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Sustainability has long been a topic of substantial interest the design and human-centered computing communities. With
industries increasingly prioritizing climate targets, there is a growing demand for sustainable product design. This paper
addresses this need through EcoSketch, a digital tool designed to democratize environmental impact assessments for product
designers. Shifting typically retrospective evaluations to the early stages of product development, EcoSketch enables proactive
consideration and adoption of sustainable alternatives. Unlike software tailored to environmental scientists, it minimizes the
need for specialized training or extensive data inputs. We delve into the development and evaluation of EcoSketch, highlighting
its unique features and usability strengths. The paper concludes by discussing design implications and proposing future
research avenues to strengthen the intersection of human-computer interaction and sustainable product design, advancing
progress on environmental challenges at the systems level.

CCS Concepts: · Social and professional topics→ Sustainability; ·Human-centered computing→Human computer

interaction (HCI).

Additional Key Words and Phrases: Environmental Sustainability, Sustainable Design, Product Design, Life Cycle Assessment

1 INTRODUCTION

Public, private, and academic discourse continues to grow around issues of sustainability and ways to mitigate
climate change. As frequent extreme climate events threaten our energy systems [38], food systems [24], and
biodiversity [23], industries including those engaged in product development (PD) are setting ambitious targets
around the sustainability of their operations. These high-level targets, for e.g., achieving carbon neutrality, trickle
down into everyday PD practice in the form of decisions related to a product’s materials, manufacturing processes
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and facilities, energy eiciency, circular end-of-life models, and other sustainable design strategies that can help
to reduce environmental impacts.

To quantify those impacts and select speciic strategies, a modeling technique called life cycle assessment (LCA)
is typically utilized to assess hotspots of environmental impact (e.g., global warming, ozone layer depletion, human
health efects, etc.) across all of the product’s life cycle stages from material extraction through manufacturing,
transportation, usage, and eventual disposal. More speciically, performing an LCA involves four main steps: goal
and scope deinition, life cycle inventory, impact assessment, and interpretation of results.

LCA is the single most common approach for sustainable product development [1] and [16]. However, several
shortcomings hinder the usability and efectiveness of current LCA software. In particular, studies ind that
existing industry-standard LCA tools (e.g., GaBi and SimaPro) are (1) highly challenging and time-consuming to
learn and use, which impedes their accessibility for novice users and LCA non-experts, and (2) require extensive
and exact data about product details to make calculations, which makes them inapplicable during early portions
of the product design process when such information is still being explored and iteratively inalized [10]. Our
research focuses on addressing these key challenges.
The life cycle inventory step generally takes the most time, as the analyst conducts research to precisely

identify and quantify all the input and output energy and material lows in the system, often collecting data
from a variety of stakeholders, while ensuring that it meets quality standards required for reporting, regulatory
compliance, and marketing purposes. This contributes to LCAs generally being performed by expert analysts
at the end of a product development cycle, when this granular data (e.g., on masses of parts, manufacturing
processes, production locations) is available [49]. Further, designers and engineers developing products report that
LCAs are too time-consuming overall and are performed too late in the design cycle to lead to any viable design
changes [18]. Overall, most existing tools therefore cater to retrospective analyses after product development is
inished, and LCA remains underutilized at the early PD stages where it can make the biggest diference [10].

Indeed, there is growing consensus on the need to assess possible environmental impacts during early stages of
product development, to inform subsequent design decisions that can signiicantly inluence the sustainability of
a product over the course of its life. But supporting early-stage LCA is non-trivial given a contradiction referred
to as the "ecodesign paradox", which relects the fact that preliminary product development phases ofer the
greatest opportunity for improvement at the lowest cost, as this is a highly lexible period when design decisions
are still luid; yet that lack of product knowledge makes it challenging to actually calculate accurate assessments,
particularly using standard LCA tools that are not equipped to handle uncertain inputs.
"Simpliied LCA" tools (e.g., Sustainable Minds and Ecolizer) are positioned as having been designed for the

product design context, but do not meet critical usability needs of the target audience such as: (1) accounting for
the uncertainties in input data inherent in early-stage PD, (2) being eicient to use within tight project timelines,
and (3) being intuitive to learn [10]. They also sufer from outdated life cycle inventory databases making their
results less credible for users aiming to perform lightweight yet robust environmental assessments. A variety of
other sustainability tools come and go, including calculators and widgets for less-technical audiences, such as the
Microsoft Sustainability Calculator [48], the Idemat app [33], the Sustainable Apparel Coalition’s Higg Product
Module [42], the BEAM Estimator [26] currently in Beta, and the CARE tool [31] in development. Such growth is
a testament to the need for digital tools that can support sustainable design practices.

In this paper, we present a lightweight LCA tool that is tailored to non-experts and addresses the challenges of
the ecodesign paradox by enabling reliable environmental assessments during early stages of product development.
Figure 1 illustrates a user journey through such a process of applying LCA early-on in PD to inform design and
engineering decisions. In addition to assessing and comparing the impact of various design choices (e.g., about
material choices, manufacturing locations, supplier selection, energy use, and end-of-life treatment including
recycling or landill disposal), lightweight LCA results can also guide users about what aspect(s) of a product’s
life cycle to focus on when aiming to optimize eco-friendliness. Lightweight LCA tools therefore ofer the
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Fig. 1. Storyboard detailing the process of performing an LCA during product development

ACM J. Comput. Sustain. Soc.



4 • Chaty et al.

potential to support data-driven and science-based decision-making, meaningful sustainability improvements,
lesser greenwashing, and greater accountability in product design. They also help illuminate how day-to-day PD
choices add up towards higher level sustainability targets such as achieving carbon negativity by 2050.

Our work to develop this tool was guided by the following research questions:

(1) How might we design LCA software that is easy to learn and use and accessible to non-experts during
early-stage product development?

(2) How might such interactive software improve the overall worklow of performing LCA in these situations
andmake sustainable design decision-making more eicient?

(3) How might such eforts also help form bridges between the human-centered computing community

and sustainability practitioners to collaborate on better sustainable design tools for the future?

2 RELATED WORK

Sustainable Human-Computer Interaction (SHCI) refers to research focused on limiting the environmental
impacts of technology or on using HCI as a means to promote environmentally friendly outcomes. Since early
publications that introduced a sustainability perspective to interface design, SHCI has increasingly grown in
priority among HCI researchers. Much of the emphasis has been on eco-feedback technology that targets personal
behavior change, for example by providing people with feedback on their electricity or water use in order
to persuade less consumption [13]). However, critiques of the SHCI literature have identiied the importance
of expanding this scope beyond the individual, especially considering the scale of reduction achievable by
individual behavior change may be limited to less than 10% [25]. In contrast, the Carbon Majors report 2017
identiied that just 100 companies historically are responsible for 71% of global emissions [22], which points to
the importance of recalibrating SHCI research towards industry, including to develop digital tools that improve
industrial sustainability practices. In this paper, we therefore focus on bridging SHCI with industrial level systems

change by enabling the use of life cycle assessment techniques in early-stage product development.
In the following subsections, we aim to build bridges between the sustainable HCI and sustainable product

design communities by irst elaborating on trends in sustainability-related HCI research, then examining the lack
of published research in HCI venues on sustainability tools designed for industry users, and inally summarizing
publications related to digital tools that have appeared in the sustainable design and engineering design literature.

2.1 Trends in sustainability-related research in human-centered computing venues

It has been 15 years since the irst SHCI publication on "sustainable interaction design" (SID) [4]. In that
foundational article by Eli Blevis, a rubric is provided to promote SID by ofering considerations such as recycling,
remanufacturing, repair, reuse, salvage, longevity of use, and more, while further highlighting that software and
hardware are intimately connected in a cycle of mutual obsolescence with big implications for the environment.
We reviewed literature published at HCI venues since that article originally appeared (i.e., since 2007) using

keyword searches in the ACM digital library including environmental sustainability, sustainability, environmental

impact, and digital sustainability in the title and full article. Our review showed that papers published in the
SHCI space broadly fall into the following categories: personal eco-feedback technology, development of eicient
software, design theory and frameworks, digital tools for sustainable design, and literature reviews and critiques.
Our characterization aligns with the topics identiied in a recent review paper [7].
Papers in the space of personal eco-feedback technology focus on persuading individuals or small groups to

engage in sustainable behaviors that lead to a reduction in their environmental impacts in everyday life [20].
This work often intersects HCI with the ield of environmental psychology. As examples, [35] looked at the
receptivity of personas with diverse age ranges to eco-feedback formats such as electricity bills. Other work
[28, 39] designs applications that inform users about their electricity consumption or incorporates gamiication to

ACM J. Comput. Sustain. Soc.
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enhance persuasion. Research has also studied how technology can leverage social or peer inluence to promote
sustainable behaviors [35].

Regarding SHCI and sustainable software development, research has largely focused on reducing the environ-
mental impacts of software applications and systems Ð for instance by recommending strategies for low-power
web applications [52], technical infrastructure [39], and digital services [40]. Design frameworks have also been
ofered to help technologists consider strategies for reducing the energy and space consumption requirements of
digital devices [12]. This emerging ield of sustainable software engineering is important and exciting; however,
it does not address the development of tools to help analyze environmental impacts and support sustainable
design practices.

In fact, there has only been one published paper at these conferences focusing on the development of a digital
artifact or system for the sustainability needs of industry design practitioners. That tool, Sourcemap [5], aimed
to quantify the carbon emissions from complex global supply chains, and was developed through a year-long
participatory design research process with ive small businesses. Reviews of the SHCI literature acknowledge
that it is extremely complicated to develop tools like Sourcemap in the life cycle analysis space for industry
applications [7], which helps to explain why such work is rare so far. We hope our work helps the HCI community
take a meaningful step in that direction.
Another main area of SHCI research focuses on critique. A recent review of the landscape [7] included 35

articles published since 2009, with an emphasis on identifying what has been missing in SHCI literature to date.
That paper asks, łwhat are they asking HCI researchers to do for sustainability?ž Critical pieces over the years
have recommended that HCI researchers focus on (1) collaboration with experts across disciplines in sustainability
such as climate science, ecology, and life cycle analysis [45]; (2) setting shared sustainability goals for the HCI
community [29]; (3) devising solutions to structural problems outside the realm of technology development [14];
(4) supporting activism [21]; and (5) addressing problems with the free market economy [41]. Bremer et al. [7]
conclude by proposing that to promote broad change, we should target "green policy informatics", which refers
to the use of data and informatics to promote sustainable development initiatives. In response to this charge, we
work to tackle the massive environmental impacts that result at the level of industrial production, by developing
SHCI solutions that respond to the need for informatics tools tailored to this sector.

2.2 Research on digital sustainability tools from outside HCI

To reiterate, the HCI community has engaged with promoting sustainability at the individual-level and at the
policy-level. We emphasize the need for attention on another layer of human activity: industry-scale product
development practices. Research on digital life cycle analysis tools for industry applications do exist. For instance,
recent work has looked at shortcomings in existing professional LCA tools in catering to product development
needs [10] and how such tools might be better integrate into other aspects of the PD worklow (e.g., computer-
aided design activities) [46]. Research has also studied the design of digital life cycle analysis tools for specialized
industrial applications such as furniture design [3], green chemical engineering, building design and architecture
[32], and biofuels [37].
However, this work has been exclusively published in journals and conferences outside the HCI community,

further contributing to the general lack of cross-pollination between HCI and sustainable product development.
This disconnect cuts both ways: the SHCI community is missing out on an imperative opportunity to advance
industry-level sustainable development practices, and this lack of attention has led to a stock of existing tools
that have not been designed through user-centered approaches to make them approachable and efective for
users without specialized training. There is therefore a mutual need between the HCI and product development
communities, to create interactive tools that enable better sustainability sense-making and decision-making and,
in turn, help promote systems-wide industrial change.

ACM J. Comput. Sustain. Soc.
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3 ECOSKETCH: A LIGHTWEIGHT ENVIRONMENTAL ASSESSMENT TOOL TO SUPPORT

SUSTAINABLE DESIGN DECISION-MAKING DURING EARLY-STAGE PRODUCT

DEVELOPMENT

Responding to industrial movements towards sustainable product development as well as calls from the sustainable
HCI community to promote more systems-wide change through novel informatics tools, we have built on this
interdisciplinary groundwork to create the EcoSketch system. EcoSketch is an interactive tool that supports
lightweight environmental assessments during early stages of product development (PD). The following sections
describe the main features of EcoSketch, including how its design process was directly informed through close
collaboration with real industry PD practitioners.

3.1 Industry-engaged design process

Our design process for EcoSketch involved iterative needinding, prototyping, internal testing, and full imple-
mentation, followed by an overall system evaluation of the tool’s usability and eiciency in a realistic early-stage
PD scenario. Our initial formative steps drew on insights from the literature and industry PD practitioners.
First, to gain irst-hand understanding of industry contexts and needs and to generate design requirements

for EcoSketch, we conducted four months of ield work at Synapse Product Development (Synapse), a product
development consultancy, with the overall objective of understanding how life cycle assessment and other
sustainable design methods can be better integrated into industry practice. Results from the user research are
published in [10] and summarized in this section.

Synapse is a boutique engineering consulting irm with approximately 100 engineers who engage in hardware
product development projects in the consumer electronics space. Four employees participated in the study by
learning to use ive diferent existing LCA tools ranging in complexity. SimaPro and GaBi are industry-standard
tools designed for use by LCA experts performing ISO-certiied analyses, while Sustainable Minds, Ecolizer, and
EarthSmart are light-weight LCA tools. All participants learnt to use all tools, and shared qualitative feedback
through interviews and think-aloud tests as well as semi-quantitative feedback through a survey. Survey results
showed that lightweight LCA tools were preferred over the complex options for quick use in the fast-paced PD
context. Thematic analysis of the qualitative data and brainstorming with the participants yielded the following
how-might-we (HMW) design prompt questions to guide the development of future LCA tools including:

(1) HMW manage the ways time constrains the application of LCA in early-stage PD?
(2) HMW make LCA results more reliable by accounting for the various inherent uncertainties?
(3) HMW facilitate iterative reinement of LCA models as well as speedy error recovery?
(4) HMW support the interpretation and communication of results?

Design recommendations addressing these prompts were generated in collaboration with participants, listed
in [10], of which 24 recommendations were eventually implemented in EcoSketch. Participants from this user
study remained in regular contact with our design team and provided ongoing feedback throughout the iterative
prototyping of interfaces and features.

Once we reached the stage of functional implementation, we further sought the input of LCA professionals at
EarthShift Global (EarthShift). EarthShift has a staf of experienced LCA professionals who conduct LCAs, provide
LCA coaching services, and develop heavyweight LCA software. They have been closely involved throughout
our design and development process, particularly to guide EcoSketch’s backend and eco-impact calculation
engine and to help ensure that EcoSketch ofers appropriate analytic outputs to users. Notably, we have forged a
relationship with EarthShift that extends beyond the development and evaluation of EcoSketch and additionally
involves a deployment pipeline in order to support the future integration of EcoSketch into their suite of LCA
software oferings that are used by actual industry clients. Overall, the genuine partnership between our team of

ACM J. Comput. Sustain. Soc.
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HCI researchers, PD practitioners, and sustainability experts is evidenced by the presence of these collaborators
in the paper’s authorship.

3.2 System components

Translating our identiied practitioner needs into speciic functionality for sustainable design sensemaking,
EcoSketch comprises the following main interface components: 1) a model-making canvas, which is also the
main workspace and enables input of the uncertainty associated with various product details; 2) a database that
contains the environmental impact factors for various inputs related to materials and processes (e.g., product
manufacturing, transportation, etc.) that a designer may be considering and aiming to compare for a new product;
and 3) a visualization page that displays the results from the environmental assessment calculation. This process
mirrors and supports the stages of an LCA process, wherein users start by setting their design goals and scope,
then compile data inputs for the quantitative LCA model, assemble this model, and inally run the environmental
assessment analysis. Figure 2 illustrates how EcoSketch’s components interact with each other to enable users to
perform simpliied LCAs during product development.

Fig. 2. The high-level system architecture of EcoSketch

Each of these main components of the tool went through our highly iterative design, prototyping, and internal
testing process. The following subsections elaborate on the role of each of these components in performing a
successful simpliied LCA, including to provide screenshots of user interfaces.

3.2.1 Model-making canvas. In order to perform an LCA, users must model environmental impacts by gathering
data on the material and energy inputs and outputs at each stage of the product’s life cycle, which spans material
extraction, manufacturing, use, distribution, and end-of-life. In EcoSketch, the representation of this LCA model
resembles the hierarchical structure used in computer-aided design tools, which will be familiar to most product
designers and engineers, where the lowest level in the structure is a "part". Collections of parts combine together
into "sub-assemblies", and all the sub-assemblies combine to make an "overall assembly". These inputs altogether

ACM J. Comput. Sustain. Soc.
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form the product’s "bill of materials" (BOM). A BOM is a comprehensive inventory of materials, parts, sub-
assemblies, and assemblies including quantities and costs compiled by engineers during product development. To
create a complete BOM, users input details of parts and sub-assemblies envisioned for each stage of the product’s
life cycle. These inputs are often in units of mass (kg or lbs) for materials, manufacturing, and end-of-life,
electricity consumption (in kWh) for use, and distance (km) for distribution. For example, in the case of the 3-ring
binder described in the storyboard in Figure 1, the outer casing could be listed as a sub-assembly with two parts,
a cardboard interior and a plastic exterior. The weights of these parts would be estimated in kg.

Fig. 3. EcoSketch’s model-making canvas

Users spend a majority of their time during the LCA process building their model. It is therefore vital for
lightweight LCA tools like EcoSketch to make the model-making process as intuitive and easy as possible. To

ACM J. Comput. Sustain. Soc.
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improve the ease of model-making, we incorporated the following design decisions, which were further informed
by user feedback.

• CAD hierarchy: To foster immediate intuitiveness, the model is organized according to structures and
terminology similar to the computer-aided design (CAD) tools that PD practitioners use and already have
familiarity with. Speciically, EcoSketch organizes a model of a product by parts grouped into sub-assemblies,
and sub-assemblies grouped into assemblies, which is diferent from the lows, parameters, and processes
that traditional heavyweight LCA tools use and that our preliminary research indicated are often confusing
for practitioners to adapt to. This product structure decomposition aligns with theories of mechanical
design engineering that practitioners are familiar with [44].

• Matching mental models to product models by organizing via parts rather than life cycle stages: The CAD
structures further lend themselves to inputting data by parts and sub-assemblies instead of by life cycle
stages. We found that this approach makes data entry easier for users because the bill-of-materials document
used to compile product information follows the same structure.

• Unfamiliar terminology: EcoSketch replaces specialized terminology from life cycle inventory (LCI) databases
with language that is more familiar and commonly utilized by practitioners (e.g., using łABSž instead of
łacrylonitrile-butadiene-styrene copolymerž). To remain universally lexible, however, EcoSketch’s search
function supports both the specialized LCI terms and colloquial PD terms. Further, EcoSketch incorporates
not only structures but also terminology from CAD software to additionally ease the tool’s learning curve.

• Linking PD processes to product materials: EcoSketch links relevant manufacturing processes to each material,
which simpliies the process of searching and sorting through the massive LCI database to build an LCA
model. For example, if a part is made of ABS, the tool recommends salient manufacturing processes such as
injection molding.

3.2.2 Under-specification. Prior work by [36] highlights the promise of probabilistic under-speciication as a
mechanism for streamlining LCA. In this context, "under-speciication" refers to using a more general material
category during LCA modeling rather than a more speciic one, in order to reduce the time it takes to conduct
life cycle inventory (LCI) examinations. Under-speciication also naturally lends itself to early-stage PD, when
such speciics have not yet been inalized.

To make this concept more concrete, imagine a practitioner is modeling the 3-ring binder we have been using
as an example, which contains metal rings and is otherwise composed of plastics. If the practitioner lacks full
information about these speciic materials (e.g. the metal may be steel or aluminum, recycled or virgin, and so
on), she could choose to under-specify their identities, simply referring to metal and plastic. Upon running the
analysis, she would ind that the impact of the metals is high, and that under-specifying the metal introduces
a high degree of uncertainty into the analysis, thereby learning that conducting further LCI research is in fact
merited to determine the precise identity of the metal. On the other hand, the practitioner may discover that the
impact and uncertainty associated with the plastic are low, enabling her to save time by forgoing further LCI
research to nail down the plastic’s precise identity at this point in the analysis.

Given this signiicant potential for streamlining and simplifying LCA through the use of under-speciication,
we designed two key features in EcoSketch that allow users to under-specify their data inputs. One enables the
input of uncertainty levels, and the other allows a user to group multiple potential design options into sets that
can be compared during modeling:

• The uncertainty feature allows users to under-specify their numerical inputs (mass in kg, transportation
in tonne-km, etc.) by providing an option to attach a low, medium, or high level of uncertainty to these
values. In this way, users can efectively create a range of design possibilities around the input value on
which to run an assessment. This uncertainty is visualized as error bars in displayed results. Error bars
were chosen to visualize uncertainty based on preferences gathered from similar practitioners in recently
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related work [47]. Still, we call out that there are rich opportunities for further research to explore and
rigorously test other novel uncertainty visualizations for the early-stage PD context.

• The sets feature supports under-speciication related to the choice of materials or processes, by enabling
users to group several options they may be considering, and compare the impacts across these choices
when visualizing the results. If a part within the set is identiied as a signiicant contributor to overall
impacts, the user can then work on more precisely specifying their material choice on the next design
iteration. On the other hand, if a part within the set is not a signiicant impact contributor, it can remain
under-speciied and allow the user to focus efort on better specifying the main contributors.

These features together focus on supporting under-speciication during initial LCAs, thereby allow users to
skip the time-consuming step of gathering accurate data on every element of the BOM, to instead make a quick
pass through the assessment to get a sense of potential environment hotspots to hone in on better specifying and
reining in subsequent design and analysis iterations.

3.2.3 Database. The database portion of an LCA tool includes life cycle inventory databases (e.g., from sources
such as ecoinvent [19, 50]), that compile the environmental impact factors for a variety of materials and processes.
For EcoSketch, we use data from ecoinvent3, which is compiled by a not-for-proit association dedicated to
providing data for sustainability assessments. Building an LCA model in our tool involves selecting appropriate
product materials and PD processes from the database, as illustrated in Figure 4.

Fig. 4. EcoSketch’s back-end includes a database based on ecoinvent3, which compiles the environmental impact factors for

various product materials and PD processes.

3.2.4 Visualization page. Finally, the visualization page is where users can view the results of their LCA in
order to evaluate the sources of the biggest environmental impacts, with panes to organize and drill into impact
according to part, sub-assembly, and life cycle stage. We explored a variety of data visualization formats during our
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design process, eventually landing on the inal design illustrated in Figure 5 to communicate the environmental
impacts in a way that we found was comprehensive yet still manageable and easy to understand.

Speciically, to improve users’ ability to make sense of an LCA, particularly novice users and LCA non-experts,
we made the following design decisions for the visualization page, with a focus on how to best account for and
represent uncertainties in the results and to avoid giving users the illusion of false precision.

• Uncertainty visualization: To convey uncertainty in calculated environmental impact results, EcoSketches
uses error bars. Several other visual forms were considered including blurs, triangles, and box-and-whiskers;
but we settled on error bars given prior research that inds practitioners perceive them as the easiest to
understand when interpreting LCA results [47].

• One impact category at a time: Earlier versions of EcoSketch included a graph that showed the environmental
impacts across 18 diferent impact categories (e.g., global warming, freshwater eutrophication, terrestrial
ecotoxicity, troposphere ozone, etc.) relative to each other on a percentage scale. However, testers found this
graph confusing and diicult to interpret. Based on this feedback, we designed all graphs in the visualization
page to focus on one impact category at a time instead of multiple.

• Highlighting overlapping error bars: The bar graphs highlight any overlapping error bars across bars in
a chart. This alerts the user that they cannot make a conclusive decision when comparing the bars, and
probably need to specify their inputs further to reduce uncertainty in the model.

Fig. 5. Graph A displays environmental impacts by life cycle stages. Clicking on one of the bars lets users dig down to the

sub-assembly and part-level impacts.
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3.2.5 Employing HCI principles to generally enhance user experience. This subsection overviews various features
and design decisions that we made based on established usability heuristics [34], to generally enhance the user
experience throughout EcoSketch.

(1) Flexibility and Eiciency of Use

• Better nesting and alignment: Collapsible sub-assemblies allow users to scroll through a complex model
with ease.

• Reorganization: Parts and sub-assemblies can be moved by dragging and dropping them to reorganize
model structure and hierarchy.

• Save favorites: The tool allows users to save frequently used materials and processes to a favorites folder
for easy access.

(2) Recognition over recall

• Eliminating separate windows: Most existing LCA tools use a separate pop-up window to display the
database for selection of materials and processes. Practitioners complained that this was łineicientž and
łmakes me forget what I’m inputting data forž. EcoSketch therefore presents the database adjacent to the
model so that users can directly see and manipulate the model by dragging inputs from the database.

• See the full picture: Instead of using diferent tabs or screens for diferent LCA stages as most tools do,
EcoSketch displays the entire model in a one-stop-shop screen to simplify the modeling worklow.

(3) Aesthetic and minimalistic design

• Search bar color and position: Our user testing with a high idelity prototype showed that people struggled
to ind the search function where it was located, with a dark background. Most users did not notice
the search bar and manually looked through the database instead. We therefore divided the EcoSketch
database into inputs for each of the life cycle stages, with each section having its own higher-contrast
search bar that is more noticeable, as seen in Figure 4.

• Dig deeper in the same graph: Instead of looking at multiple graphs, users can visualize impacts from
lower levels of the hierarchy in the same graph. Speciically, a sub-assembly bar dynamically breaks
down into its constituent parts when clicked, as shown in Figure 5

Altogether, we designed EcoSketch to allow users to nimbly explore in the face of uncertainty during early-stage
PD, quickly visualize and understand the greatest environmental impacts surfaced by the LCA, and generally
derive insights that can be acted on during subsequent PD phases to iteratively reine product choices and
processes to enhance sustainability. We hypothesize that our approach will save the user time, keep the tool
usable for LCA non-experts, and enable overall efective performance at completing LCAs during early PD stages.
We will test this during our system evaluation.

4 SYSTEM EVALUATION

Our evaluation of EcoSketch focused on answering the research questions outlined at the end of the Introduction,
which relate to the tool’s usability for LCA non-experts, and its ability to improve the eiciency of environmental
assessment worklows during early-stage PD decision-making.

4.1 Participants and study conditions

Seeking a sample of participants representative of product designers and engineers who are novices in LCA, we
recruited N=46 graduate and undergraduate engineering students. To ensure participants had expertise at least
on par with an entry-level PD practitioner, we screened based on product design experience. All undergraduate
participants took at least two engineering product design classes. Many took more additional advanced product
design classes and interned at companies. All the graduate student participants took at least two engineering
product deign classes, and had experience designing and developing hardware as part of their research and/or
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industry positions. Further, we individually veriied that each participant was representative of the industry pro-
fessionals we had interacted with throughout our formative and iterative design phases, based on the similarities
we observed in their tool usage behaviors and qualitative feedback. The Dartmouth College Institutional Review
Board reviewed and approved all procedures.

To begin the study, participants were consented, including to grant permission to record voices as part of the
research team’s observational analysis of people’s user experiences during the study. Participants were then
introduced to basic LCA concepts and their application in a PD context, and we asked preliminary questions to
assess background with LCA, including:

• What is your level of experience with LCA?
• How many times have you built LCA models in the past?
• Which design tools and environmental assessment tools have you used in the past?

4.2 Research uestion 1: Usability of EcoSketch in the hands of novice users

As a reminder, our irst research question aimed to evaluate the usability of EcoSketch, as a tool designed to
be accessible for use by non-experts during early-stage product development. The tests conducted to answer
this question focused on gathering qualitative and semi-quantitative data on participants’ user experience with
performing an LCA on the tool.
Participants were provided with a sample bill-of-materials (BOM) table for a simpliied refrigerator, similar

to the level of idelity one might be working with during early stage PD. The table contained names of the
constituent parts and sub-assemblies, the materials those components are made of, their quantities (in kg), and
their manufacturing processes. All participants then received a walkthrough tutorial about EcoSketch and were
asked to employ the BOM to navigate EcoSketch’s interface during a think-aloud study. The think-aloud protocol,
tutorial, and BOM are included in the supplementary materials.
Speciically, we used the Boren & Ramsey protocol for the think-aloud, where the participant and the test

administrator engage in essentially an asymmetric dialogue, with the participant doing most of the talking. This
protocol allows test administrators to acknowledge participants’ contributions and ofer encouragement, as
needed, to help participants continue verbalizing their thoughts and feelings [30]. In our case, participants were
asked to think out loud as they input the data from the BOM into the model-making pages of EcoSketch. They
were encouraged to share their thoughts, feelings, questions, areas of confusion, and anything else that came to
mind as they performed the activity. Afterward, they were asked a series of semi-structured interview questions:

• On a scale of 1-10, how easy do you think this tool is for novice users to learn? Why?
• Which aspects of the tool did you ind the most useful? Why?
• What aspects did you not ind useful? Why?
• Which aspects of the tool did you ind the most intuitive? Why?
• Which aspects did you ind the most confusing? Why?
• How well did this tool align with your thought process and mental models as a design engineer? Where
did it diverge?

Before moving on to the next part of the study, the System Usability Scale (SUS) [8] was completed by all
participants except one (who began but never submitted it) in order to measure subjective perceptions regarding
the tool’s efectiveness, eiciency, and satisfaction.

4.3 Research uestion 2: Workflow eficiency of early-stage product design LCA

Next we examined our second research question, which tests whether EcoSketch does in fact enhance the
worklow eiciency of using LCA in early-stage product development, particularly due to its under-speciication
features (i.e., uncertainty and sets, described in Section 3.2.2). A key observation from our needinding with
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industry was that practitioners are highly constrained on time. Hence, for LCA to be efectively adopted, it is
important that it can be performed rapidly.
Our evaluation followed a between-subjects study design that compared EcoSketch to a "control condition"

tool called Ecolizer. In choosing a state-of-the-art comparator, we narrowed to either Ecolizer or Sustainable
Minds, which are geared for the PD context and are two of the highest-rated tools available, according to prior
work [10]. Sustainable Minds, however, requires costly individual licenses, making it infeasible to employ for
our study and more generally limiting its accessibility as a lightweight LCA tool. Ecolizer on the other hand is a
free web-based simpliied LCA tool, making it an ideal comparator for evaluation. Figure 6 shows screenshots of
Ecolizer’s worklow. From here on, Ecolizer is referred to in this paper as the "control tool".

Fig. 6. Screenshots from the control-tool depicting A: model-making, B:LCI data input, C: results visualization, and D:

report-making

The interaction low charts in Figure 7 illustrate the diference in LCA worklow that the introduction of
uncertain inputs creates in EcoSketch vs. the control tool (Ecolizer). Following preliminary product design stages
(e.g., problem deinition and idea generation) for EcoSketch’s worklow (Flow A) involves users conducting a
preliminary LCA with uncertainties permitted in their choice of materials and quantities. EcoSketch accounts for
these uncertainties to calculate estimates of environmental impacts from each part, sub-assembly, and life cycle
stage. These estimates help guide users to focus on the PD aspects contributing the most environmental impacts,
which can be speciied further with precision in subsequent design and LCA iterations, rather than specifying
every single data input. Later product design stages then incorporate design strategies addressing the hotspots
identiied. This approach potentially reduces the time spent on the data collection and preparation step by taking
a more streamlined and iterative approach.

Similarly after preliminary PD stages, the control tool’s worklow (Flow B) then deviates because users must
next perform a thorough data collection and preparation step. Given users are unable to enter uncertain data
inputs, they are forced to be precise upfront and spend more time on data collection. Users then use the more
precise LCA results to inform the sustainable design strategies incorporated in later product design stages.
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Fig. 7. Interaction Flow A illustrates the EcoSketch LCA workflow, which integrates uncertainty and sets features to support

under-specification. Interaction Flow B shows the traditional LCA workflow used by existing tools like Ecolizer

To test the diferences in worklow eiciency between these two approaches, participants were randomly
assigned to work with either EcoSketch or the control tool (N=23 participants used EcoSketch, and N=23
participants used the control tool). To ensure participants in both groups were equally familiarized with their
tool, participants in the Ecolizer condition underwent a 15-minute workshop about this tool. The workshop
involved the test administrator walking through Ecolizer’s interface to input data from the BOM used in the prior
think-aloud test as participants followed along on their computers.
Next, participants were provided with a new sample project, included in the Supplementary Materials, with

a deined product concept for a chair including an image depicting what it might look like. Participants were
asked to use the internet and other resources to put together a BOM for the LCA with as much detail about the
material choices, quantities, and manufacturing processes as necessary. Participants were given a maximum of 60
minutes for the task. Before beginning the task, participants were given the opportunity to resolve questions or
confusion that might have confounded performance of the task.

Upon completion of the activity, participants were asked to self-assess the precision of their input data as well
as the completeness of their model, both on a 1-5 Likert scale. Inspecting a random subset of these models, we
generally agreed with these completeness ratings, indicating the reliability of the self-reported data. Participants
who used EcoSketch were further asked to describe their perceptions about the EcoSketch-speciic uncertainty
and sets features, to help us ensure that participants utilized those features appropriately and as expected.

4.4 Data analysis

4.4.1 Thematic analysis of qualitative data. Recordings from the think-aloud test were transcribed and themati-
cally analyzed by the authors [6]. Speciically, two coders reviewed the transcripts and generated initial qualitative
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codes, which were iteratively reined and combined into higher-level themes. Disagreements were discussed and
resolved to ensure inter-coder reliability.

4.4.2 Data pre-processing. The LCAs conducted by participants during the between-subjects experiment were
reviewed by the authors who are proicient in LCA. Six of the total 46 participants were deemed to have not
performed the analysis correctly, so we excluded their data from analyses. For example, these participants either
grossly overestimated the input values (which suggested they did not in fact have suicient product design
background to be representative of our target user base) or did not complete the tasks conscientiously and in
good faith.

5 RESULTS

Here we report on insights from our user study, which was designed to answer our research questions regarding
whether EcoSketch’s approach (1) is usable for novice users without specialized LCA expertise and (2) supports
eicient environmental assessments during early-stage product design worklows. We organize the following
subsections around these questions.

5.1 Research uestion 1: Factors contributing to usability for novice users of LCA

Our think-aloud testing helped us observe how users interacted with the EcoSketch interface and gather partici-
pants’ thoughts, questions, and recommendations. Speciically, our thematic analysis reveals that the following
tool characteristics are of prime importance to users when applying LCA in PD practice: lexibility of use,
learnability, accounting for uncertainty, intuitive sensemaking of results, and quick error recovery.
Here we elaborate on how we observed that speciic EcoSketch features and design strategies contributed

to these aspects of the LCA experience. Table 1 then connects these themes to the practitioner needs we had
originally identiied (see Section 3.1 and provides representative participant quotes for richer context. We include
both positive and negative participant reactions, with negative comments further giving a window into aspects
of LCA that may be especially challenging, along with potential avenues for additional improvements.

(1) Flexibility (F): Participants saw EcoSketch as a lexible tool that enabled direct and agile manipulation of
information during environmental analysis, in large part thanks to how the tool provides the ability to
easily reorganize the model structure and hierarchy.

(2) Learnability (L):We found that participants’ ability to learn (about both EcoSketch as a new tool and LCA
as a new worklow) was supported by incorporating familiar structures and terminology from product
development (such as CAD conventions), and eliminating the use of hyper-specialized, LCA-speciic
terminology and notations as much as possible.

(3) Accounting for uncertainty (U): We saw that a major beneit of EcoSketch is the way it allowing users
to perform LCAs with limited product knowledge, by making space for uncertain inputs and outputs to
encourage rapid, iterative exploration of sustainable design considerations.

(4) Easy sensemaking of results (R):Using digestible visualizations that highlight the environmental hotspots
and convey the underlying uncertainty of the model were instrumental in keeping LCA lightweight during
not only data input but also sensemaking, while further keeping the worklow accessible to a broad product
developer audience.

(5) Error handling (E): Finally, we observed the value of including features to prevent common errors (e.g.
unit errors) and to facilitate quick recovery from errors that are made.
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Table 1. This table connects user needs with relevant design decisions, representative user feedback, and themes extracted

from our qualitative data analysis. EP: EcoSketch Participant, CP: Control Tool Participant

Target need
Features contributing

to need satisfaction

Representative

user reactions

(positive)

Representative

user reactions

(negative)

Relevant

themes

about

design

strategies

Improve ease of
model-building

Use of CAD hierarchy

łI think the use
of CAD trees
works pretty
well for me. . .
I like itž
- EP2

łI would like
it if you could
move this
strap [a part]
underneath
another
sub-assembly
or make it a
separate partž
- EP5

F, L

Input by parts

łI like that the
layout is
horizontal, you
can input
material,
manufacturing,
and transport
for a part. . . I
think it works
pretty well
actuallyž - EP1

łIt would be
nice to copy
and paste a
part you
created in one
sub-assembly
into anotherž
-EP8

F, E

Linking relevant
processes to materials

łI like that you
can see linked
processes for
materials if you
want to or see
the whole list
by unlinking
themž - EP2

łConfusing that
materials and
manufacturing
are next to each
other, but the
rest of the
lifecycle
stages have
separate tabs
at the bottomž
- EP6

F

ACM J. Comput. Sustain. Soc.



18 • Chaty et al.

Table 1 continued from previous page

Eliminating
unfamiliar
terminology

łI didn’t know
ABS stands for
acrylonitrile
butadiene
styrene!
How do you
pronounce it?ž
- EP1

łABS could also
mean ‘anti-lock
braking system’.
Are there
acronyms
of materials that
could mean
multiple things?
It’d be useful if
the full name
popped up
when I hoverž
- EP9

F, L

Allow users to
input uncertain
data

Uncertain
quantitative
inputs

łI like being
able to make
general
estimations
using Google
for a quick
analysisž
- EP10

łThe dropdown
with levels
feels simplistic.
Would be
useful to see
the numeric
range that
a level
translates tož
- EP8

F, U

Material and process
selection by sets

łIt’s useful to
choose a group
of hard plastics
instead of
picking one
right nowž
- EP11

łWhat on earth
is a valid set?
Can I put
anything in it?ž,
łDoes the tool
automatically
calculate
uncertainty
when I use a
set?ž - EP18

F, U

Improve data
visualization
for easy
sense-making

Visualizing uncertainty
in results

łThe error bars
are showing me
that there is no
precise output
value. . . [they]
are easy to
understandž
- EP16

łWhen I hover
over the
error bar, I
want to see
the range of
numbersž - EP8

F, U,

L, R
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Table 1 continued from previous page

Highlighting overlapping
error bars

łNice to have
guidance on
how to
interpret
the error barsž
- EP4

łToo many
parts are
highlighted
and it’s
distractingž
- EP13

F, U,

L, R

Displaying one impact
category at a time

łI understand
looking at global
warming impacts
of the product
and breaking it
down to its partsž
- EP12

ł[the graph
displaying
multiple
impact
categories]
is confusing
and the least
usefulž - EP9

F, U

Allow faster
error recovery
and version
control

Calculating total mass
for each sub-assembly

łI like to deal
with errors right
away. [This
feature] makes
sure I don’t
forget a partž
- EP7

łNot clear
what this
number is
doing. . . ž
- EP10

F, E, L

5.1.1 System Usability Scale (SUS). Results from the SUS survey help inform how usable the EcoSketch system
is and where the opportunities for improvement can be found. Figure 8 represents participant responses on a
scale of 1 (strongly disagree) ś 5 (strongly agree) to the following ten statements:

• Q1: I think I would like to use this system frequently
• Q2: I found the system unnecessarily complex (reverse scored)
• Q3: I thought the system was easy to use
• Q4: I think I would need the support of a technical person to be able to use this system (reverse scored)
• Q5: I found that the various functions in the system were well-integrated
• Q6: I thought there was too much inconsistency in the system (reverse scored)
• Q7: I would imagine that most people would learn to use this system very quickly
• Q8: I found the system very cumbersome to use (reverse scored)
• Q9: I feel very conident using this system
• Q10: I needed to learn a lot of things before I could get going with this system (reverse scored)

The aggregated SUS score was 66.45, which indicates a passable level of usability ś though we believe that
interpreting this data at a more granular level provides better insights. Notably, at least 50% of participants
expressed ’Agree’ or ’Strongly agree’ sentiments for nine of the ten questions. Responses to several questions are
worth calling out. Speciically, Q6 and Q7 received the most favorable responses, pointing to the EcoSketch’s
high overall consistency and learnability, respectively. This is corroborated by responses to Q5 and Q10, which
similarly relate to the system’s coherence and learnability for irst-time users, respectively, and also received
majority positive responses. Responses to Q2, Q3, and Q4 demonstrate that EcoSketch was not perceived as too
complex or technical and was mostly easy to use, which helps to conirm that the tool generally managed to
achieve the lightweight user experience we had intended. Finally, Q9 about user conidence saw the least positive
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Fig. 8. Stacked bar chart displaying the results from the SUS survey, with reverse-coded questions visually flipped for

ease-of-review

responses, which is rather expected considering our participants (engineering students) are a proxy for industry
professionals and therefore less routinely engaged with sustainable product development practices.

Overall, these ratings and participants’ qualitative comments help identify speciic ways to improve the usability
of lightweight LCA tools like EcoSketch. We relect on such potential design improvements in the Discussion
section.

5.2 Research uestion 2: Eficiency gains from EcoSketch’s under-specification approach

As a reminder, our between-subject experiment compared the diference in time taken to complete an LCA
activity for participants using EcoSketch, which provided under-speciication features to support early-stage PD
decision-making, versus participants using the control tool, a popular existing simpliied LCA tool. At the end of
this task, participants were asked to rate the precision of their inputs and the completeness of their models on a
1-5 Likert scale.

Figure 9 strikingly illustrates how participants using EcoSketch were able to build their LCA model from
an early-stage concept more quickly than participants using the conventional tool. This diference in time is
statistically signiicant according to a Mann Whitney U-Test (p=0.00000005).
Central to our strategy in the design of EcoSketch was supporting lightweight assessments by letting users

input uncertain data to rapidly derive sustainability insights about preliminary design options, which can then
be iteratively reined and inalized. To examine whether relieving the requirement to input precise data does
contribute to EcoSketch’s eiciency, we compare the time participants took to complete their LCA against the
level of precision of the data they input into the model. Figure 10 illustrates the results. Indeed, we can see two
clusters, one demonstrating how EcoSketch participants are able to input less precise data, which may explain
time savings, whereas users of the control tool trend towards more precise inputs and longer time consumption.

Finally, we analyzed data about the level of completeness that participants were able to achieve in their model
during the hour-long study session. As seen in Figure 11, participants using EcoSketch were able to achieve a
slightly greater average level of completeness in their LCA models compared to users of the control tool.
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Fig. 9. Average time taken to complete a model using EcoSketch (let) vs. a popular existing LCA tool as a control (right)

Fig. 10. Scater plot of the relationship between time to complete the LCA and precision of the input data. Observable

clusters of EcoSketch vs. control users suggest that relieving conventional tools’ requirement to input precise data may help

contribute to time savings

Fig. 11. Average level of model completion that users of EcoSketch (let) vs. users of the control LCA tool (right) were able to

achieve during the study session
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Taken altogether, these results are highly encouraging, as they indicate that EcoSketch supports eicient

and robust environmental assessments by enabling users to perform an LCA more quickly, without sacriicing
completeness of the modeling results.

6 DISCUSSION

To enable assessment of environmental impacts during early stages of product development, this research has
explored the iterative, user-centered development of novel informatics software that supports more lightweight
yet reliable LCA analyses. Speciically, our tool, EcoSketch promotes quick learnability, eicient completion of
LCAs, intuitive visualizations, and the ability to explore eco impacts even when precise product details are still
uncertain.
Developing EcoSketch involved a variety of both technical and human-centered challenges, including the

formation and maintenance of meaningful partnerships between our academic lab and our industry collaborators,
as part of understanding real-world needs and iteratively reining and testing solutions. By describing our design
process and associated insights in this paper, we aimed to provide guidance for other researchers and practitioners
aiming to more deeply integrate sustainability into product development. Our speciic contributions include:

• A series of design requirements based on actual practitioner perspectives that are important to consider
and satisfy when developing user interfaces to assist in sustainable design decision-making.

• A functional, interactive life cycle assessment tool tailored to enabling non-expert users to conduct envi-
ronmental impact assessments during the early stages of product development.

• Findings from a between-subjects study that evaluated this tool using qualitative, semi-quantitative, and
quantitative evaluation methods.

• A discussion that highlights a variety of important avenues for future collaboration between HCI researchers
and industry practitioners to continue advancing the development of digital tools for systems-level sustain-
ability eforts.

In the following subsections, we relect on the tangible efects our approaches can have on real-world PD
practices, synthesize our results into reusable design recommendations, and call out speciic future opportunities
based on insights from our development and evaluation of EcoSketch. Further speaking to our third research
question around ways to build bridges between HCI and sustainable product design, we particularly highlight a
variety of opportunities for collaboration between HCI researchers and sustainability practitioners to develop
human-centered digital tools and methods tailored to the context of industrial-level environmentalism.

6.1 Translating early-stage LCA approaches into real-world PD practices

Results detailed in section 5.2 show how our new worklow, which enables uncertainty input, can improve the
eiciency of performing LCAs with limited data in the early stages of PD. These eiciency gains mean that tools
like EcoSketch are more readily usable in a fast-paced PD context. In fact, ongoing engagement with our industry
partners provide multiple examples of how these approaches translate into tangible sustainability beneits in
real-world PD projects.
First, consider a cofee maker redesign project conducted at Synapse, wherein the early use of LCA led to

environmental impact reductions. Preliminary LCA results from EcoSketch directed designers’ attention to the
impacts from energy use of the "keep warm" function, leading to a focus on optimizing that feature in the redesign.
However, prior to performing the LCA, the team erroneously assumed that the biggest impacts might come from
the plastic housing of the cofee maker, and subsequent redesign steps would have focused on changing aspects of
the product that would not have actually led to signiicant sustainability gains. In the absence of accessible tools
like ours that are quick to learn and use, practitioners are unable to make time for traditional LCA in early-stage
PD and may therefore make misguided eco-design decisions. Figure 12 illustrates this analysis. The visualization
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Fig. 12. Example from Synapse of how applying LCA in early-stage PD can produce otherwise-unrealized insights and

environmental impact improvements

has been graphically remade for corporate promotional materials, with design uncertainties relected as a blur at
the end of each bar on the chart.

In the case of the cofeemaker, a single area of focus for reducing impacts was identiied through preliminary
LCA. A second example highlights a more complex project involving the development of a handheld electronic
lossing device (Figure 13). Here, having the ability to conduct preliminary LCA helped designers realize the
beneits of pursuing multiple sustainable design avenues. Speciic enhancements included limiting the use of air
freight to reduce transportation impacts, making the charger out of recycled materials, and selecting contract
manufacturers who use renewable energy among others. Together these strategies reduced overall eco-impacts
by nearly 40%.
These examples illustrate the importance of considering environmental sustainability early-on in PD, when

both environmental and economic costs of a product get locked in. Tools like EcoSketch provide practitioners
insight into where the biggest opportunities to improve sustainability exist.

6.2 Design implications and guidelines

Feedback from our interviews pointed to a variety of improvements to the design of lightweight LCA tools like
EcoSketch. These features address the aspects found to be of critical importance to our target users: enhanced
lexibility of use, learnability, the ability to account for uncertainty, visualizing results for easy sensemaking
by novice users, and improved error recovery. Table 1 summarizes a list of unique features informed by user
feedback, as well as the target needs they address, using valuable design aspects identiied.
To support further lexibility of use, we identiied an opportunity to allow users to duplicate parts and sub-

assemblies in the model as well as to input more granular uncertainty data instead of the predeined levels (low,
medium, and high). To enhance learnability, users expressed a desire for tooltips with help-text for key features.
Creating a built-in tutorial that walks users through creating their irst LCA model and analyzing results is also
worthwhile, as we saw that users beneitted from this sort of tutorial that we prepared as part of the experimental
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Fig. 13. Example from Synapse of how early-stage LCA can help designers realize multiple avenues and product development

choices for enhancing sustainability impacts

procedure. To account for uncertainty, tools can incorporate additional and novel methods of viewing uncertainty
such as Stochastic Multi-Attribute Analysis. In addition, we see continued innovation regarding efective use
of color and representation of uncertainty in visualizations as important avenues in easing the sensemaking of
results.

Regarding error recovery and quality assurance, EcoSketch could add up the masses of all the parts in a given
sub-assembly and for the overall assembly on the model-making canvas, allowing users to make sure their inputs
were accurate, and that they are not missing any parts in the model. Further, we identiied utility in allowing
users to trace errors from the visualization page to the exact part or sub-assembly in the model-making canvas.
Trace precedence more generally refers to features that could allow users to select a part of the results graph
that they would like to review the inputs for (i.e., selecting a bar on a visualized graph brings users back to the
relevant input ield in the model-making page). Finally, we see great value in ofering users the ability to track
and manage changes to their models. As tools like EcoSketch help realize our vision of lightweight LCA processes
that become more iterative, version control options are a natural feature so that users can track environmental
assessment changes as the project progresses throughout the PD process.
Tying together these insights while keeping in mind the qualitative user feedback listed in Section 5.1, we

propose the following generalizable design guidelines for HCI researchers developing sustainability tools for
industry use:

• As environmental impacts modeling like LCA becomes more prevalent in industry, it is important to
pursue eicient ways to quantify uncertainty in data, leading to more valid estimations and comparisons of
impacts.

• In order to improve usability, tools must meet practitioners where they are. This means aligning terminology
and model structures with familiar concepts, rather than using LCA-speciic jargon and structures. It also
means predicting the types of errors that novice users will make as they learn LCA, and supporting graceful
recovery and continued use.

• It is critical to design visualizations that better support eicient practitioner decision-making without
requiring expertise in environmental science. Efectively representing uncertainty is one challenge in the
space.
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6.3 Opportunities for HCI researchers building sustainability tools for industry

We believe our research illustrates how HCI researchers and developers can do valuable sustainability work by
building better digital tools for industry. By focusing eforts on improving the design and engineering process
for a company, HCI researchers can help improve every product that company makes moving forward. For
example, prior work has demonstrated how a single project co-creating better sustainability methods for a design
consultancy directly resulted in the improvement of four products’ designs within two years, cutting projected
environmental impacts by up to 38%, plus boosting the company’s commitment to improve dozens or hundreds
of future products [9].
Sustainability experts have indeed called for HCI expertise in their development of tools for product design,

manufacturing, and life cycle management. A recent article outlining the roadmap for sustainable design research
over the next ten years speciically listed digital design tools as a necessary area of focus [18], noting that: łThe
long-term goal is to deine evidence-based, generalizable best practices for integrating digitized sustainability data
from [sustainable design tools and methods] into product life cycle management systems, to enable traceability
of sustainability data... This includes tracking ecological and social responsibilities, both direct and indirect, for
material extraction, manufacturing, transportation, usage, and end-of-life.ž

This suggests that digital tools are necessary to convey environmental impact data, social responsibility data,
and product data to track locations, lifetimes, end-of-life outcomes, sustainable sourcing information (e.g., fair
trade), and more. Each of these topics presents challenges to data gathering, visualization, and interpretation for
making sustainable design decisions. A combination of these functionalities is evenmore challenging. Additionally,
since company sustainability oicers often receive little to no extra time or resources to improve sustainability,
tools need to be inexpensive and easy to use [2].

6.3.1 Data visualization for sustainable decision-making. Another area of promise we would like to highlight for
HCI research is chemical toxicity hazard assessment, used for Cradle to Cradle certiication and prioritization of
better materials. In particular, work is needed to make hazard data comprehensible to non-toxicologists through
better data visualization, more transparently weigh hazard categories [17], and address chemical safety data
gaps[15]. Machine learning and other digital analytics could help ill these data gaps both by reading existing
literature not yet incorporated into open-access toxicity databases, and by algorithmically predicting toxicity
based on molecular formulas, as tools like CompTox do [51].
Further regarding data visualization in the context of sustainable design decision-making, there is a major

opportunity to explore ways to visualize uncertainty in data. Traditional scalar methods of visualizing uncertainty
such as box plots and error bars are often not understood by non-technical decision makers in business; even
trained engineers who do understand them sometimes unconsciously ignore them in decision-making. While
users are often most familiar with error bars, these visualizations are not always efective [11]. During the early
brainstorming sessions for EcoSketch, ideas such as quantile dot plots and various animated visualizations were
considered but not pursued, although they could be promising. Newer strategies such as blur charts and violin
plots are increasingly being used to represent uncertainty in environmental impact data; they show promise, but
need to be studied for their efectiveness and usability.

A more technical data visualization and analysis research avenue is compressing many sustainability metrics
(e.g., eighteen environmental impact categories) into simple design recommendations that are actually actionable
by practitioners. For example, a statistical approach to computing and visualizing uncertainty in LCA results that
has gained prominence is the Stochastic Multi-Attribute Analysis (SMAA), found to be particularly efective for
situations with trade-ofs, making them more useful for less technical audiences and cases where environmental
impacts are only some of many criteria used in decision-making, such as PD. Other methods involve normalizing
and weighing diferent impact categories into a single score, but there are several such methods. Research
partnering data visualization experts with sustainability experts is required to determine such systems’ accuracy,
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repeatability, scalability for many comparisons, display of uncertainty, clarity, ease of use, and other factors
inluencing efective support of decision-making in industry or policy.

6.3.2 Building interdisciplinary community, collaborations, and systems-level thinking to address sustainability

challenges. Our experiences indicate that designing and developing LCA tools, as described here, is a powerful
avenue for collaboration between HCI researchers and industry practitioners. While EcoSketch has addressed
many of the challenges at the intersection of HCI and LCA, it has unearthed plenty more challenges to be
addressed. One salient example is supply chain transparency, which involves sharing high-quality environmental
impact data among numerous supply chain stakeholders while preserving conidentiality. [27]

Further, HCI can beneit sustainability work beyond just impact assessments. For example, systems thinking is
critical to setting sustainability priorities and avoiding unintended consequences, but complex system maps are
often diicult to generate and interact with; HCI could improve this. The sustainable design method biomimicry
suggests that engineers and designers improve sustainability by imitating nature; but practitioners ind it diicult
to connect natural and industrial materials and processes [43]. AskNature.org, a database of biomimicry strategies
and inventions, addresses this problem and is a powerful example of a sustainability tool that incorporates HCI
principles. For every tool like AskNature or EcoSketch, many more collaborations between HCI researchers and
sustainability professionals have yet to be realized.
Another important avenue is enabling more collaborative forms of sustainability analysis, especially along

supply chains where intellectual property prevents sharing product data but allows sharing impact data. There are
several factors to a tools’ potential for creating such a community; we would like to highlight three: accessibility,
explorability, and shareability. Tools that are more accessible, particularly for audiences with less scientiic
computing and statistical background, allow more users with a greater variety of skill sets to come together
around the data. Tools which are highly explorable let users move through the analysis at their own pace, in their
own way, and based on their own curiositiesśoften through the use of interactive visualization elements like
tooltips, click-to-ilter, and drill-down visualizations. Finally, shareability allows individuals and organizations to
share their analyses with others. Tableau is bringing some accessibility, explorability, and shareability to business
contexts: it’s designed to be accessible to less technical users, it has lots of interactive visualizations, and by being
a web-based platform it has made sharing relatively easy. Further research is needed into how we might create
tools that are accessible but still rigorous, into the efectiveness of various forms of interactivity visualizations
for making data explorable, and into ways to make data and analysis shareable within the sustainability data
landscape, especially large-scale data from entire industries, in which much of the data is proprietary.

6.4 Study limitations and future steps

Our evaluation of EcoSketch revealed several opportunities for improvement, but also conirmed the quick
learnability and improved eiciency of our approach, in large part due to its support for uncertainty and under-
speciication during environmental assessment processes. Our results showed how a complicated quantitative
assessment technique typically limited to experts can be made accessible to novice users seeking to rapidly
integrate a new practice into a design worklow.
However, while we engaged in formative needinding in close collaboration with industry practitioners, a

majority of the participants in our study were undergraduate and graduate engineering students as a more feasible
proxy population. Students were screened for representativeness of this target professional group based on
their experience working on product design projects through classes, internships, or personal projects. Another
limitation of the lab-based setting is that the experimental task could only last a constrained session of time.
However, we plan to conduct this experiment with a larger sample size to improve robustness of the data. Moving
forward, a natural next step is therefore testing with actual industry practitioners in professional settings over
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longitudinal periods, now that the fundamental merit of EcoSketch’s approach has been validated and can be
further reined for such real-world evaluation.

As always, there is more work to do. In conducting such studies to validate the eicacy of tools like EcoSketch in
informing actual decision-making processes for product designers, it is also worth investigating how earlier-stage
insights actually integrate into corporate sustainability eforts and decisions. Further, it is important to perform
comparisons between lightweight and heavyweight LCA tools and between expert and novice users to examine
the nature of the design decisions that emerge and the resulting impacts with respect to diferent types of PD
practices, products, and organizations. Finally, and broadly, it is important for our interdisciplinary research
communities to continue forging strong and lasting partnerships, such as our collaborations with Synapse Product
Development and EarthShift Global, which will enable deeper study of the ways in which digital tools can support
sustainable decision-making at the industrial level.

7 CONCLUSION

Our paper looks at topics addressed in SHCI literature, and identiies gaps that motivate the design of digital
sustainability tools, speciically LCA tools, for industry use. The iterative human-centered design and development
process of our tool, EcoSketch, aimed to address this opportunity by focusing on making LCA applicable to
early-stage product development and accessible to non-expert users. We then evaluated EcoSketch to test its
usability, eiciency, and overall efectiveness to explore the viability of integrating our lightweight-LCA approach
into a fast-paced industry setting. The speciic contributions of this paper include: a functional, interactive
life cycle assessment tool tailored to enabling non-expert users to conduct environmental impact assessments
during the early stages of product development; indings from a between-subjects study that evaluated this tool
using qualitative, semi-quantitative, and quantitative evaluation methods; and a discussion that surfaces various
novel avenues for collaboration between HCI researchers and industry practitioners to continue advancing the
development of digital tools for systems-level sustainability eforts.
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