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               Introduction 
 The challenges of sustainable development will require mate-

rials engineers and scientists to think beyond the current 

defi nition of what constitutes the “best” material for a given 

application. Increasingly, considerations of issues such as 

resources, toxicity, and life cycles will also be necessary. The 

question for engineering faculty is how to prepare students to 

meet these challenges. In this article, we describe some ways in 

which our separate institutions are currently teaching sustain-

able development to engineering students, especially materials 

scientists and engineers. Rather than providing a comprehensive 

review, we focus on three programs that can serve as examples 

of various pedagogical approaches. Before discussing these 

examples, however, we review some concepts that provide a 

basis for understanding sustainable development in a broader 

context. 

 The fi rst step in designing a curriculum in sustainable devel-

opment is to agree on a common defi nition of what is meant by 

the term. As noted in the introductory article to this issue, the 

United Nations’ Brundtland Commission defi ned sustainable 

development as development that “meets the needs of the 

present without compromising the ability of future generations 

to meet their own needs.”  1   Such a defi nition yields a broad and 

fl exible starting point for discussion. The advantage of a broad 

defi nition is that it does not restrict sustainable development 

to mean any specifi c technological or environmental topic but 

rather includes all current activities that could affect future 

generations. Thus, the defi nition can be refi ned accordingly 

for a specifi c course or project. 

 In the most general sense, the goal of sustainable develop-

ment is to create a sustainable global society, where society is 

viewed as a system. In the simplest version of this view, often 

called the “triple bottom line,” a society is considered as the 

union of environmental, economic, and social (cultural) sys-

tems,  2,3   that is, a system of rather complex subsystems. 

 A sustainable society is thus one that meets societal needs 

while maintaining the integrity of the environment and eco-

systems, the economy, and the social needs of individuals. 

Thinking of a society as a system is essential, because it implies 

that optimization of the system as a whole will not generally 

entail optimization of the individual subsystems; rather, tradeoffs 

between the constituent components are the norm. Thus, tradi-

tional linear, sequential optimization strategies are inadequate. 

Moreover, given the complexity and nonlinearity of the inter-

actions among the components, society is a complex system 

exhibiting emergent behavior that is not generally obvious from 
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the properties of its processes and parts. Consequently, the 

optimal technological solution in any situation might not be 

the best solution for society as a whole. 

 A course in sustainable development must thus teach students 

to recognize that engineering operates in a broad societal 

context and to take that context into account. This view is 

easily incorporated into the classic defi nition of engineering 

as “design under constraint,”  4   as sustainable development (in 

the broad sense discussed above) simply creates a new set of 

constraints. Indeed, future physical constraints on technology 

will be increasingly stringent with, for example, growing energy 

costs and requirements for low emissions of greenhouse gases. 

Equally demanding will be the societal and economic con-

straints. These additional constraints will require a different 

way to think about technology. 

 More specifi cally, these constraints might include limited 

availability of some materials, arising from their natural distri-

bution in the lithosphere or from geopolitical forces, materials 

toxicity, and the like. Resource limitations will likely require 

the replacement of materials, as well as the design of prod-

ucts for enhanced recyclability. The issues facing specifi c 

technologies, including materials, however, are all based on 

the basic system-level concepts of sustainable development 

described above. 

 The question, then, is how one introduces students to these 

ideas about sustainable development. Because sustainable 

development is a relatively new topic in higher education, there 

is no standard curriculum, and a great variety of approaches 

could be taken. Herein, we highlight three approaches that 

range from a common course for all fi rst-year students to an 

integrated set of courses to an entirely revamped curriculum that 

incorporates sustainable development throughout as a central 

theme. Although all programs have their own constraints and 

many other universities are working to establish such programs, 

it is our hope that these few examples will prompt discussion 

and generate new ideas.   

 Teaching sustainable development at Worcester 
Polytechnic Institute (WPI) 
 WPI started teaching sustainability-related courses for fi rst-

year students in 2007, in a series called the Great Problems 

Seminars.  5   The fi rst courses were called “Power the World” 

and “Feed the World.” The Great Problems Seminars were 

conceived to immerse fi rst-year students in societal issues and 

to inspire and engage them. They are offered to students in all 

fi elds (life sciences, humanities, business, and engineering), 

and as of 2010, about 40% of the fi rst-year students opted to 

enroll. At present (2011–2012 academic year), discussions 

about making the courses mandatory are ongoing. 

 In the development of this program, the faculty established 

several objectives: 

     •      to encourage critical thinking, information literacy, and 

evidence-based writing;  

     •      to engage fi rst-year students with current events, societal 

problems, and human needs;  

     •      to cultivate in each student a personal foundation for lifelong 

learning;  

     •      to contribute to a more intellectually stimulating environ-

ment at WPI; and  

     •     to promote civic engagement and community partnerships.  

   In addition, an interdisciplinary team (Engineering, Humani-

ties and Arts) developed a course called “Sustainable Develop-

ment for the 21st Century—Making Our World” that has been 

offered every year since 2008. This course emphasizes the role 

of materials science and engineering (MSE) as a vehicle for 

addressing many of the societal issues related to sustainable 

development, rather than focusing solely on the study of the 

physical and chemical nature of solids. Specifi cally, students 

learn about society’s burgeoning needs in the areas of energy 

resources, mobility/transportation, housing, food and water, 

resource recovery/recycling, and health care, not to mention 

climate change and environmental issues, and see how materials 

science is intertwined with each of these societal issues. The 

course thus provides a much larger and holistic context for MSE. 

 During the fi rst part of each of the above courses (a seven-

week period), students form teams of three or four and study the 

basic facts, write essays, and participate in active discussions 

on the above-mentioned societal issues, from both technical 

and public-policy perspectives. During the second part of the 

course, the student teams work on a specifi c project addressing 

one of these topics. At the end of the course, the teams present 

their work in a public forum, write a fi nal report, and make a 

poster that is judged externally. 

 Each course is designed to have the students grapple with 

real-world problems and develop skills of rigorous analysis, 

active engagement, and creative synthesis. They develop com-

munication skills to pursue inquiry-based work, to make con-

nections between disciplines, to explore current events and 

issues, and to consider the broader implications of science and 

technology. Specifi cally, the aim is for students to 

     •      learn about the concepts of sustainable development, cli-

mate change, energy sources, food and water issues, health 

concerns, and housing and transportation needs at the start 

of the 21st century in terms of both the MSE issues and the 

human/social aspects;  

     •      approach these issues proactively with an eye toward eco-

logically sound solutions;  

     •      experience the value of engaging different disciplinary per-

spectives—from materials science to statistics, environmen-

tal studies, history, and philosophy—in addressing real-life 

problems;  

     •      learn to formulate researchable questions based on mul-

tiple sources; and  

     •      participate in classroom debates and discussions on complex 

issues of sustainable development and contribute to teamwork.  

   The students in these courses have learned that sustainable 

development in the 21st century is attainable and that it will 

require innovation and the will to effect change. Some of the stu-

dents have taken these lessons much further afi eld, with projects in 

Kenya on water systems and soap making, for example (  Figure 1  ).     
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 In 2008, The National Academy of Engineering (NAE) 

commissioned a study titled  Changing the Conversation: 

Messages for Improving Public Understanding of Engineering .  6   

The resulting report recommends that the engineering com-

munity begin immediately to plan and initiate a coordinated 

communications campaign to interest young people from all 

backgrounds in engineering careers by appealing to their desire 

to fi nd hands-on solutions to problems that can make a differ-

ence in the world and improve people’s lives. The courses at 

WPI are very much in line with the recommendations of this 

report.   

 Teaching sustainable development at Iowa 
State University 
 The Materials Science and Engineering Department at Iowa 

State University has partnered with the Mechanical Engineering 

Department to develop a series of three interrelated courses on 

sustainable development that incorporate a systems-level view, 

rather than centering on specifi c disciplines. The focus of these 

courses is, in part, on the developing world, largely because 

the systems there tend to be somewhat less complex and more 

amenable to analysis. Care is taken, however, to emphasize how 

these ideas also apply to the developed world. 

 Taken as a whole, these courses consider a wide range of 

technical and societal issues, with the balance between “engi-

neering” and “context” varying between the classes. Although 

the courses constitute an interconnected set, linking to and 

supplementing each other, they are independent and can thus 

serve the needs of a broad group of engineering students. 

 The course “Sustainable Engineering for International 

Development” is specifi cally geared toward presenting descrip-

tions of society and communities as systems and providing a 

broad view of sustainable development and appropriate tech-

nology to develop a picture of water, energy, and materials 

issues in communities at all stages of development. Although 

predominantly technical, this course contains a signifi cant 

focus on economics, anthropology, and other topics. Mate-

rials make up a large part of the class, with discussions on 

resource sustainability and how one chooses materials for spe-

cifi c sustainable technologies. Typically, around 30 students 

take this class. 

 The Mechanical Engineering course “Design for Appropriate 

Technology” offers a new take on the senior design course, with 

a focus on creating appropriate solutions for specifi c applica-

tions in the developing world. Students are asked to respond to 

defi ned needs of people in a poor village in Africa. They have 

access to both previous designs and assessments of how well 

those designs have worked in a practical application. Although 

this course is predominantly technical, its problems are motivated 

within a societal context. 

 The fi nal class in the sequence, “Applied Methods in Sustain-

able Engineering for International Development,” is a summer 

study-abroad class taught in a small village in Mali, in western 

sub-Saharan Africa.  7   The same village is visited each year, so 

projects implemented in one year can be assessed and improved 

in following years. Students spend three weeks in the village, in 

which most, if not all, villagers live on well under US$1.25/day 

(designated as extreme poverty by the World Bank). The students 

implement projects in the village, some of which 

originate in the senior design course discussed 

above. Owing to the complexities of travel to 

Mali, this course can accommodate only 10–12 

students at a time. 

 In this class, the use of materials is a critical 

part of the experience. In an isolated village 

with few resources, the students must rely on 

local materials, generally mud (for bricks and 

stoves), iron from the village blacksmith, and 

wood from the carpenter, to complete their 

projects. As an example, we introduced new 

cook stoves into the community, with the aim 

of reducing smoke and associated health haz-

ards, as well as improving effi ciency compared 

to open fi res. These stoves were of a simple 

design, made of local materials, so that the 

villagers could manufacture their own stoves, 

as purchasing stoves is generally beyond their 

fi nancial means. Over the fi rst three years of 

the class, we fi rst assessed the cooking needs 

of the village, which determined what form 

of stove to create, and then assessed, within 

the context of a wider-ranging evaluation of 

village energy needs, the effectiveness of the 

stove design. For example,   Figure 2   shows a 

   
 Figure 1.      Worcester Polytechnic Institute student Anna Chase (second from left) 

introducing women in the village of Malewa, Kenya, to the Better Water Maker (foreground). 

This portable device purifi es water with ultraviolet light generated using a hand crank. 

Photo by D. Apelian.    
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student learning how to separate grain as part of this assess-

ment of energy and cooking needs.     

 One outcome of this experience is a realization of how mate-

rials dominate our technology, as well as an appreciation of 

how much one can do with some basic materials understanding. 

Another part of the assignment is to create a report on some 

specifi c social, economic, or environmental aspect of the vil-

lage, to supplement the systems-level description. Students 

create these reports through data gathered, in part, by inter-

viewing people in the village. Among the goals for this class 

is the creation of an environment in which students can learn 

how to work effectively in a culture that is very different from 

their own. The major goal, however, is to change how students 

view the role of engineering in society, enabling them to have 

a fi rst-hand understanding of how context informs engineer-

ing solutions. The net result is also a change in how they view 

themselves as engineers. 

 It is also important to extend the discussion of sustainable 

development beyond engineering. To that end, Engineering 

and Economics faculty have co-created a course called “Glo-

balization and Sustainability” that teaches a systems-level 

view of sustainable development and is open to all under-

graduates. Taught in the “Technology and Social Change” 

program in the College of Liberal Arts and Sciences, this 

course includes students from all six undergraduate colleges 

and from all stages of their undergraduate experience, with 

enrollment of approximately 100 students. Materials make 

up an appreciable portion of this class, with a focus on the 

ubiquity of materials in technology, as well as the scarcity 

of some resources and how that scarcity can have an impact 

on future technological solutions for sustainable energy 

and products. This class is a core course in a new minor in 

sustainability.   

 Teaching principles of sustainability at California 
Polytechnic State University 
 The Materials Engineering department at the California 

Polytechnic State University (“Cal Poly”), San Luis Obispo, 

has taken the approach of infusing principles of sustainabil-

ity throughout its entire curriculum. That is, awareness and 

considerations of the social and environmental impacts are 

interwoven within several courses and have a prominent place 

in the program’s mission and culture. Through a National 

Science Foundation departmental-level reform grant awarded in 

2006, the department collectively transformed its curriculum to 

embrace sustainability and project-based learning.  8   ,   9   Although 

basic principles of materials science and engineering are still at 

the core, there has been a shift in the approach—from scientifi c 

analysis to project-based engineering design with realistic con-

straints. Central tenets of the new curriculum include systems 

thinking and the role of engineers in society. Problems have 

been reframed to show interconnectedness and to give greater 

context (e.g., new alloy systems must be developed to replace 

toxic, lead-based solders yet still provide equal or better ther-

mal and mechanical performance), in order to help develop 

engineers with the skills and mindset to effectively handle the 

complex, global issues of the future. 

 Sustainability themes are introduced in the freshmen year 

and continue throughout the students’ program of study in 

different courses and from different perspectives.  10   First-

year students design, build, and test solar water heaters in 

the context of impoverished communities. They then per-

form a service-learning project with local 

community partners and learn about user 

needs, engineering design, communication, 

and project management. As an example, a 

team of students worked with a local charter 

elementary school that did not have any hot 

water for hand washing or science experi-

ments. The Cal Poly students designed and 

installed a solar water system (  Figure 3  ) and 

created associated learning materials about 

their design for the children. User-centered 

design places the focus on people and can be 

a great motivator for learning.     

 The second year includes the courses “Materi-

als, Ethics & Society” and “Materials Selection 

for the Life Cycle.” CES Selector software with 

the Eco Audit tool  11   is employed to quantita-

tively assess the choices of different materials 

during different parts of the product life cycle. 

Students learn about the “triple bottom line” (as 

mentioned in the Introduction) and how the cost 

of a product involves many different factors 

such as labor, embodied energy, transportation, 

supply and demand, and politics (e.g., wars, 

   
 Figure 2.      Student working with women in a village in Mali to help determine energy and 

cooking needs. Photo by R. LeSar.    
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strikes, and embargos). Current news articles are used to 

emphasize the topics’ relevance, and directed reflection 

assignments and in-class discussions allow greater opportu-

nity for thought on the impact of engineering on people and 

the planet. For example, an assignment that has a signifi cant 

impact on students is a set of articles and photo gallery  12   on 

the electronic wastes that end up in developing countries. 

Students make the connection between their latest cell phone 

and young children exposed to toxic materials in other parts 

of the world. Likewise, the connection between the demand 

for rare-earth metals for renewable energy technologies and 

the devastation of farmland in China  13   requires broader views 

and systems thinking. 

 Processing, structure, and properties of materials fi nd new 

context in appropriate technology. For example, discussion of 

the organization Potters for Peace (  http :// www . pottersforpeace . 

org / ) provides great context for considering purposeful porosity 

in ceramics to fi lter water. Similarly, an introduction to the Euro-

pean RoHS regulations (Restriction of the Use of Certain Haz-

ardous Substances in Electrical and Electronic Equipment) and 

the search for lead-free solders drives the need to understand 

eutectic alloy systems and phase diagrams. Real-world contexts 

and realistic design constraints that involve environmental and 

societal impacts provide rich learning experiences for students. 

 Experience at Cal Poly has shown that students become 

more invested in their learning when topics relate to the 

“real world” and when engineering offers solutions to global 

problems. More students in this program are also choos-

ing senior projects that have a sustainability theme (e.g., 

bioresins for surfboards, degradation of nat-

ural fi ber composites, biochar as an energy 

source for developing countries), and several 

graduates have actively sought jobs in areas 

that pertain to sustainability (e.g., solar cells, 

electric vehicles).   

 Where do we go from here? 
 Thus far, this article has summarized our 

experiences in implementing educational 

programs in sustainable development at 

Worcester Polytechnic Institute, Iowa State 

University, and California Polytechnic State 

University. As we and others improve current 

courses and develop new learning opportuni-

ties in sustainable development, the central 

issue is how to provide the most meaningful 

and practical learning experiences for our 

students. Questions on the details of such 

programs remain, such as: 

    •      How should specialization in the materials 

fi eld be balanced with broader, multidisci-

plinary education?  

    •      How can different universities share their 

experiences in teaching sustainable devel-

opment?  

    •      What types of data should be collected to assess the teach-

ing of sustainable development? (e.g., How does one assess 

student ability to “systems think”?)  

     •     How can these programs impact all materials science 

students and encourage all practitioners to embrace sustainable 

development as part of our profession?  

   We feel that a clearinghouse or forum for educators to share 

ideas and experiences around the teaching of sustainable devel-

opment would be benefi cial for our community. Perhaps the 

University Materials Council, an organization of U.S. and 

Canadian materials science educators that serves as a forum 

for sharing best practices and discussing issues such as cur-

ricular improvements (  http :// www . umatcon . org / ), could take 

the lead in this domain.   

 Summary and conclusions 
 The educational system is still in the beginning stages of learn-

ing how to teach a broader view of sustainable engineering. In 

addition to the three institutions profi led, many other univer-

sities have also been developing new curricula and research 

based on these ideas, and indeed, a few have created centers 

focused on these issues.  14   –   16   The key point for all materials 

scientists is that the solutions that are being proposed for 

sustainable development, including green designs, renewable 

energy, and a host of others, cannot meet our future challenges 

unless we fi nd appropriate technologies and paths for our 

society and ourselves. Our job in the university is to ensure 

that we turn out scientists and engineers who are best prepared 

to do so.     

   
 Figure 3.      Freshman service learning project with a California K–6 charter school to install 

a solar water heater. Cal Poly students conducted a user needs assessment and identifi ed 

the engineering design constraints and requirements to provide hot water to school 

children to wash their hands and for the science teacher to conduct experiments. They 

then installed the system and still maintain it. Photo by K. Chen.    
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