step 2 (Link Issues to Parameters)

The purpose of Step 2 is for the team to link the sustainability issues identified in Step

1 to independent design parameters that define the drill. Fig. 2.5 shows the chosen concept and
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Figure 2.5: Examples of a few of the independent parameters for the Village Drill example.

basic parts of the Village Drill. We have chosen 16 independent variables which include the basic
geometry dimensions (/, w, h, t) for most structural members, the angle (0) of the cantilever beam,
the number of spokes (n) and the maximum depth the drill can achieve (/).

In the following sections, we show how models can be created to link the identified issues

to the independent parameters. These models illustrate that sustainability issues can be considered
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— at least in a preliminary way — without large expense or extensive expertise, both of which have
deterred many from engaging in sustainable design.

For this example, we know — or can discover with a small amount of research — certain
relationships that will exist between the independent parameters and the sustainability issues. Fig-
ure 2.6 shows the basic relationships for one of the independent parameters (wheel assembly di-
ameter, d) to three of the sustainability issues listed in Step 2 with actual data represented by black
dots. From this figure we make two essential observations: (1) simple mathematical relationships
can be created, given just a few specific values for points along these curves, and (2) knowing or
visualizing the relationships for realistic problems is not by itself enough to easily conclude what
specific values should be given to the independent parameters. Thus, characterizing the many re-
lationships (which go well beyond the relationships shown, to include those for the many other
independent parameters and all higher order effects) is more easily carried out in a computational

setting than in one’s mind.

Cost of Goods Sold Emissions during mfg.  Time per borehole

high
high
high

low
low
low

min max min max min max

Figure 2.6: Basic relationships between the wheel diameter and a few dependent parameters. The
black dots represent actual available data.

Cost to produce the drill

The cost to produce the drill is a function of the amount of material in the final drill design

(including scrap), the amount of welding that is needed for assembly, and the cost of each piece of
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hardware required for the drill. Specifically, the total cost (Ciq) 1S

Ctot = Cmat + Cwld + Chdwr (2-6)

where Cpy; 1s the material cost, Cyq 1s the cost to weld the individual pieces into the final assembly

and Cygywr 18 the cost of the nuts, bolts, washers, etc. These are calculated as

Ail,-pCi (2-7)
1

Cmat -

n
1=
where A; is the cross-sectional area of the i-th member, p is the material density, and C; is the cost

per gram of the selected material for the i-th member. Cy,q is calculated as

Cwia = ledcwld,rateRwld (2.8)

where D,,;; is the weld perimeter, C,,;; is the welding cost per hour, and R,,;; is the weld rate in
units of mm/hr. Because the basic design of the drill is static we assume the number of welding

locations will not change, only the amount of welding required at each location.

Selling price of the drill

WHOlives.org currently sells the drill for $18,000 USD [45]. Their current marketing
strategy does not allow them to adjust the selling price based on the cost of goods sold. Because
their goal is to bring social benefit to impoverished areas they have decided, for the time being, to
hold the selling price at $18,000 USD. They may increase the selling price of the drill in certain
circumstances, but for this analysis we will keep the selling price constant. Therefore the equation
for P, the selling price of the drill, is

P = 18000 (2.9)

Carbon footprint

According to the International Organization of Standardization (ISO) the carbon footprint

of products (CFPs) should consider “raw material acquisition, production, distribution, use and
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end-of-life” [82]. Following this standard, we have summarized the drill’s environmental impact
to include manufacturing, shipping, and ongoing emissions. The drill’s ‘end-of-life’ emissions
only needs to consider the shipping emissions to a recycling plant and from there its emissions are
considered in the material acquisition for the next product.

The US Environmental Protection Agency publishes best practices and useful data to cal-

culate a product’s carbon footprint [83]. A general equation they recommend using is
e=Epy (2.10)

where € is the emissions, ¥ is the activity data (e.g., fuel consumed, or material input) and E is
an emission factor that calculates the emissions based on the activity [83]. The EPA also provides
emission factors for most common processes and is the source for all emission factors used in this

example. These emission factors will generate emissions in grams of CO;.

Manufacturing emissions: The major carbon contribution for manufacturing is in acquiring and
forming the steel. E y;, as defined by the EPA, uses the total mass of steel needed in the product
to calculate the carbon footprint due to acquiring and forming the steel. A second major process
in drill manufacturing is the welding required for assembly. An emission factor, Ey .4, Was used
for welding to calculate emissions based on the total amount of electrode consumed. The total

emissions for manufacturing the drill is

n n
Emfg = Efsil Z mi+Eg ia Z DPw,i (2.11)
i=1 i=1

where m; is the mass of the i-th member and p,,; is the total welding required on the i-th member.

This measure is a good example of an opportunity for the design team to increase or de-
crease the fidelity of the model. The mass of steel being manufactured is proportional to the amount
of emissions that are released. A design team may choose to simply use the total mass of the Vil-
lage Drill as a surrogate model with the understanding that as the mass of the product increases so
will the emissions. If this strategy is pursued it will save time on model development as the team
will no longer need to choose emission factors or even create the equations needed to report carbon

emissions. However by making this simplification, the measure would only show a relative impact
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on the environment and not the actual carbon emissions. If the parameter-impact relationships are
normalized then a relative measure is sufficient for characterizing the sustainability space
Furthermore, a team may wish to report stronger evidence of improvement to their stake-
holders. In this case they may take the model a step further to discover the emission factors for the
exact processes within a specific factory they wish to use. This may require several field tests at
the factory to develop a true accounting of the emissions their product will have. The team may
also decide to use the emission factors and manufacturing costs of several factories as independent
variables. This will allow the model to choose the most economical and environmentally friendly
solution. Such a model would increase the time and cost to develop, but the increased fidelity may
be what the organization or investors require to show increased sustainability. Our medium fidelity
model grants a close approximation to the actual CO, emissions during manufacturing, but does

not have the added detail of factory-specific data.

Shipping emissions: Vehicles used for shipping typically have relatively low fuel efficiency and
have high carbon emissions. The EPA provides an emission factor for light duty trucks used in

shipping. The relationship used for calculating emissions due to shipping is

Eshp = DshpEf,shpml (2.12)

where m; is the total mass of the drill in metric tons, and Dy, is the furthest distance, in kilometers,
the drill may be shipped from the factory. WHOlives.org ships the Village Drill from a factory in
Kenya when the destination is within 2000 km of that factory. Therefore, we assume a worst case

scenario and set the shipping distance (Dyy),) to 2000 km.

Ongoing emissions: The drill design implements a slurry pump used to push a water/bentonite
mixture down the drill string to assist in the drilling process. This pump uses a 3.7 kW (5 hp)

engine and its emissions are calculated as

€0 = Ef,pmpldnbpmf (2.13)
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where f is the amount of fuel, in liters, required to drill one bore hole and Ef ), is an emission
factor for the pump based on the amount of fuel the pump uses. The variables /; and ny,),, refer to
the life of the drill in months and the average number of holes a drill will make in a month. This

data is provided by Mattson et al. [45].

Number of people served

Mattson et al. [45] have also shown that the number of people who are served water is
linearly proportional to the rate at which a drill can produce a bore hole. The measure they use is
the number of boreholes produced per month ny,,,. There are many complex factors that determine
the actual number of holes produced, many of which are beyond what the drill design can influence.
The two drill parameters that influence the hole production rate are the time it takes to drill a hole

and the operating costs per hole. The expression can be written as

Noypt < Mppm (2.14)
and
2
Nppm < =~ (2.15)

where 7,4, is the average time it takes to drill one hole, and C,), is the operating cost to produce one
bore hole, both variables have been normalized, as indicated by the [A] symbol. A proportionality
is used here because the number of people who are served water is not equal to the number of
boreholes produced each month, nor are the number of holes produced each month equal to the
amount of time it takes to drill one bore hole. Instead we do know that if the time it takes to
produce one bore hole decreases, then the number of boreholes produced each month will increase,
and the number of people impacted will increase at the same rate [45]. Normalization for these
two variables, and for normalized variables in future sections, is done after results have been found
for each drill design in the population. The data is then normalized between O and 1 using the
maximum and minimum values.

The parameters of the drill are closely tied to both elements of equation 2.15. The time it

takes to drill a borehole is dependent on the number of operators, the rotation rate (RPM) of the

wheel and the number of stops required by the team to attach additional drill pipe to the drill string.
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The drill time equation, in minutes, is

lq lq
t = —* | + il =] + t + t 2.16
pb fmud (RPM N Rc,soil> froek <RPM N chrock) Nstoplstop setup ( )

where /; is the depth of the cut, R, is the cut rate in millimeters per rotation and is provided by
WHOlives.org. ny,, and fy,, are the number and length of each stop respectively, and 7, 1s the
time taken to assemble the drill at the well site before drilling begins. For reference, additional

equations and constants used to calculate the borehole drill time are given.

p— T*RPM ;ﬁlgM — RPM = 9'5;* P 2.17)

T =170 Nm (2.18)

W =0.2n,," (2.19)

R soit = 2.73 mm/rot (2.20)
Re rock = 1.176 mm /rot (2.21)
tstop = 5 min (2.22)
Lsetup = Mparts™ (2.23)

The cost for operation (C,),) considers fuel cost for the slurry pump and worker wages. The

equation can be expressed as

Ipb
Cop = 0-0083tpbcfuel +Nj0bsvvlab0r6p_0 (2.24)

where Cy,,; is the cost of fuel in dollars per liter and Wy, is the labor rate in dollars per hour. The
number of jobs that the Village Drill provides is a social measure in and of itself and is discussed

in more detail in the next section.

"Number of required wheel operators. Operators are able to produce 0.2 horsepower each [84]
*assuming one minute per part for assembly
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Jobs created

The number of jobs that the drill creates can be expressed as

Niobs = Nop +2 (2.25)

The drill needs two workers in addition to the wheel operators for each job. The extra people are
required to monitor the slurry pump and operate the winch. This also allows the team to take shifts

operating the wheel versus the winch or pump. The number of operators can be expressed as

R
Nop = ‘ (2.26)
097d, 0.97d,
12 o> 1

where d,, is the diameter of the wheel. This equation says that 90% of the wheel circumference
is available for operators to use and each operator requires at least 1.2 radial meters to operate the
drill. The other 10% of the wheel is unavailable space for operation because this is where the base
structure attaches to the wheel. This equations is conditional because we will assume that there

will always be space for at least 1 operator to turn the wheel.

Risk of injury

Injury is an inherent risk found in all machinery, especially machines that require such
close human interaction. That injury negatively effects the social impact of the drill. We have, in
conjunction with WHOlives.org, identified 4 failure modes of the drill that may potentially cause
injury. They are; (i) the number of stops required during operation, (ii) the potential for the cable to
fail, (ii1) exposed spoke ends, and (iv) excessive force required to operate. Injury, or risk, “may be
defined as the measure of probability and severity of an unwanted event” [85]. We use the Injury
Severity Score (ISS) as developed by Baker et al. [86] to model severity on a scale of 1 to 6 (minor

to maximal/untreatable). Probabilities have been based on data from WHOlives.org.

Required stops: With the current drill design, the team will drill for about 10 minutes then stop

to add another pipe length to the drill string. During this process a few situations arise that could

30



cause injury. First, the coupler used to attach pipes to each other has sharp edges that could cause
cuts or abrasions. Second, the nature of the process means there are heavy sections of pipe being
handled. Any time heavy pieces of equipment are being moved there is a potential for pinching,

wedging, muscle strain, etc. The model for injury during drill stoppage is expressed as

Islop = plslnstops 2.27)

where ng,ps 1s the number of stops required during one drill job and p; is the probability of injury
occurring and S is the severity of injuries that may occur. Under this scenario, most injuries will
be minor (a 1 on the ISS) but it is likely that injury severity up to 2 (moderate) may be experience.

We used S| = 2 to ensure the most severe cases would be considered.

Cable Failure: The cable has been included in this model because the event of a cable failure
often introduces an unknown and dangerous situation, especially when the cable is under variable
tension as it is in this case. When a cable fails catastrophically its behavior is unpredictable and
could potentially cause severe injury to nearby operators. Injury due to cable failure is expressed

by

Icable - pZSZ(l - S,\Fcable) (228)
where
S
SFeaple = — (2.29)
max
Sp=3 (2.30)

Spoke end cap exposure: The original drill design had a plate welded to the end of the spoke,
near the handle that operators would grab to spin the drill wheel, see Fig. 2.7a. Later, this plate
was removed for manufacturing simplicity, but it leaves the area vulnerable to injury as a finger
may get caught in the end of the spoke, see Fig. 2.7b. The potential for injury in this location is

expressed as

Ispoke = p3S3Ep (2.31)
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1, end plate cover present
E,= (2.32)

0, end plate cover absent

S3=2 (2.33)

E, is simply a binary value to identify if the end plate is present or not. If it is, then the potential
for injury in that location is 0. If there is no plate then the potential for an operator to get a finger

caught in the spoke is 1 times the probability (p3) of an injury occurring.

\

b
K
K

End plate present
Exposed features

—
——

(a) (b)

Figure 2.7: Spoke and handle design; (a) shows the design with the end cap on the spoke while (b)
shows the exposed features without the end cap. This exposed region poses a potential injury risk
for fingers.

Force exertion: The force required to spin the wheel is dependent on the diameter of the wheel.
Principles of mechanical design indicate that as the diameter of the wheel increases the force
required to produce the same amount of torque decreases. As the wheel diameter shrinks, the

operators will have to exert a higher force on the wheel to maintain the required torque on the drill
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bit. A higher force will result in higher risk of injury which can be expressed as

Iforce = p4S4Fop (2.34)
where
2T
F,y=— (2.35)
o’ dwheelnop
Sp=1 (2.36)

As mentioned earlier, a benefit to developing models in this way is the simplicity in which
we can find individual relationships between independent design variables and dependent sustain-

ability impacts. Fig. 2.8 visualizes equations 2.27, 2.28, and 2.34.

Potential Injury_ . of stops Potential Injury_, Potential Injury,
= = =
o = =
= = =
1 1 1 1 1 1
| | | | | | | | | |
SF SF

min max min max min max

Figure 2.8: Basic relationships between the dependent design parameters and a 3 dependent injury
parameters. The black dots represent actual available data.

The potential for injury is the aggregate score of each of the individual injury models. Each

equation is normalized and aggregated into the following equation

. Wllstop +walcapre + W3Isp0ke + W4If0rce
- 4

1

(2.37)

where w; represents the weight assigned to the specific injury case. In this model each weight is 1.
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Comments on social measures: 1t is apparent that these social measures do not have firmly de-
fined methods of measurement as is the case for economic and environmental impact. For example,
economic measures can universally be modeled using dollars, and environmental measures may
use grams of carbon emissions as a common unit, but social impacts do not have any common
units of measure. Additionally, predicting the exact number of people served requires more factors
than simply looking at the number of boreholes a drill can produce, most of which do not involve
the drill design at all. Furthermore, the potential for, or the impact of, an injury is another measure
that simply can’t encompass all possibilities, nor does it have a generally accepted numerical value
to quantify it. The purpose of this paper is not to provide the best social measures, but to provide
a means for design teams to include social measures in tradeoff analysis, when considering the

sustainability of their products.

2.4.3 Example: Step 3 (Aggregate Parameters)

With the mathematical relationships identified in the previous step, we can now prepare to
carryout the numerical search for the non-dominated designs by establishing the objective func-
tions of the optimization problem. To do this, we revisit the sustainability issues identified in Step
1 and declare that we wish to maximize revenue as the economic measure, we want to minimize
emissions as the environmental measure, and for the social measures we want to maximize the
number of people served and jobs created while minimizing injury potential. Let us now consider

each one.

Aggregate measure of economic sustainability

We chose to define economic sustainability for this example as revenue. Where revenue is
represented as the difference between the selling price of the drill and its production cost. Using

Eqgs. 2.6 and 2.9 this is represented by

Seco = P — Ciot (2.38)
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Aggregate measure of environmental sustainability

Environmental sustainability is represented as the sum of the drill’s emissions throughout
its life-cycle. Therefore, using Eqs. 2.11, 2.12, and 2.13, the single measure of environmental
sustainability is

Senv = —(Empg + Enp + €) (2.39)

Aggregate measure of social sustainability

We aggregate the three social sustainability issues into one measure using a weighted aver-

age. Egs. 2.15, 2.25 and 2.37 are first normalized and then aggregated as shown.

N N: 1—1
Spoc = 1ppt T2 g"“m( ) (2.40)

where w; has a value of one in each instance.

There are a variety of ways we could have aggregated these issues into single measures.
There are various resources available in the literature to help development teams choose appropri-
ate methods of aggregation [52]. While it is not our intent to review these here, we simply wish
to point out that indeed the issues can be aggregated into three measures that represent the triple
bottom line.

In the case of the Village Drill, economic and environmental issues have common units
of measure ($, Ibs — CO;), therefore combining them was a simple task. The same cannot be said
for issues regarding social sustainability. This makes weighting these relationships challenging and
subjective in many cases. For example, one stakeholder may feel that it is most important to reduce
injury as much as possible, even if that means radically decreasing the amount of water provided.
This person would then weight injury reduction higher than water provided. Varying opinions
on the proper weighting may exist even within a single design team. The challenge of weighting
social impact issues is still up for much debate and we do not seek to solve it here. Suffice it to say
that much work could be done to develop a method for objectively weighting social impacts. Here

we simply allow each issue to have an equal weight of one within the aggregation.
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2.4.4 Example: Step 4 (Find Sustainability Space)

Given the outputs of Step 3 we can now carry out the numerical search for non-dominated

designs within the sustainability space. The problem formulation captures the details:

A A

maximize Seco,Senv,

X

A
SSOC

subject to Ximin < X < Ximaxs i=1,...,n. (2.41)

Cj,min S Cj S Cj,max, ]: 1,...,m.

where the objectives are normalized between 0 (worst) and 1 (best), and where x represents the

design variables and c represents the constraints. For this model we have 16 design variables

and 8 constraints. The constraints are summarized in Table 2.1. The constraints are enforced to

ensure the functionality of the drill and manufacturing feasibility is maintained throughout the

optimization process.

Table 2.1: These 8 constraint equations are used to filter out infeasible designs in the Monte Carlo

simulation.
Constraint Description
0; <S8y *Sy Ensures the Von Mises stress in each steel mem-

Lspie < ((I1 — xgis) * cos(0) —200)

Iy > (I} % cos(0) + 108)

Orisr < 360°

(Ipipe+200) < (13%0.34 (I} —xgi5) *sin(H))
Lpipe < b

uy < 50mm

Dnet >0

ber stays below its yield strength. Sy, =250 MPa,
S (safety factor) = 1.5

Ensures the wheel assembly will remain at least
200 mm away from the main uprights.

Ensures the base extends at least 108 mm beyond
the end of the cantilever

Ensures the total torsional twist in the drill string
at full length is less that one full rotation.
Ensures that the kelly bar can be raised above
drill wheel for additional pipe assembly

Ensures that a single length of drill pipe can fit
under the wheel support weldment for assembly
Ensures the total deflection of the cantilever is
less than 50 mm.

Ensures net profit is greater than 0.
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Figure 2.9: Sustainability space, normalized between 1 (best) and O (worst), with non-dominated
solutions represented by the darker point. The solutions with a square and diamond around it are
the drill designs that received the best social and economic score, respectively. The solution with
the triangle around it is current Village Drill design shown here for the purpose of comparison,
while the solution with a circle around it is used for discussion.

The relationships in Eq. 2.41 are then used to optimize the drill design. Two separate
techniques were used to optimize and a monte carlo simulation was used to visualize the design
space. The sustainability space is shown in Fig. 2.9. Here, the light gray points represent feasi-
ble designs as generated by the monte carlo simulation with two million data points. The darker
points represent non-dominated design alternatives (Pareto points) as generated by the optimiza-
tion. Additionally, separate optimization routines were run for various weights between the three
objectives. An optimal solution is found for each pillar of sustainability individually as well as an
optimal solution for the condition where all the weights are equal in each category. For simplicity

of presentation (scaling, and additional parameter discussion), the data is presented in a normalized
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space where 1 is the best, and 0 is the worst. In a publication setting, three-dimensional spaces can
be difficult to visualize, so two-dimensional snapshots of the three dimensional space are provided

in Fig. 2.10.
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Figure 2.10: Two dimensional snapshots of the sustainability space. The solutions with a square
and diamond around it are the drill designs that received the best social and economic score, re-
spectively. The solution with the triangle around it is current Village Drill design shown here for
the purpose of comparison, while the solution with a circle around it is used for discussion (see
Fig. 2.11 for images of each design). Non-dominated solutions are not highlighted.

2.4.5 Example: Step 5 (Explore Sustainability Space)

Figures 2.9 and 2.10 represent data sets that can be easily interacted with by the develop-
ment team as a means of exploration. In so doing a significant understanding of the sustainability
can be easily understood. Fig. 2.10 shows two dimensional views of the sustainable design space
for the Village Drill. The point with a triangle around it represents the current Village Drill de-
sign. This figure also shows that, according to our model, the current Village Drill has potential to
improve in each of the three categories of sustainability.

One key benefit of this approach is discovering the tradeoffs between each pillar of sustain-
ability. In any design setting, tradeoff information can be a tremendous benefit to decision makers,
and in this case it is informative to the designers of the Village Drill. For example, Fig. 2.10

shows three points that are the optimal designs in regard to one specific pillar. These points are
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represented by a diamond, representing the best economic point, circle (best environmental) and
square (best social). If WHOlIives.org desired to focus only on a drill that maximizes economic
profits, then the data suggests choosing the design with a diamond around it. However, this results
in giving up performance in the other two sustainability pillars, as shown in the right-most image
of Fig. 2.10 This design performs poorly in regards to social and environmental sustainability. As
WHOlives.org is a nonprofit organization they may be inclined to select the highest performing
design for social sustainability, shown with a box surrounding it. Similar to the best economic
design, choosing this design also has its tradeoffs.

The design identified as the Averaged best (shown in Fig. 2.10 with a star) performs reason-
ably well in each of the three categories. When compared to the best economic point, this design
only gives up a minimal amount in economic sustainability while making significant improvements
in social sustainability. While it is not the optimal choice for any of the three pillars of sustainabil-
ity alone, the tradeoff in each is relatively small. Decision makers may be inclined to choose this
design over others because it performs well in each of the three categories despite not being the
best option in any of them. The key insight gained by this design space exploration approach is
that the current drill can improve in each category simultaneously, with significant improvements
being realized in economic and environmental sustainability.

Identifying these tradeoff conditions offers a design team an intuitive way to view the sus-
tainable design space for the drill. In turn, they can then use the information to choose a design that
best represents the values of the company and society. Figure 2.11 shows each of the five identified
designs and their performance in a few select sustainability issues.

The purpose of step 5 is to determine the best potential designs for the drill. This is done
by viewing the sustainability space and evaluating the tradeoffs for each design. A few important

observations can be made about the exploration:

1. While it is valuable to visualize the entire sustainability space (as it is easily represented
by using the monte carlo approach), the development team will only need to focus on the
Pareto solutions as they are by definition the optimal tradeoff surface, where any point on
that surface can only improve in one objective by worsening in another. As a side note, the
distinct segments in the design space are caused by using discrete values for many of the

design variables in the Village Drill.
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Current Design (a) | EconomicDesign (o)  Environmental Design (o) ~ Social Design (c) “Averaged” Best Design ()
Max borehole depth (meters): 72.0 | 42.0 42.0 65.8 423
Production Cost (USD): 11,400 6,990 (-38.5%) 7,230 (-36.4%) 9,710 (-14.6%) 7,040 (-38.0%)
Lifetime Emissions (Ibs-CO,): 53,500 | 46,853 (-12.4%) 42,800 (-20.0%) 50,700 (-5.2%) 42,900 (-19.7%)
Drill Time per hole (days):  6.74 1 5.23 (-22.3%) 4.58 (-31.3%) 6.00 (-11.0%) 4.60 (-31.8%)

Figure 2.11: Computer generated drill designs resulting from optimization. Additional statistics
are also shown for performance comparison.

2. When examining two-dimensional snapshots as in Fig. 2.10 it is important to recognize that
a highly desirable design alternative in one plot, is not always desirable in the other plots.
For example, Fig. 2.10 shows two designs — one marked with a square around it and another
with a circle. As seen in the center plot, the square point is the design alternative with the
best social sustainability. Because there is a natural tradeoff we would expect this point to
not be the best design in terms of economic sustainability nor environmental sustainability.

This is shown in the left-most and right-most figures.

3. Figure 2.10 shows a design with a triangle around it. This solution is the current Village
Drill design. The sustainability space shows that there are several designs that are more
sustainable than the design that WHOlives.org is currently manufacturing and selling. This
kind of understanding, gained by characterizing the sustainability space and exploring it,
can be a valuable part of decision making in sustainable design. This model also implements
standard sizes for tubing and hardware, which is important for an optimization model like
this because a design team will not be required to round the solution’s beam sizes up or down

to the nearest standard size, which if done, will immediately affect the optimal solution.

4. For this particular problem formulation, there are a few areas of weak-Pareto optimality.

These are most easily observed in the center plot of Fig. 2.10. Here we see nearly the same
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condition described in Fig. 2.3, which, if identified, can significantly affect the decision-
making. Similarly, the solution with a circle around will likely be preferred over the one
with a diamond around it even though the diamond design is slightly more economically

sustainable.

5. The decision makers can also consider the values of the independent parameters that result
in certain designs; this is easily extracted from the computational tool used to characterize
the space. For example, the design with the circle around it is a drill design with completely
new dimensions from the original drill and increases its performance in each of the three

pillars of sustainability.

2.4.6 Example: Discussion

The example of the Village Drill shows that (i) a sustainability space exists for the drill,
(i1) it can be characterized with mathematical models, and some experience in numerical opti-
mization. An important message of the example is that the sustainability space is valuable in
decision-making. The complexities regarding the sustainability tradeoffs are too great to be under-
stood without computational assistance. Decomposing the sustainability of a product into smaller
more manageable issues is an essential part of the presented method. It allows the development
team to consider issues of sustainability that can be modeled simply; then it allows the computer
to examine all of those simple models simultaneously — leading to insights that may not have been
understood by intuition alone.

The results found for the Village Drill specifically are interesting and valuable. All four of
the optimal designs recommend reducing the depth capacity of the drill, which results in a smaller
segment of villages that can be served by the drill. This seems counter intuitive at first glance,
but the optimizer has discovered that it may be more beneficial to drill two holes in two different
villages at 42 meters in the roughly two-thirds of time it takes to drill just one hole in a single
village at 72 meters. More obviously, the optimizer has been able to reduce emissions, costs, and
drill time in every case. These are results that WHOlives.org can use immediately to adjust the

design of their drill to maximize their positive impact in each sustainable category.
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2.5 Concluding Remarks

In this paper, we have presented a 5-step process for finding and using the sustainability
space to support sustainable design decisions. Having worked closely with the ideas presented

herein, we can make the following observations:

1. The identification and use of the sustainability space can bring new insights to decision
making in sustainable design that may not be intuitively discovered otherwise. Its value
is significant because it characterizes the tradeoffs between economic, environmental, and
social impact — which are the three areas of sustainability our products will influence whether

we explicitly evaluate it or not.

2. The nature of the sustainability space is too complex to characterize and understand by in-
tuition alone. To an extent, this has stalled many sustainable design efforts over the past two
decades, which has caused many to believe in the concept of sustainability but abandon fully

pursuing it in practice.

3. While too complex to manage by intuition alone, sustainability can be decomposed into
smaller more manageable sustainability issues that can be understood intuitively. This un-
derstanding can lead to simple mathematical models (for each sustainability issue) that can
be invoked simultaneously in a computational setting to characterize the complex sustain-

ability space.

4. Although the basis for the ideas presented in this paper center on the multiobjective opti-
mization principle of Pareto optimality (or the principle of non-domination), no complex
multiobjective optimization algorithm is necessary to generate the results presented in this
paper. In its basic form, very similar results can be achieved using simple monte carlo sim-
ulations and Pareto filtering. This is significant because it means that little-to-no experience
in multiobjective optimization is needed to identify and use the sustainability space. On
the other hand, using multiobjective optimization, the design team can guarantee that it has

completely and rigorously identified the boundaries of the sustainability space.

This method has limitations and perhaps the greatest of which is that it requires a design

concept that can be parameterized (recall that the drill design was defined by the geometrical
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dimensions of its members: /, w, A, etc). This limits the use of the specific method presented here
to product improvements and product redesign as defined by the Brezet model [29].

A related limitation is that the correctness of the identified sustainability space is based on
the correctness of the models used to find it. We must recognize however, that (i) this is true for
any model-based design method, (ii) all models exist on a fidelity spectrum, and (iii) a basic part
of the product development process includes evolving the models to an appropriate level of fidelity
— often over the course of the product development. While the models presented for the Village
Drill example aren’t of the highest possible fidelity, even a model of low-fidelity — if made with
care — is higher fidelity than no model at all.

Another limitation regarding the mathematics is that we suggest aggregating all social is-
sues (for example) into one measure of social sustainability, and so on. Ultimately we believe that
making decisions based on the three-dimensional space defined by single measures of economic,
environmental, and social sustainability, justifies this limitation. Nevertheless, any aggregation has
the potential to reduce decision-making transparency because it generally requires decision makers
to assign preference to the aggregation’s constituent parts. Future work should address the aggre-
gation of impact metrics for each category in the triple bottom line to improve the value of this
model.

Many organizations currently do not approach decision making for sustainable design in
a manner that is compatible with the method presented in this paper. For example, some organi-
zations consider each pillar of sustainability individually and in a hierarchical manner. Generally,
applying the method described in this paper to a hierarchical situation eliminates the opportunity to
explore the sustainability space as thoroughly. This is simply due to the design space reduction that
occurs for each level in the hierarchy, which is caused by the decisions made one level up in the
hierarchy. The method presented in this paper is offered as an alternative process that would likely
require a cross-functional assessment and consideration of sustainability, resulting in models that
accurately reflect multiple impact categories. Notwithstanding the cost of cross-functional collab-
oration, the presented method provides a powerful opportunity to characterize tradeoffs amongst
the three pillars of sustainability, and simultaneously optimize each.

In a real sense, the proposed method requires an appreciation for the multidisciplinary as-

pects of design. It requires engineers, for example, to consider non-engineering areas more deeply
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such as those related to the social impact of the product. It requires those who are disinclined
toward using mathematical models to value how the models can be used to support design efforts.
And it requires those who use the mathematics to translate the outputs into a language and format
that decision makers and design teams will engage with. It requires business leaders to distill an
organization’s sustainable design goals down to a manageable set that can be reasonably achieved
given the organization’s resources. In each of these cases, the individuals involved must be open

to expert guidance, as needed.
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CHAPTER 3. THE SOCIAL IMPACTS OF PRODUCTS: A REVIEW

3.1 Introduction

Regardless of whether explicitly considered, every product has economic, environmental,
and social impacts [28]. Economic impacts are typically tied to profitability, wages, and employ-
ment and have long been considered with respect to product development. More recently, envi-
ronmental impacts have garnered much interest, resulting in valuable tools that allow engineers to
understand better the environmental impact of design decisions (e.g. [9]). Though exceptions exist,
social impacts have not yet been the focus of significant research efforts or included in the calculus
utilized by engineers to evaluate product design features. Yet, the concept of social impacts — the
influence of a product ‘on the day-to-day quality of life of persons’ [14] — has a long-standing
tradition in the mechanical and manufacturing engineering professions, whose codes of ethics
emphasize holding ‘paramount the safety, health and welfare of the public’ [15] and considering
‘the consequences of [our engineering] work and societal issues pertinent to it.” [16] Despite the
genuine and near-universal acceptance of these sentiments, most practitioners do not commonly
characterize the social impact of products beyond the basic principles of mechanical and structural
safety. Therefore, understanding the social impacts of design frequently remains out of sight and
reach of those who create and manufacture products.

Although literature on the social impacts of products has traditionally been scant, a growing
number of resources have been published. Guidelines have been established, such as the United
Nations Environment Program (UNEP) Guidelines for Social Life Cycle Assessment of Products,
to promote the assessment of the social impact and sustainability of products. A variety of blog
posts and other websites offer broad guidance and illustrative case studies. The academic literature
devoted to social impacts of products lags behind the attention given to the topic by practitioners
in the nonprofit sector. Exceptions include Vanclay [17], Epstein and Yuthas [18], Fontes et al.

[19] who note that the relevance of particular social impacts often depend on the local context or

45



community. Nevertheless, they discuss ways to identify relevant social impacts in these settings;
identify broad topics to assess such as environment, community, health, and economy; and provide
examples related to these topics.

While these efforts often result in lists of social impacts that scholars and practitioners
would do well to consider and represent a useful and growing body of literature, their ground-
ing in empirical research is often limited. Many of these sources that offer lists of social impacts
have been generated from the authors’ experience or influenced by the authors’ ‘prejudices and bi-
ases’ [17]. In this paper, we take a modest step toward addressing this issue by integrating a wide
range of studies in the social science and engineering literatures with the intent to better inform
our conception of products’ social impacts. Accordingly, based on our reading of the literature we
too have identified a range of social phenomena that are impacted by products and technology and
that fall under the broad themes of population change, family, gender, education, stratification, em-
ployment, health and well-being, human rights, networks and communication, conflict and crime,
and cultural identity/heritage. In addition to integrating a wide range of literature that comes from
social science and engineering literatures on the social impacts of products, we suggest that ad-
ditional efforts to articulate social impacts should build a cumulative body of research based on
previous studies. These efforts should focus on systematically building findings and identifying
scope conditions rather than relying on personal experience or bias. Before discussing these social
phenomena that are affected by product use based on our literature survey, however, in the next
section of the paper we provide an overview of the existing frameworks that call attention to the

various dimensions of social life that are impacted by products.

3.2 Existing Frameworks

A growing number of resources have been provided that outline social impacts to consider
when designing and implementing a new program or product. Social impact assessment (SIA) is
a well-established framework for examining the expected consequences of a planned intervention
such as a new policy, program, or technological development on the well-being of a commu-
nity [87,88]. Many development projects pursued by non-profit and government organizations
today include an SIA component to better understand their consequences [87]. SIA, as outlined by

Burdge [14] highlights many dimensions of community life that may be affected. These include
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population impacts (e.g. influx of temporary workers or seasonal residents, relocated individuals,
and the demographic composition of the population), community and institutional arrangements
(e.g. interest group activities, changes in the size or structure of government, and changes in
wages or employment), communities in transition (e.g. presence of outside agencies, level of
inter-organizational cooperation, introduction of new social classes), individual and family level
impacts (e.g. disruption of patterns of daily living and social networks, change in family struc-
ture, perceptions of public safety), and community infrastructure needs (e.g. change in community
infrastructure, land acquisition and disposal, and effects on cultural or historical resources). Van-
clay [17] also provides perhaps the most extensive summary list of social impacts identified to
date. These include health and well-being (e.g. social capital, health and fertility, and mental
health); quality of living environment (e.g. exposure to safety issues, disruption of daily activities,
and recreational opportunities); economic and material well-being (e.g. standard of living property
values, and occupational prestige); cultural impacts (e.g. loss of language or cultural heritage);
family and community (e.g. changes in family structure or sexual relationships); institutional, le-
gal, political, and equity impacts (e.g. viability of government, violation of legal rights, and access
to legal procedures); and gender relations (e.g. women’s reproductive rights, women’s autonomy,
and division of labor)

Epstein and Yuthas [18] build on the insights of Life Cycle Assessment for which social
impacts are related to the rights and safety of workers who manufacture a product [89,90] as well
as the relevant social impacts of products for their users. The broad impacts that Epstein and
Yuthas identify include the environment, community, health, and economy. Epstein and Yuthas
also provide sample measures of each impact that are associated with a range of possible outcomes
that may be experienced within a particular community (see Figure 21, p. 162). In addition to their
measures related to the natural environment, their sample measures of health include, among other
things, life expectancy, infant mortality, number of people suffering illness or death, and number
of visits to clinics per year. The sample measures of community and economy consist of the same
measures and involve perceptions of safety, crime rate, number of community meetings attended,
and number of people with access to transportation and latrines.

A recent handbook by Fontes et al. [19] provides a useful and detailed account about how

to conduct social impact assessment. The handbook identifies the relevant stakeholders that must
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be considered when assessing social impacts as consumers, workers who manufacture the products
and participate in the supply chain, and local communities. Fontes et al. [19] also identify social
topics to be assessed for each stakeholder and measures related to each topic. Social topics related
to workers include a variety of items, but examples include health and safety, discrimination, and
work-life balance. For consumers, topics are limited to health and safety, and well-being. For the
last stakeholders, communities, examples consist of health and safety, access to tangible resources,
and community engagement.

The Technology Assessment literature provides another framework that addresses the eco-
nomic, environmental, and social sustainability of technology. This interdisciplinary field seeks to
understand and minimize potential damage that can arise from uncritical application of technolo-
gies, incorporating various methodologies in pursuit of that goal. Such popular methodologies that
consider social impact include Constructive Technology Assessment (CTA), which frames tech-
nology within a larger societal context, often shaping technology design in order to improve social
outcomes [91]. CTA achieves this through focusing on incorporating more stakeholders into the
design process. Another noteworthy Technology Assessment methodology is the Social Shaping
of Technology [92], which examines the social conditions and context under which technology
and innovation come about. From these and various methodologies, a significant contribution of
the field of Technology Assessment is the increased awareness in promoting positive social, eco-
nomic, and environmental impacts while minimizing future damages in designing and distributing
technology.

However, the scope of social impact consideration historically has remained limited within
this field [93]. An emerging framework, Technology Assessment in a Social Context, addresses
these limitations by utilizing the work of Vanclay [17] in SIA to incorporate a greater understanding
of social impacts and processes [93].

These frameworks are exceedingly valuable for those interested in understanding a range
of social phenomena affected by products and technology; however, they provide little-to-no em-
pirical support as a basis for justifying the categories they identify as social impacts. These frame-
works often provide intuitive concepts based on authors’ perceptions or described in ‘ethnocentric
terms’ [17], but lack a systematic investigation that generates a cumulative trajectory of work based

on previous empirical research. Accordingly, these frameworks that are provided list multiple cat-
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egories of social impacts and, consequently, a ‘high degree of inconsistency between such lists’
exists [17].

To be clear, we are not challenging the lists of social impacts generated by previous re-
searchers. But, there is an empirically rich set of studies in a variety of social science and engi-
neering disciplines that are relevant to those interested in the topic of social impacts that remain
insufficiently utilized when generating these lists. Myriad studies in social science and engineering
disciplines have documented instances of individuals’ everyday lives that have been affected by the
adoption or diffusion of new technologies, but no efforts of which we are aware have been made
to integrate these literatures. Our review paper represents an effort to integrate these studies into
coherent categories and, as a by-product, produce an additional list of social impacts that inciden-
tally is informed by empirical studies conducted in the social science and engineering literatures.
Table 3.1 lists the results of our literature search and the columns in the table correspond with each
section of the paper outlined below.

In Table 3.1 and our subsequent descriptions of products that affect the day-to-day lives
of individuals, we follow Vanclay [17] who distinguishes between social impacts and processes.
For Vanclay a social impact influences ‘an actual experience of an individual or community’ (p.
188). This expression of a social impact is similar to Burdge’s [14] cited above. Vanclay portrays
a process as a characteristic of the host community. A process is really a social change or interven-
ing or mediating factor that influences ‘whether the community is likely to experience impacts’(p.
188). Vanclay continues, for example, 'Local government and other formal organisations, as well
as informal organisations such as community groups may experience impacts, but the actual pres-
ence of these organisations is not the impact’(p. 188). We distinguish between process and impact,
but we discuss both in our paper because they are closely related; both are often highly salient for
social impact assessment. In fact, Vanclay explains, both should be considered together (within the

SIA framework) to ensure that the necessary social change processes generate acceptable impacts.
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3.3 Population Change

Population change includes in- and out-migration, transiency of the population [94, 95];
[96-99], relocation of families [100], presence of a seasonal leisure population, influx of temporary
or permanent workers, and changes to the age structure of the community [14, 18]. Advances
in transportation technology, in particular, increase access to new places and may affect these
population dynamics. The first transcontinental railroad in the United States, finished in 1869,
provides an illustration. Labor opportunity initially drew in primarily men from both within and
outside of the United States (such as Chinese immigrants) to help with its construction [101, 102].
Populations of the surrounding communities were in flux as the railroad building took place [103,
104]. Once built, there was a greater flow of migrants to the Western United States, which greatly
aided in the expansion of western cities [101, 105, 106]. Other studies have shown that improved
roads within a community reduce permanent out-migration [107] and rural cities are likely to grow
with the introduction of new roads if they are proximate to urban centers [108].

When discussing some of the social changes that stem from new mining operations in
rural parts of Australia, Petrova and Marinova [109] report population change as one of the first
social processes to appear. Rural Australian mining communities often lack the necessary labor
force required to support the mines, which leads to large numbers of workers migrating to these
communities. Typically in such circumstances, the workers fly in from other areas, work for a
designated amount of time, and then fly back to their homes. This practice leads to increased
numbers of outsiders, especially young males, migrating to mining communities [94, 96, 98, 99].
Increases in mining activity that is accompanied by in-migration also introduces new diseases
and decreased education quality [94, 95,98, 99]. As a result, young families have been observed
leaving these communities in search of better living conditions [96]. Overall, an increase in mining
operations can lead to an atypical demographic structure characterized by a surge in younger, male,

transient residents who may come to outnumber permanent residents [97].

3.4 Family

Perceptions of the family’s role in society vary by culture; nevertheless, new product adop-

tion can affect the roles the family plays in society, the roles individuals play within the family,
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and the stressors that result in strained family relationships. Certain work-related technologies can
change the levels of stress or strain experienced within the family. The long absences of fam-
ily members, predominantly men, engaged in work on offshore oil and gas installations can put
strain on both the worker as well as those left behind. While spouses and partners are affected
by such a schedule, young children may be particularly susceptible to the strain these situations
cause [110,111].

One way products that are used in the home can change family members’ roles are by
changing the way work is distributed or perceived. Products can affect the roles family members
are expected to fill or lead to new obligations members are expected to meet within the home. For
example, with the introduction of so many labor-saving household products in the early 20th cen-
tury such as washing machines, electric irons, gas-powered ovens, and refrigerators, the need for
maids or nurses in middle class homes disappeared. As a result, parents in these homes were ex-
pected to fill the roles previously taken by nursemaids, including emotional closeness with children
not previously observed [112]. Others have pointed out that technological advances can reinforce
existing family roles, maintain inequality between family members, and thus have negative im-
pacts on family relations. Thrall [113] suggests that ‘when families have an item of equipment
which is used for a particular task, they are likely to be more traditional in their division of labor
for that task than are families that do not have the equipment.” His study of 99 families living in
a Boston suburb shows that husbands are less likely to help with the dishes in families who own a
dishwasher. Another study of women’s time-use diaries examined for various years beginning in
1925 and ending in 2011 indicates that time-saving home equipment seems to have led to a decline
in time women spend doing housework over this period. But these gains were offset by increases
in time spent in paid work, childcare, and shopping [114].

Communication technologies have been shown to influence social interaction positively
and negatively within the family. Weisskirch’s [115] study demonstrates that parents report greater
social support from phone calls initiated by children and vice versa, but children report greater con-
flict when parents call to monitor behavior. Group video chat apps were also found to improve fam-
ily relationships despite long distances, bringing extended family members such as grandparents
into closer relationships with their grandchildren [116]. In a study conducted in Jamaica, parents

who lived abroad were more closely involved with their children’s lives despite the great distances,
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and children reported waiting with anticipation for their parent’s weekly phone call [117]. The
increased interaction brought about by phones and video chat products may lessen the strain felt
by families where one or more members may be away for extended periods of time. In a study
of cell phones and work-related communication in Rwanda, researchers found that roughly two
thirds of phone usage consisted of interactions with family and friends [118]. Even when cell
phones are purchased for work-related reasons, they are often used for strengthening family rela-

tionships [119, 120].

3.5 Gender

Technological advances can impact gender norms and expectations. Or, gender norms can
be reproduced through these technologies. Online social media can be used to reproduce or express
gender identity [121]. Moreover, as mentioned, labor-saving household devices may be used to
reinforce gender roles, though time spent doing different household tasks has increased [112—-114].
Gender roles outside of the home can change as well. The adoption of email in the workplace has
allowed women to overcome the norms of face-to-face conversation that typically put them at a
disadvantage. In this way, email and other online forums may increasingly allow women’s voices
to be heard [122, 123].

The availability of contraception and assisted reproductive technologies (ART) such as in
vitro fertilization (IVF), donor eggs, and egg-freezing have had a tremendous impact on women
in particular. In addition to women’s increasing participation in the labor force and higher edu-
cation that have also played important roles [124], contraception and ARTs have given women
more control over the timing of childbirth, and ARTs have expanded opportunities to conceive
and bear children at older ages [125]. In the United States, the average age of first-time mothers
has increased from 21.4 years in 1970 to 25.0 years in 2006 [126] while the first birth rates for
women ages 35 through 39 has increased from 1.7 percent 1973 to 11.0 percent in 2012 [127]. Of
course, control over the timing of child birth provide women with more flexibility regarding the
pursuit of educational and employment opportunities, but it also can affect their identity. Inter-
views conducted with 79 couples who had a child born from a donor egg and who were typically
older than many other parents, indicate that women often adopted the identity of an ‘older mother.’

These women often experienced a negative stigma associated with being an older mother, which
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commonly occurred through social interactions with others in public places like playgrounds and
schools. These negative stigmas center on others’ assumptions or expectations about the mother’s
infertility, her dependency on a donor egg to get pregnant, being the child’s grandmother rather

than the mother, or being less physically capable than younger parents [125].

3.6 Education

Education can come from a variety of sources, such as formal in-school learning or informal
skill acquisition. Products and technology can influence educational opportunities by enhancing
the delivery of information, providing increased access to education (e.g. online courses), or infor-
mally through using the product itself (i.e. learning to use and operate a product). An iPad provides
an illustration of a product that can be used in an educational setting. Shah [128] observed that
iPad applications helped special education students to interact and communicate better. Applica-
tions on the iPad were better suited to children with poor motor skills than a desktop computer and
was easier to use for those with vision problems. Another example of a product used for improving
education is the use of virtual reality for medical students in teaching surgical procedures. Haluck
and Krummel [129] discuss the tremendous potential of surgical simulations to help medical stu-
dents prepare for surgery by learning and refining their surgical skills in virtual settings without
the risk of harming live patients.

Using other products also promotes informal educational opportunities as users are require
to receive training to properly operate the product. Such is the case for the Village Drill, a human
powered drill intended to bore holes for wells in developing countries. The setup and operation
of the drill, as well as the installation of the accompanying pump, all require knowledge of the
equipment to be successful. Customers who purchase the drill are also trained in its use [45]. As
well as learning how to operate the drill itself, customers are trained in how to locate water sources
and trouble shoot problems that may arise such as the drill getting stuck. Lastly, another product
that generates informal learning is Family Story Play, a product that includes reading materials and
video feeds for children [130]. Family Story Play encourages families living apart to engage in

activities specifically designed to help young children learn and develop reading skills.
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3.7 Paid Work

Products and technologies have been observed in a number of instances to promote better
employment opportunities [120,131-134]. Many new jobs may be become available to those living
in a community as a result of the adoption or widespread use of a product. Or, employment may be
negatively impacted by the production and use of other products. van der Voort and Vanclay [135]
report that earthquakes in the Netherlands resulting from natural gas extraction has caused property
damage, and consequently, lost revenues for businesses. Individuals who are affected may need
to miss time at work as they repair property damage. Okeagu et al. [136] observe that the natural
gas and petroleum industries in Nigeria benefited from the global oil crisis in the 1970s. However,
pollution caused by natural gas and petroleum production also displaced many farmers and rural
residents, forcing them to migrate to cities to find work.

The nature of employment has changed for many employees with the widespread adop-
tion of information and communication technologies (ICTs), which have generated both positive
and negative impacts. Chesley et al. [137] suggest that the use of information technologies has
blurred the boundaries between work and home by making it difficult for employees to escape
from workplace tasks and responsibilities when they are at home. In another study, Chesley and
Johnson [138] demonstrate that ICT use improves an employee’s ability to do her job. However,
ICT use also increases the amount of stress experienced on the job — stress that is likely due to
blurred boundaries between work and home or negative spillover from work to family life.

Products designed to complement or replace human labor, such as factory automation,
change the nature of employment at those factories, particularly for unskilled to specialized la-
bor [139-141]. Manufacturing, printing, and publishing industries in particular are affected by
microprocessors and other technological advancements [140]. Or, products can improve an in-
dividual’s employment prospects. Such is the case with respect to lightweight prosthetic limbs,

which allowed military veterans to complete a full day’s work and gain better employment [142].

3.8 Stratification

Social stratification, or the system by which the society ranks groups of people in a hierar-

chy according to their characteristics (e.g. economic, racial, religious, etc.) [143] is also affected
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by the adoption of new products and technology. Advances in technology can impact employment
prospects for people who have certain job-related skills [2, 109,112,131, 133, 134,136, 144, 145],
but they can also affect inequality in a community [133, 146, 147] or the unequal distribution of
revenue or other sources of income [136].

Consuming particular products may also contribute to stratification by signaling a certain
social standing or status to others [148]. A product that is manufactured from expensive materials
may only be available to those who occupy the highest socio-economic status. Furniture, clothing,
and automobiles can be examples of such products [149], and the form or design can greatly
influence this perception. Though he was writing some time ago, Fussell [150] argues that upper-

class Americans prefer British designs, which are deemed a symbol of classic style.

3.9 Health and Safety

The World Health Organization defines health as ‘a state of complete physical, mental and
social well-being and not merely the absence of disease or infirmity’ [151]. Fontes et al. [19]
explain that companies need to consider how their products may affect the health, well-being,
and safety of a number of stakeholders including employees, consumers, and local communities.
Weingaertner and Moberg [147] note that health impacts are among the core impacts that should be
considered by any company. Health can be impacted by the pollution that is caused by petroleum
production [136]. Because of flooding risks Brouwer and van Ek [100] explain that in the Nether-
lands one of the government’s primary policy concerns has always been building dikes so that
residents of surrounding areas have safe and secure living conditions.

To be sure, one of the primary considerations of product impact is user and community
safety. Street lamps are often installed to prevent crime, protecting pedestrians from potential
harm [152]. The Spider Boot, a product designed to increase the distance between one’s feet and
land mines, is intended for the prevention of physical harm ( [153]). Cell phone (or smart phone)
texting and driving has become a major safety concern that was not foreseen, but it has had a major
unintentional negative impact on driver and pedestrian safety [154—158].

Products can also increase social and emotional well-being. Motorized wheelchairs in-
crease intellectual and emotional development by allowing users to engage more fully with their

community and surroundings [159]. On the other hand, products also have the potential to worsen
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emotional well-being. One study found that electronic handheld devices could make users feel
positive emotions such as excitement, satisfaction, and nostalgia. But when these products were
difficult to use, the users were more likely to feel negative emotions such as frustration, annoyance,
or disappointment, and these negative emotions lasted even after the users had stopped using the

handheld device [160].

3.10 Human Rights

A product’s impact on human rights includes the protection and promotion of rights that
are presumed to apply to everyone. Human rights that have been identified by the Office of the
United Nations High Commissioner for Human Rights (OHCHR) include

civil and political rights, such as the right to life, equality before the law and freedom
of expression; economic, social and cultural rights, such as the rights to work, social
security and education, or collective rights, such as the rights to development and self-

determination, are indivisible, interrelated and interdependent. [161]

Human rights issues come into question for Weingaertner and Moberg [147] in the context of labor
— specifically, forced labor and child labor.

Products may present opportunities or barriers for disadvantaged groups. Products may
be designed to improve accessibility for those with physical disabilities. Motorized wheelchairs,
prosthetic limbs, and curb ramps enable those with disabilities to interact with their community,
pursue employment, and pursue many opportunities for mobility afforded to those without dis-
abilities [142, 159, 162—-166]. Or, the Transcontinental Railroad in the United States provides an
example of how a product or technology can infringe on human rights. When railroad lines were
built, they often crossed onto Native American territory. This westward expansion illustrates a
disregard for land rights of Native American and led to forced displacement and the formation of
reservations. But it also had deleterious effects on their lifestyle, and was accompanied by ‘little
sympathy for the preservation of a way of life that left farmlands unturned, coal unmined, and

timber uncut’ [167].
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3.11 Social Networks and Communication

New products may impact social ties between individuals in a number of ways, such as the
formation of new relationship [122] or increasing or decreasing the strength of the relationship.
Donner [120] suggests the use of cellphones has allowed families to maintain strong relationships
when members are living apart or when one moves away for work, which helps keep individuals
and communities united ( [145]). Advances in transportation technology and travel opportunities
can foster more social connections between different geographical areas [103]. Or, communities
with influx or outflow of residents may lead to the disruption of established relationships [97,109].

Technologies have greatly enhanced communication and interaction with others over long
distances. ICTs such as email, social networking sites, and instant messaging and video apps prove
invaluable for maintaining connections to geographically dispersed friends, family, and acquain-
tances. Hampton and Wellman’s [168] study of a neighborhood in a Toronto suburb demonstrates
that residents with high-speed internet access either maintained or increased contact with distant
friends while contact decreased for residents with no internet connection. Studies that have been
discussed above show that increased mobile phone use in developing countries allows for fam-
ily members to remain connected over long distances [120], and increased use of email in the
workplace reduces face-to-face communication between coworkers [122]. Research suggests that
products themselves can change how communication is carried out. Experiments with online com-
munication show that those who use internet chat and discussion boards express higher confidence
and comfort in expressing ideas, which facilitates the expression of different ideas [169]. Appli-
cations that allow face-to-face communication over long distances, such as video chat, can also
influence the quality of communication. Video chat has been found to create a greater sense of
emotional closeness between couples living long distances apart compared to audio-only forms of

communication [170].

3.12 Conflict and Crime

Conflict includes activities that go against formal and informal rules within the community
as well as conflicts between individuals [19, 171, 172]. Okeagu et al. [136] indicate that conflict

in the Niger Delta is common as oil and gas companies actively seek to impose their will on local
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communities, using violence in some instances. As a result, local citizens may resort to violence
as a way to get back at the companies. More modest forms of conflict may also result. Garton
and Wellman [122] report that with increased use of email in the workplace, coworkers tend to
be more conflictual in their communication. Groups communicating via email tend to be more
polarized and take longer to reach consensus. Nevertheless, the email conversations gave voice to
more diverse opinions that may lead to better decisions overall.

Engineered products also have the potential to reduce crime. In reviewing crime deterrence
principles and their applications, Hoffmann [173] explains that the Los Angeles Police Department
installed physical barriers in a number of through-streets to make getaways following drive-by
shootings more difficult. The installation of these barriers was meant to increase the perceived cost
associated with engaging in this behavior. Indeed, shootings in these areas drastically decreased.
Research also demonstrates that Closed Circuit Television (CCTV) cameras used for monitoring
activity in public spaces is associated with a moderate reduction in some type of crime such as
robberies [174—177]. Ratcliffe et al. [178] evaluated the use of CCTV cameras in high crime
areas in Philadelphia and determined that their use was largely responsible for a 13% reduction in
observed crime. Improved lighting in public spaces through street lamps, for instance, has been

shown to reduce both crime and the fear of crime [179-181].

3.13 Cultural Heritage and Identity

Cultural heritage is the expression of the ‘ways of living developed by a community and
passed on from generation to generation, including customs, practices, places, objects, artistic
expressions and values’ [182]. This represents an emerging theme in the social impact assessment
scholarship [109, 183] in which products are typically viewed as having negative impacts. Culture
can be negatively impacted through, for instance, loss of language, defilement of culturally sacred
sites, or violation of cultural taboos [17].

Cultural heritage takes many years to develop, but it can be disrupted in a relatively short
period of time [184]. An example comes from Wheatley [145] who reports that mercury pollution
negatively impacted Aboriginal communities in Canada in the 1970s. Residents on native reserva-
tions were forced to decrease their fishing activities and fish consumption significantly. Fishing,

however, was ‘part of their cultural identity in which everyone had a role and where traditional

59



skills were passed on’ (p. 87). Wheatley reports that a host of other negative outcomes accompa-
nied the disruption of the traditional way of life in these communities including increased crime,
violence, and suicides. Similarly, the transcontinental railroad challenged the Native American
way of life by seeking to exterminate bison herds that local indigenous populations hunted and
relied on. As part of the railroad expansion westward the US Army often sponsored hunting expe-
ditions for private hunting parties to kill buffalo [185].

Transportation technologies may bring new or temporary residents that may not hold the
same cultural values as the local residents, or their presence may strengthen the way local residents
perceive or portray themselves. The transcontinental railroad changed the culture of Salt Lake City,
Utah, during the latter half of the 1800s [105]. The expansion of the railroad brought new settlers
and tourists to this city, which was previously intended to be a religious haven for Mormon pioneers
who settled there to escape persecution experienced elsewhere in the Eastern and Midwestern
United States. As outsiders came to Salt Lake City, the culture of the city began to change. Instead
of trying to remain isolated and insulated from outside influences, over time the original settlers
sought to present themselves as educated and civilized. And as they did, Mormons ‘ultimately
affected the way they conceived themselves’ (p. 376). Instead of trying to maintain a separate
existence and identity, they came to exemplify some of the same social, educational, and economic
values shared by ‘the elite classes of American Society’ (p. 376).

Products may also serve to preserve cultural heritage by preserving the memory and physi-
cal spaces of sacred sites or by making such places more accessible to community members. ICTs
including digital photogrammetry, laser scanning, and other digitization technologies can assist in
the creation of materials that preserve visual displays of cultural sites, photographs, or language.
Specifically, digital photogrammetry products have improved the recording of cultural heritage
sites [186]. Additionally, Riither et al. [187] explain, the use of laser scanning can provide a per-

manent record of a cultural artifact or site to be preserved for future generations to observe.

3.14 Conclusion

The purpose of this paper is to review and integrate research from a wide range of social
science and engineering disciplines to provide a more informed inventory of social impacts com-

pared with past work that includes lists of social impacts that are derived from authors’ perspectives
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or intuition. We believe this is an important step toward building a cumulative trajectory of work
in this area. We also call for more work in this area to validate which social impacts are most
relevant and under what conditions. A fruitful avenue for empirical research should, then, leverage
experimental methods or examine product adoption in a number of settings to develop a more com-
plete picture of whether certain consequences are broadly applicable or context-specific. To date,
scholarship largely consists of case studies that identify product consequences, but insufficiently
considers whether adoption may yield similar results in other settings. While instructive, this re-
search typically ‘selects on the dependent variable’ by making few, if any, attempts to compare
different elements of the social environment or different social environments that are affected by
products and their features. Additionally, leveraging experimental methods will help researchers in
distinguishing between the social phenomena that influence the antecedents of adoption compared
with the outcomes or impacts that result from product use. Gender roles may not only be impacted
by products, but they may influence who is likely to use a product in the first place.

In this paper, we follow other scholars who have attempted to integrate impact assessment
categories in one place [188, 189]. While such integration is often beneficial, recent studies of
impact assessment suggest that the inclusion of too many factors presents challenges. Integrated
frameworks may present too much complexity and in fact overburden or even weaken assessment
efforts. Or, integrated approaches may exacerbate tensions that exist between balancing social,
environmental, and economic considerations such that one of those considerations comes to the
fore while the others fade into the background. Similarly, the addition of new social impact cate-
gories to assessment efforts may draw attention away from existing categories or a methodology ‘s
intended emphasis on a specific impact [190,191]. Integration has been most successful when it is
balanced enough to benefit the project without adding unnecessary complexity [191]. In consider-
ing the summary of social impacts and processes we have provided, we encourage researchers to
thoughtfully and appropriately weigh each of the various measures into their own efforts.

A limitation of our paper, in particular, is the incomplete list of potential social impacts
and processes we have identified. We could imagine a number of additional social phenomena
that are shaped by product use. Religious practice and spirituality could be directly impacted by
technology that enhances communication between believers or indirectly impacted by providing

competing demands on believers’ time and attention. Social justice could be impacted by ICTs that
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spread empowering knowledge and ideals, analogous to when the invention of the printing press
delivered the Bible to the masses. Domestic violence can be addressed by users of technologies
like the smart phone application Aspire, which is disguised as a news app but allows users to
send a covert message to a trusted friend or contact. Technology could also affect communities’
ability to respond to tragedy as well as community efforts to rebuild and move past such tragedies.
No doubt there are other significant impacts for products that we did not identify in our paper.
Discovering additional relevant impacts and social change processes constitutes another promising
avenue for future research, considering that new technologies are increasingly introduced into the
global marketplace. Therefore, the categories identified in our paper necessarily should be revised
and improved for future use.

Of course, research on social impacts has many practical implications. The primary goal of
this strand of research is to generate products that improve individuals’ everyday lives, especially
products for groups who are disadvantaged or in need of help. To this end, we believe that engineers
can use the categories we have identified in this paper, as well as lists that have been generated in
prior research [17-19], to design products with the end-user in mind as a way to gain a better
understanding of the social benefits of their products. These categories could be used to inform a
variety of methods for discovering and assessing the social impacts of an engineered product, such
as Life Cycle Assessment or IDEO’s Human Centered Design. As shown in our paper, design of
seemingly innocuous features that accompany the use of common, everyday products, represents
a significant need and can have a significant effect. But until these social impacts are named and
evaluated, a greater awareness by researchers, designers, and users of these products will remain

out of reach.
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CHAPTER 4. SOCIAL IMPACT IN PRODUCT DESIGN, AN EXPLORATION OF
CURRENT INDUSTRY PRACTICES

4.1 Introduction

Literature and historic research show a long tradition of analyzing the economic and envi-
ronmental impacts of designed products, yet there is a lack of data and resources related to social
sustainability — a pattern within the engineering field that will need to change in order to ad-
dress new and evolving challenges facing society [192]. Engineers stand in position to pioneer
best practices in accounting for a holistic view of sustainability, where “Sustainability Engineer-
ing is poised to propel the industry into a future that combines permanence, profitability, as well
as livability” [20]. As engineers design with all aspects of sustainability in mind, they are likely
to create effective and desirable products while also influencing the world‘s economic standing,
environmental state, and social well-being. While the former two are well researched in the realm
of engineering design, social well-being is yet to be as thoroughly discussed in academic litera-
ture [193]. The value of these methods, however, is valuable to engineers to more fully inform
their design decisions [194]. Though designing engineered products and systems from a social
well-being perspective is an emerging topic in literature, this paper seeks to understand to what
extent designing for social impact is found in common industry. The goal is to understand how
those who design products consider the social impacts of those products. In this paper, the terms
engineer and designer will mean those who have a significant role in defining and designing a

product, structure, or industrial process.

4.1.1 Overview of Sustainability

As defined by the 1987 Brundtland report, sustainable development is “to ensure that it
meets the needs of the present without compromising the ability of future generations to meet their

own needs” [1]. In many cases this has been broken into the three pillars of sustainability which
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are economic, environmental, and social impacts [5,6]. By empirically researching how engineers
and designers consider this sustainability, the benefits can be increased as a better understanding

of social impact within sustainable design is defined.

4.1.2 Assessing the Social Impact of Products

Social impact refers to the effect that an engineered product has “on the day-to-day quality
of life of persons” [14]. Specifically, the research of this project centralizes on the social impacts
identifiable at the product use level. Beyond the scope of this study is the social impact an orga-
nization produces throughout the supply-chain of a given product or the programs instituted for
community outreach.

This understanding of social impact establishes the purpose of this study, which is to de-
termine the current standing of social impact design and assessment within the engineering and
product design sector. To address this subject, work conducted by an interdisciplinary team of
researchers from the Mechanical Engineering and Social Science disciplines provide initial find-
ings on the current practices of engineers in product design for social impact through the use of
interviews with industry professionals. The goal is not to review the state of the art in social im-
pact design, but to simply understand the degree to which common engineers currently consider
the social implications of their designs. While social sustainability research may be lagging be-
hind economic and environmental sustainability, current practices within the engineering field can

prove that social sustainability is being increasingly accounted for.

4.2 Literature Review

Recent work by the authors seeks to develop a holistic picture of what the current state of
social impact is for product design. A three tier approach has been implemented to gain a wide
breadth of understanding on this topic. These tiers include a review of 1) the literature [195], 2)
products in use [196], and now 3) industry practices. Each of these viewpoints together provide
insight beyond what a single approach would give. Understanding current industry practices is par-
ticularly interesting because there are likely differences between what is published by academics

and what practicing engineers actually do [197]. To this end, the current paper is one step towards
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understanding the gap between academic literature and industry practice on the topic of social im-
pact modeling in product design. In addition, this paper seeks to provide a baseline understanding
for what is most common among practicing engineers in regards to considering the social impact

of their products.

4.2.1 Engineering Design & Social Impact in Academia

The literature provides processes and methods for engineers and other stakeholders to use
when evaluating the social impact of their products [45, 198]. This includes methods such as
Social Impact Assessments (SIA) [87, 199], as well as Social Life-Cycle Assessments (SLCA)
[90,200-202], however, the challenge may be in the usability of these processes [203]. Concerns
have risen that social sustainability is not given as high a priority as economic and environmental
sustainability [204]. An additional concern is that most measurements are not comparable across
products. Work has been done towards developing metrics that may show quantifiable insights
regardless of the product type or industry [13]. Others have become concerned with tools relying
too heavily on biases and that systematic errors may be influencing the accuracy of these methods
[205]. Some methods show promise but may be limited in scope to just the manufacturing and
supply chain of products [206].

Less discussed in literature are methods for predicting social impact in early design stages
[207]. This is of particular importance because the decisions made in the product design stage
are said to influence 80% of sustainability impacts [208]. The processes that do exist focus on
full sustainability, which includes not only social impacts, but economic and environmental as
well [209,210]. Even these contributions acknowledge the need to improve design tools for social
impact prediction.

While most methods seek to characterize the impact a product has had from gathering
historical data of the product in use, there are very few tools available to assist in predicting impacts
and informing engineers/stakeholders before production. The literature in this area may not be
as developed as other disciplines in engineering, but some resources are available to practicing
engineers if they desire it [87,90, 199-202].

There are methods, such as ethnography, that try to understand the target population prior

to product design [211]. Additionally, Chen et al. developed a tool to more effectively consider
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multicultural factors in new product development [212]. These methods are well developed, but
there is no consideration to how widely they are adopted in industry.

A foundational study to this paper is provided by Rainock et al. [195]. Rainock et al. es-
tablishes 11 social impact categories specifically for products. These categories are developed
through a literature survey aggregating Social Impact Assessment studies, empirical studies, and
other studies that provide similar lists. This paper utilizes these 11 categories as a basis for the
broad spectrum of potential social impacts a product may have on a person or community. These
social impacts include: population change; family; gender; education; stratification; paid work;
health & safety; human rights; social networks & communication; conflict & crime; and cultural

heritage & identity [195].

4.2.2 Social Impact in Industry

Only a few have published details regarding the penetration of these social impact pro-
cesses into industry. Garay and Font show that social responsibility is becoming more important
in today’s business environment, but many say budget constraints appear to prevent them from
participating fully [213]. Jgrgensen et al. looked at the feasibility of SLCA from a company’s
perspective showing that companies lacked a “resource-efficient” process that could look solely at
the use stage of their products. Short et al. found that companies in Europe show great interest in
designing for sustainability but lack the knowledge of how to best implement it [26]. Many meth-
ods discuss industry methods to sustainability but focus only on tools to consider environmental
impacts. Kalish et al. do work to understand the state of methods considering full sustainability (in-
cluding social) in industry, they acknowledge a focus in their work on environmental sustainability

because industry is directing most of it’s efforts there [214].

4.2.3 Observations from the Literature Review

While significant efforts appear in the literature for considering social impact in general,
there appears to be limited tools for applying it to product development and design. Additionally,
most tools seek to only evaluate an impact that has already occurred instead of trying to predict the

social impacts that may result. This area of prediction is especially important to product engineers
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who have many design decisions to make before moving towards prototyping or launch. In this
paper, we seek to understand what tools, if any, exist and are in use by industry professionals to
either evaluate or predict the social impacts of their products. We do this through the use of in-
depth interviews with current engineers working in industry. Section 4.3 outlines the method used

for engaging in these interviews while section 4.4 reports on the results.

4.3 Methodology

Aligning with the goal to gain a deeper empirical understanding of the role social impact
takes within the sphere of product design, empirical studies were conducted that utilized social
science research methods to collect and analyze data on products created within the engineering

sector.

4.3.1 Research Design

This empirical study centers on interviews conducted with 46 professionals who design
products in various industries within the United States. The following process was followed to

build the research strategy:

—_—

. Develop initial research topics

2. Identify and contact industry professionals/companies for interviews
3. Conduct interviews

4. Transcribe and code interviews

5. Analyze codes and identify common themes

The initial discussion topics of the interviews constituted the extent to which engineers
and product designers considered social impacts in the design process, which social impacts they
considered, and whether they have procedures in places for measuring, predicting, and evaluating
those social impacts among end users. Prior to the interviews, the following research topics were

constructed:
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1. Discover if companies have processes in place to consider the social impacts of the engi-

neered products they design.

2. Evaluate whether engineers consider social impacts other than those that have a direct nega-

tive health and safety impact.
3. Discuss the tools that engineers have to measure the social impact of their designs.

4. Of the tools available, understand if they are applicable across industries or only useful for

measuring specific social impact types.

The use of in-depth interviews was employed as the preferred research method for explor-
ing these topics [215]. As is common within qualitative research, the use of typical case sampling
was employed when creating the sampling frame of the study [216]. With this type of purposive
sampling, emphasis was given on treating each interview as a unique case that informs the ulti-
mate research topics [217]. Direct effort was given to find cases that represented various sectors,
company sizes, and industries among the organizations contacted and selected for an interview.

A variety of organizations fall within the product engineering and design sector, of which
this paper is interested in. In order to represent this variety, special attention was given to iden-
tifying specific organizations from a wide variety of industries. Included among the companies
contacted were organizations that produce products related to the following industries: agriculture,
construction, consulting, consumer products, defense, industrial, infrastructure, manufacturing,
medical, mining, software, transportation, and water. The only criteria that was common among
all participants is that they were currently, or had in the past, worked full-time as an engineer
or designer to define a product, process, or structure. 37 of the participants were educated in an
engineering field while 29 of those were specific to mechanical engineering. Other fields include
industrial design, architecture, chemistry, biology, business management, and information systems.

A conscious effort to provide a national perspective was maintained, although 19 of the 34
companies identified for interviewing were located in Utah due to proximity to the researchers.
An additional 7 companies were located in California and Michigan had 4. Other states include
[llinois, Indiana, Massachusetts, and New York. When in-person interviews were not feasible,

phone interviews were conducted instead.
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Figure 4.1: Demographics of participating individuals and companies

46 interviews were conducted over the course of eighteen months and were then analyzed

according to

the proposed methodology. Figure 4.1 shows demographics for individual respon-

dents and their companies. This sample of 46 individuals represents a diverse set of profession-

als/industries and is adequate to begin exploring our research topics.

Though random sampling was not employed within the context of this study, the practices

of generalization is not beyond the scope of the project. Just as is best practice within qualitative re-

search, findings can lead to logical rather than statistical generalization [218]. It is assumed that the
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cases and individuals presented within this study are typical of engineers and designers through-
out the sector and their shared experiences are valuable contributions to the ongoing conversation

centered on the role social impact assessment plays within the field of product design.

4.3.2 Procedure

Each interview, whether conducted locally or remotely, was directed by the use of a set
interview guide. Emphasized in the interview guide were subtopics that addressed each research
topic specifically. The two conductors of the interviews were encouraged to use the interview guide
not as a rigid lineup of questions but rather as a tool to direct the conversation. Though the order of
subtopics and connected questions were left to be decided upon by the interviewer, stress was given
to address each point at some point throughout the interview in order to maintain consistency across
the interviews. Interviews were audio recorded and lasted 30 minutes, on average, with some being
as short as 20 minutes and a few lasting over an hour.

Interview questions were formatted in such a way as to include open-ended questions about
how individual engineers and the organizations they have worked for navigated considering, de-
signing for, and assessing social impact. In particular, open-ended questions were presented that
required the interviewee to consider if their product influenced such social impact categories as
described by Rainock et al. [195].

Once the interviews were conducted, transcriptions of the interviews were completed by
both interviewers as well as through outsourcing to a transcription service. After the transcription
process was finalized for each of the interviews, the two interviewers began the coding process
[219].

Initial coding of each interview followed an open coding method. Here, various themes
began to surface in relation to the research topics. The researchers allowed findings to emerge
from the coding process itself rather than code strictly to prior-identified themes. This left the
process open to unexpected findings and themes. Once repeated themes were initially identified
from the open coding process, the researchers began employing the axial coding method to better
define the emerging themes [220]. In all, just under 10,000 unique coded segments were analyzed.

The final method used during this step of the procedure was selective coding [221]. To

avoid bias, two researcher coded each interview looking for separate sets of codes. Through-
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out each interview the main distinguishable themes apparent from the previous two coding steps
allowed the researchers to focus in on concepts and findings tailored to the research [222]. In con-
nection with the selective coding process, specific effort was directed towards identifying strong

examples for select themes that effectively represented the findings of the research.

4.4 Results & Discussion

The following sections are segmented by each research topic with an accompanying section
for the results related to that topic. Immediately following the results is a brief discussion for each

topic regarding the findings with observations from the interviews.

4.4.1 Research Topic 1

Discover if companies have processes in place to consider the social impacts of the engineered

products they design.

Results:

This research topic considers if companies have processes in place to consider the social
impacts of the engineered products they design. 95.6% of the interview respondents answered
affirmatively when asked if they consider the social impacts their products will have when design-
ing them. It turns out the majority of companies interviewed do have some processes in place to

consider the social impact of their products.

Discussion:

This is overwhelming evidence showing that engineers do have some processes to consider
the social impact of their products. The nature of this topic required a binary response of if the
company does or does not have at least one process to consider social impact. That is to say, 95.6%
of the respondents consider social impact at least to some extent, while it will be shown in further
discussions that simply the existence of a process rarely equates to a rigorous consideration of

social impact.
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Despite varying levels of consideration, the fact that nearly all respondents are concerned
about the social impacts of their products is very promising for the field of sustainable design. The
field will most likely only become more centralized as corporations, stakeholders, and consumers
begin to demand socially responsible practices. A further discussion of the types of processes used

by these companies is found in section 4

4.4.2 Research Topic 2

Evaluate whether engineers consider social impacts other than those that have a direct negative

health and safety impact.

Results:

An extension of topic 1 is that if social impacts are considered, it is only those that have a
direct health or safety impact. This second research topic allows a deeper analysis of the interviews
and shows to what extent the full breadth of social impact is being considered. When asked what
impacts they considered, respondents would offer several different categories from a list of options
provided. This list consisted of the 11 social impact categories developed by Rainock et al. [195].
Every respondent identified at least two separate impact categories while most respondents iden-
tified more. Despite bringing up many different types of impacts, however, the general focus of
their conversation remained on health and safety.

Figure 4.2 depicts, by word count, the amount each impact category was discussed as
a percentage of all impact category discussions. This figure reveals that 35.6% of social impact
category conversations were focused on health and safety, with the next most discussed topic being
employment at 11.6%. This means that respondents are almost three times more likely to talk
about the health and safety impacts of their products over any other impact the product may have.
Alternatively, the least discussed impact category is population change (technologies that assist or
cause migration in/out of a geographic location) at 2.4%.

When the data behind Figure 4.2 is explored more deeply, a disconnect begins to appear
between front-line engineers, engineering managers, and executives. The data as shown in Fig-

ure 4.3, shows that executives spent more of their conversations discussing other impacts instead
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Figure 4.2: Percent of social impact considerations in each category

of focusing so heavily on health and safety. The standard deviation of the impact category per-
centages when filtered for just the responses of executives (Fig 4.3(a)) is only 4.5% . Conversely,
the engineer appears to more heavily emphasize health and safety considerations. The standard
deviation of the impact category percentages relating to the engineers (Fig 4.3(c)) is 13.3%. The
response for managers appears to be a mix of both engineers and executives, not as irregular as
the engineers, but also not as consistent as the executives. The standard deviation for manager’s
impact category percentages (Fig 4.3(b)) is 10.1%. Figure 4.4 plots the standard deviation of the

data for each position mentioned above.

Discussion:

An under-emphasis on impacts outside of health and safety could be occurring because
either these impacts are more recognizable than any other, or the engineering tools to consider it
are well developed and generally accepted. Respondents agreed that impacts regarding health and
safety are regulated by governments and industry standards more heavily than any other category,

which may have an impact on a company’s responsibility to consider it. Additionally, the role of
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Figure 4.3: Percent of social impact considerations segmented by job title
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Figure 4.4: Standard deviation of percent of discussion (for social impact categories). This data is
separated by what position the respondent holds in their company.

a professional engineer is often to ensure designs for products, systems, and structures are safe
which may cause other impacts to be under emphasized.

Regardless of why responses focused on health and safety, nearly all products have far more
impacts than this. For example, the impact of home appliances on gender stereotypes and family
relationships is well documented [195]. It is true that home appliances such as electric irons, gas-
powered ovens, and washing machines can have serious safety implications if carelessly designed,
but tools and discussions to help consider impacts on gender stereotypes and family relationships
may have helped discover alternative designs as well. Additional processes need to be developed in
order to bring more balance to the under-served categories, such as population change, gender, or
cultural heritage & identity. This may help engineers understand the full scope of possible impacts
their product may have.

Executives tend to have a more holistic view of what impacts are important to their com-
pany with a standard deviation of almost a third of the size of the engineers data. The disconnect
between upper level management and their engineers is evident in the data. The hierarchical struc-

ture that is commonplace in many well-established companies may be diluting the vision and goals
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by the time it reaches the engineers. Removing the health and safety category from the engineer’s
data reveals how emphasized it is as the standard deviation for engineers drops to 2.8% in this
scenario. Standard deviations for all three segments without health and safety data can be found in

Figure 4.5.
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Figure 4.5: Standard deviation of percent of discussion (for social impact categories) with the
health and safety data removed. This data is separated by what position the respondent holds in
their company.

4.4.3 Research Topic 3

Discuss the tools that engineers have to measure the social impact of their designs.

Results

This topic seeks to understand if engineers have tools to measure the social impact of
their designs. All the processes discussed in the interviews were categorized as either “aable” or

“non-measurable”. If the process had a clear quantifiable value as an output then it was considered
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measurable. Figure 4.6 shows the proportion of measurable to non-measurable processes discussed

by the respondents.

100%
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Percent of Discussion

Figure 4.6: Proportion of all processes discussed by respondents that are measurable or non-
measurable

78.5% of the discussion on processes were regarding unquantifiable processes. Most com-
mon among those that were measurable were checklists and Design Failure Modes and Effects

Analysis (DFMEA), which is a common tool to consider the safety of a given product [223].

Discussion

This furthers the dialog that engineers have insufficient means to understand and predict the
impacts of their products. In most cases, the non-measurable processes required a large amount of

intuition in order to determine if the breadth and depth of the impact consideration was sufficient.

4.4.4 Research Topic 4

Of the tools available, understand if they are applicable across industries or only useful for mea-

suring specific social impact types.

Results

This topic considers of the tools available, are they applicable across industries or do they

only measure specific impact types? While many respondents showed great enthusiasm for the
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types of social impact they consider, the data uncovers a surprising lack of coverage with their
processes. Figure 4.7 shows that the majority of conversations about what specific processes were
used resulted in a discussion regarding a lack of processes. “Lack of Process” accounted for 53.6%
of the discussion with industry specific processes taking 25.8%. “Industry Specific” processes
are ones that are considered too specialized to be useful outside of that industry. Checklists and
DFMEA may be industry agnostic, but they combine for only 20.7% of the processes discussed.
Most checklists were developed within the company to ensure compliance with government regu-

lations.

Discussion

This informs topic 4 as the majority of processes discussed are only usable in the respon-
dent’s specific industry. Additionally, while checklists and design failure modes and effects analy-
sis (DFMEA) are also used, only DFMEA arrives at a quantifiable value potentially useful in cross
product/industry comparison. Even some of the most common social impact processes found in
literature (SIA, SLCA) are not found among the list practices currently applied by engineers to
products in industry.

This is a common problem for those desiring to quantify social impacts. To relate this to
other pillars of sustainability, there are no measurements for social issues similar to dollars for
economic issues, or CO, emissions in environmental impacts. Whether a measure such as this is
desirable or useful for social impact is beyond the scope of the current paper. The lack of a widely
accepted measurement causes difficulty in comparing true impact of a product both positively and
negatively.

The difference between predictive and evaluative processes was an important distinction
for the interviews. Predictive processes were generally specific to an industry and had little value
in comparison across different industries or even across different products within an industry. The

exception to this was DFMEA which has been used extensively in design activities for years.
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Figure 4.7: Proportion of conversation time spent on social impact processes

4.4.5 Additional Results: General Themes

Stepping away from the quantifiable results, there is also benefit to sharing anecdotal
themes that emerged from the interviews. While each individual had differing perspectives regard-
ing how designing for social impact should be carried out, nearly all respondents showed interest
and excitement about the possibility of being able to do so better. The following four themes were

found consistently throughout the interviews:

1. Individuals wish to do more in regards to designing for social impact, but are constrained
by the need to win financially in the market place. Designers continually expressed a desire
to design for social impact more, but said it simply wasn’t feasible to expend the time and
resources to do it properly. To their credit, each company typically had two or three main
social impact categories in which they were aware of and at least discussed in design meet-
ings. Where the lack of ability came was in being able to diagnose less common impacts and

their products ability to affect those.

2. A corporate culture that prioritizes social impact considerations must come from the top
leadership and then filter down. A direct quote from one of the interviews stated “it can also
take... a uniquely insightful and courageous leader to put priority on something that increases

cost, reduces the potential appeal of the product, [and] constrains the market around it”. In
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many cases the social mission is a part of the company mission which allows extra cost to

be given in order to maintain the brand’s image.

3. Professionals realize that consumers are increasingly demanding socially responsible prod-
ucts, which extends to the companies that sell them. Most interviewees brought this point
up anecdotally. It was not clear if their direct consumers fell into this category, but the rise
of benefit corporations and other movements appear to support this. The most common sit-
uation where this is true are for companies selling directly to consumers. In general, if a
respondent didn’t work in a company that designed products directly for consumers then it
immediately became more difficult to find the value in designing for social impact. For those
that did work in a consumer facing industry, many times the respondents would discuss so-
cial impacts from a marketing perspective, both in marketing message and other marketing

research efforts the company had.

4. Companies who mainly operate in a business-to-business landscape find it harder to have the
freedom to consider the social impact of their products. This builds on the item 3 as compa-
nies who designed products that were a part of a larger system, or used in another corporate
or industrial setting, had even more difficulty justifying the costs associated with designing
for social impact. Generally, they were constrained with simply meeting the contract for the
least amount of cost. Again, most individuals expressed a desire to consider it more, but

stated simply that the decision had to be left up to the client.

These themes point out the need for processes and tools that simplify and expedite the
process of designing for the social impact elements of sustainability. The common constraint of
cost and time is the reality that most companies operate in. To a company that does not specialize
in social impact nor employs a social scientist to work with the product development team, an
undertaking to characterize and predict the impact of their products would be daunting indeed.
However, much can be done to communicate the value, facilitate the process, and improve the

methods for designing for social impact so that any engineer can feel competent in doing so.
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4.5 Conclusion

Current social and political trends may be causing more individuals to care about the social
impacts of products, services, and regulations. Despite this, engineers appear to lack the necessary
tools to consider the breadth and depth of possible impacts relating to their products. This is true
in two ways; 1) design engineers do not equally consider the wide spectrum of impacts that their
product could potentially have, and 2) the tools necessary to quantify the level of impact a product
has are either non-existent or severely underdeveloped across industries.

From these interviews, it appears that intuition is the basis for most social impact related de-
cisions. This may explain why engineering projects for the developing world often have difficulty,
the engineers may be relying on intuition for a context they have little, if any, experience with.
However, there are many high impact investors/philanthropists that depend on rigorous metrics for
the humanitarian work they are involved in. Potential future work can also entail working with
these organizations to bring some of the metrics and processes to other industries. Progress can
be accelerated as proper tools and measurements are developed and made available to engineers in
industry and not just in academia.

While it may be true that sophisticated processes exist to help engineers consider the
breadth and depth of their product’s social impacts, we can be skeptical about how widely adopted
these processes are among practicing engineers. Even if there are a handful of companies out there
with these processes in place, these interviews indicate that the majority of organizations likely
have a desire to consider social impact more fully, but lack the necessary tools and resources to do
SO in a rigorous manner.

Processes designed for assisting engineers in considering social impact should be made
more readily available to engineers in industry. If they are available and engineers choose not to
adopt, then the current process should be altered to be more efficient and easy to use. Additional
work can be done to help educate engineers and their leaders as the value of considering social

impact in product design.
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CHAPTERS. CONCLUSION

5.1 Sustainability Design Space

Chapter 2 presented a 5-step process for finding and using the sustainability space to sup-
port sustainable design decisions. Having worked closely with the ideas presented herein, the

following observations were made:

1. The identification and use of the sustainability space can bring new insights to decision
making in sustainable design that may not be intuitively discovered otherwise. Its value
is significant because it characterizes the tradeoffs between economic, environmental, and
social impact — which are the three areas of sustainability our products will influence whether

we explicitly evaluate it or not.

2. The nature of the sustainability space is too complex to characterize and understand by in-
tuition alone. To an extent, this has stalled many sustainable design efforts over the past two
decades, which has caused many to believe in the concept of sustainability but abandon fully

pursuing it in practice.

3. While too complex to manage by intuition alone, sustainability can be decomposed into
smaller more manageable sustainability issues that can be understood intuitively. This un-
derstanding can lead to simple mathematical models (for each sustainability issue) that can
be invoked simultaneously in a computational setting to characterize the complex sustain-

ability space.

4. Although the basis for the ideas presented in this paper center on the multiobjective opti-
mization principle of Pareto optimality (or the principle of non-domination), no complex

multiobjective optimization algorithm is necessary to generate the results presented in this
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paper. In its basic form, very similar results can be achieved using simple monte carlo sim-
ulations and Pareto filtering. This is significant because it means that little-to-no experience
in multiobjective optimization is needed to identify and use the sustainability space. On
the other hand, using multiobjective optimization, the design team can guarantee that it has

completely and rigorously identified the boundaries of the sustainability space.

These efforts do not come without their limitations. Weighting and aggregation may be
the greatest limitation found within this model. Additionally, the social element of sustainability
is still young in its development and as such there are no accepted methods for combining and
assigning weights for these issues. Any design space characterization such as this is only as good
as the models that are fed into it. Realizing the models surrounding social impact in product design
were underdeveloped led to a refocused research effort, with a portion of the results of those efforts

being reported in chapters 3 and 4.

5.2 Literature Survey

The purpose of chapter 3 is to review and integrate research from a wide range of social sci-
ence and engineering disciplines to provide a more informed inventory of social impacts compared
with past work that includes lists of social impacts that are derived from authors’ perspectives or
intuition. This is an important step toward building a cumulative trajectory of work in this area.
From this, 11 social impact categories were identified in literature that may serve to more easily
focus engineers on a broader range of impacts.

More work in this area would be beneficial to validate which social impacts are most rel-
evant and under what conditions. A fruitful avenue for empirical research should, then, leverage
experimental methods or examine product adoption in a number of settings to develop a more
complete picture of whether certain consequences are broadly applicable or context-specific.

Chapter 3 follows other scholars who have attempted to integrate impact assessment cate-
gories in one place [188, 189]. While such integration is often beneficial, recent studies of impact
assessment suggest that the inclusion of too many factors presents challenges. Integrated frame-
works may present too much complexity and in fact overburden or even weaken assessment efforts.

Or, integrated approaches may exacerbate tensions that exist between balancing social, environ-
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mental, and economic considerations such that one of those considerations comes to the fore while
the others fade into the background. Similarly, the addition of new social impact categories to
assessment efforts may draw attention away from existing categories or a methodology’s intended
emphasis on a specific impact [190, 191]. Integration has been most successful when it is bal-
anced enough to benefit the project without adding unnecessary complexity [191]. In considering
the summary of social impacts and processes we have provided, it is encouraged that researchers

thoughtfully and appropriately weigh each of the various measures into their own efforts.

5.3 Industry Interviews

Current social and political trends may be causing more individuals to care about the social
impacts of products, services, and regulations. Despite this, engineers appear to lack the necessary
tools to consider the breadth and depth of possible impacts relating to their products. This is true
in two ways; 1) design engineers do not equally consider the whole spectrum of impacts that their
product could potentially have, and 2) the tools necessary to quantify the level of impact a product
has are either non-existent or severely underdeveloped across industries.

From the interviews in chapter 4, it appears that intuition is the basis for most social impact
related decisions. This may explain why engineering projects for the developing world often have
difficulty. The engineers may be relying on intuition for a context they have little, if any, experi-
ence with. However, there are many high impact investors/philanthropists that depend on rigorous
metrics for the humanitarian work they are involved in.

Potential future work can also entail working with these organizations to bring some of
the metrics and processes to other industries. Progress can be accelerated as proper tools and
measurements are developed and made available to engineers in industry and not just in academia.

There are additional insights to be gained from the interviews beyond what is reported here.
Topics that were discussed in interviews, and coded, but not analyzed in depth are enumerated

below.

1. Identifying potential product social impacts beyond the 11 categories developed in chapter
3. A limitation of the interview process constrained many respondents to only discuss the 11

categories provided to them, however, additional impacts were discussed by the professionals
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interviewed. Many of these were either environmental impacts or social impacts affected by
the business model more than the company’s products, but there are likely some that should
be considered social impacts and evaluated whether they should be added to the list of 11

categories developed in chapter 3.

2. A more in-depth review of the processes used by engineers to consider social impact. This
thesis took a high level analysis of those processes to understand if they are applicable across
different industries as well as their measurability. A in-depth study to characterize these
processes more fully could yield valuable themes to inform the future development of tools

used for social impact design.

3. The role of government was also discussed in many of the interviews. The extent to which a
company or individual considers social impact is often heavily correlated with the types and

amount of regulations they are under.

4. Each respondent discussed both the value and the barriers they encounter while considering
social impact in their products. High level conclusions to this topic are found in chapter
4. A more in-depth analysis of these responses could be inform future tool development
for social impact design. It is not enough to develop tools that can be used for considering
social impact, these tools are of little value if they are not used in practice. Ensuring that
these tools capture the value and overcome the barriers may be an essential aspect for future

development.

5.4 Final Observations

The work reported in this thesis is a significant step forward in being able to handle the
unwieldy nature of social impact in product design in the larger context of sustainability. Not only
do these efforts provide a basis upon which future tools can be developed, they are also immediately
useful in providing a basic framework upon which to consider the full spectrum of social impact
of products during design. As a basis for new tools, this effort is already underway in developing

new metrics and methods to assist in social impact design [13].

85



As previously mentioned, this work can also be used immediately as a framework to begin
considered social impact more fully in product design. The value of this has been validated in the
interviews where it was observed that engineers tend to focus on only a small subset of impacts.
The work in this thesis can be immediately useful for those engineers to simply open their minds
to additional potential impacts that may need to be considered.

As more practical and applicable tools are developed to consider the social impact of prod-
ucts, designers will have the ability to design for these impacts as easily as they design for eco-
nomic and environmental impacts now. The resources currently required to understand a product’s
social impact is a major inhibitor preventing engineers from evaluating and predicting it to the
extent that they currently consider economic and environmental impacts. With new tools in hand,
engineers can take a step forward in designing not only economically profitable and environmen-
tally responsible, but also for the social well-being of people and communities throughout the

world.
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APPENDIX A. INTERVIEW GUIDE FOR INDUSTRY PROFESSIONALS

A.1 Interview Guide
Introductory Questions:
1. What is your official job title?
2. How long have you worked for this company?
3. How many employees does this company have?
4. How long has this company been in business?
5. What experiences have you had in design and product development?
6. Please describe your company’s products and functions.

7. For whom or what industry are the products designed?

A.2 Research Questions

Prompt: Within design there is a principle called sustainable design. The three major
factors in sustainable design are economic, environmental, and social sustainability. Our study is
focusing on the social aspect of sustainability and specifically the social impacts of engineered
products. Social impact refers to the effect that an engineered product has on the ‘day-to-day
quality of life of persons or communities’. For example, a smart phone may have an impact on the
education of an individual, or the social dynamic of a family. The following discussion will center
around the social impacts of this company’s products.

It will also be helpful to clarify that, at least to begin with, we will not be considering social
impacts throughout the supply chain of a given product. This may come up in later studies, but not

at this time we wish to only consider impacts during a product’s use stage.
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. Does your company have any processes in place to consider the social impact of a product?

If so, what are they?

* How often are these processes followed? (Every time, most of the time, rarely)

* What impacts do you hope your products have on your users?

. We have developed a list of potential social impacts (see next page) a product may have.

Which of these social factors, or others, do you consider?
* How do you ensure you are considering all possible factors?

. For the impacts you identified, what measures do you use to evaluate that you have had the

impact you desired?

* How efficient are the processes described previously at ensuring the desired impact is

achieved?

* How do you mitigate unintended consequences?

. Taking another look at our list of potential impacts (next page) a product may have, it is also
possible that the existing conditions of a community or end user in regards to these impact
areas will affect how well a product is adopted or how effectively it serves its intended
purpose. How do these factors influence how you design for a specific end user and/or

community?
. What government regulations dictate the way in which your products are designed?

* True or false: Formal design processes and regulations only consider impacts that have

a direct health and safety impact?
. What is the greatest value in considering the social impacts of your products?

. What are the biggest barriers to being able to design with social impact in mind?
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