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If you teach science or engineering or have a strong interest in these disciplines, 
your undergraduate years were likely a turning point. Perhaps the initial excite-
ment you felt as an adolescent when you observed the luminous clouds of the 
Orion Nebula through your new telescope grew into a desire for an astronomy 
career in an undergraduate course when you learned how and why this nebula 
is a place where stars are born. Or maybe a college field trip to a Paleozoic rock 
outcrop opened your mind to the immensity and longevity of the forces at work 
in Earth’s formation and spurred you to pursue geosciences. Whatever the inspira-
tion, you persisted through excellent courses and lackluster ones, through stimu-
lating assignments and tedious ones, to complete an undergraduate major in sci-
ence or engineering and go on to master a discipline. 

Based on your own undergraduate experiences, you may assume that most 
students should be able to learn science the way you learned science, but that 
is not always the case. For too many students, the undergraduate years are the 
turnoff point. A single course with poorly designed instruction or curriculum can 
stop a student who was considering a science or engineering major in her tracks. 
More than half of the students who start out in science or engineering switch to 
other majors or do not finish college at all. Maybe they failed a crucial prerequi-
site course, or found little to engage their interest in their introductory courses, 
or failed to see the relevance of what they were being taught. For non-majors, an 
introductory course that confirms their preconception that they are “bad at sci-
ence” may be the last science course they ever take.

Evidence from research on learning and teaching in science and engineering 
suggests that a large part of the problem lies in the way these courses are tradi-
tionally taught—through lectures and reading assignments, note-taking and mem-
orization, and laboratories with specific instructions and a predetermined result. 

Preface
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A 2012 report by the President’s Council of Advisors on Science and Technology, 
Engage to Excel, sizes up the issue in this way:

Traditional teaching methods have trained many STEM [science, technology, 
engineering, and mathematics] professionals, including most of the current 
STEM workforce. But a large and growing body of research indicates that 
STEM education can be substantially improved through a diversification of 
teaching methods. These data show that evidence-based teaching methods 
are more effective in reaching all students—especially the “underrepresented 
majority”—the women and members of minority groups who now constitute 
approximately 70% of college students. (p. i)

To learn science and engineering well at the undergraduate level, students 
must understand in depth the fundamental concepts of a discipline. They must 
develop skills in solving problems and working with the tools of science and be 
able to apply these skills to new and somewhat different tasks. They must under-
stand the nature and practices of science or engineering and be able to critically 
evaluate information. 

How do students learn these crucial aspects of science and engineering? Are 
there ways of thinking that hinder or help these learning processes? Which kinds 
of teaching strategies are most effective in developing these types of knowledge 
and skills? How can instructors determine whether their students have met these 
learning goals? And how can instructors apply these strategies to their own 
courses or encourage them within their departments or institutions?  

To inform these questions, this book offers evidence from an area of schol-
arship called discipline-based education research, or DBER, and related fields. 
DBER has arrived at insights about how students learn science and engineering 
and how to design instructional strategies that build on these insights to improve 
students’ conceptual knowledge and attitudes about learning. The most compre-
hensive synthesis of findings from DBER and their potential to improve instruc-
tion can be found in a 2012 report by the National Research Council (NRC), 
Discipline-Based Education Research: Understanding and Improving Learning 
in Undergraduate Science and Engineering. The report was written by an NRC-
convened committee of 15 experts from physics, astronomy, biology, chemistry, 
geosciences, engineering, cognitive psychology, educational psychology, and sci-
ence education. Over the course of 13 months in 2010 and 2011, the committee 
members distilled the main findings from peer-reviewed DBER studies and exam-
ined the influence of this research on undergraduate instruction in the major science 
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disciplines and engineering. They also identified issues for future research and 
considered the resources, incentives, and conditions needed to advance the field of 
DBER and enhance its impact on instruction. To help inform its work, the com-
mittee commissioned new papers and held four fact-finding meetings.

Along the way, the committee realized that its findings could have a far-
reaching impact on those who teach undergraduate science and engineering or 
have an influence on instruction in these disciplines. This book for practitioners 
grew out of that realization. 

This book is based on the 2012 NRC report on DBER, as well as on inter-
views with expert practitioners who have successfully applied findings from 
DBER and related research in their classrooms, departments, or institutions.1 
The goal is to summarize the most salient findings of the NRC committee and 
the experience of expert practitioners about how students learn undergraduate 
science and engineering and what this means for instruction. This book presents 
new ways of thinking about what to teach, how to teach it, and how to assess 
what students are learning. To encourage instructors and others to apply this 
information in their institutions, it also includes short examples and longer case 
studies of experienced practitioners who are implementing research-based strate-
gies in undergraduate science and engineering courses or across departments or 
institutions. Although these findings could apply to a variety of disciplines, this 
book focuses on the disciplines addressed in the NRC study—physics, astronomy, 
biology, chemistry, geosciences, and engineering.

This book is intended for anyone who teaches or plans to teach undergradu-
ate courses in science and engineering at any type of higher education institution 
or who is in a position to influence instruction at this level. Throughout the book, 
the term “instructor” is used broadly to refer to the full range of teaching staff—
tenured, non-tenured, or adjunct faculty; lecturers and similar teaching positions; 
and postdoctoral scholars or graduate students with teaching responsibilities. 
Although many of the strategies and ideas in these pages are geared to instructors, 
others with an interest in science and engineering education will find suggestions 
for encouraging or supporting research-based instruction. These other audiences 
might include department heads; faculty development providers; provosts, deans, 
and other higher education administrators; leaders of professional societies and 
associations for science and engineering; and those with policy roles in higher edu-
cation or science education. 

1 All of the interviews cited in this book were conducted by Nancy Kober between March 2013 and March 
2014.
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If you are a newcomer to research-based instruction, this book will intro-
duce you to the main ideas about learning and teaching that are emerging from 
DBER, as well as strategies you might try in your classroom or institution. If you 
are already somewhat familiar with these ideas, you will find additional evidence-
based approaches for addressing particular student needs, as well as advice for 
overcoming challenges that are bound to arise. If you are experienced in imple-
menting this type of teaching, you may discover insights from other practitioners 
that could enrich your own practices. 

Chapter 1 lays out the reasons why instructors and instructional leaders 
might consider evidence about how students learn science and engineering as 
they design their instruction. It introduces some of the main findings from DBER 
and gives examples of how instructors have applied these findings in a variety of 
settings. Chapter 2 shares suggestions from researchers and expert practitioners 
about how to get started with implementing research-based strategies and how to 
make the process less intimidating. 

Chapter 3 summarizes general evidence from research on how people learn 
and specific findings about how undergraduates learn science and engineering. It also 
discusses how insights from these research fields have informed the design of instruc-
tional strategies that seek to improve students’ conceptual understanding, problem-
solving skills, and use of models and other visual and mathematical representations. 
Chapter 4 describes a range of research-based instructional strategies in science and 
engineering, including strategies to make lectures more interactive, use student group 
work to promote learning, and make learning more relevant, among other goals. 
Chapter 5 examines related aspects of effective instruction, including assessment, 
appropriate uses of technology, and changes in the learning environment. 

Chapter 6 looks at some common challenges in implementing research-based 
instruction and ways to overcome these challenges. Chapter 7 discusses actions 
that departments, institutions, and outside groups can take to encourage and sup-
port effective undergraduate instruction in science and engineering. A concluding 
section recaps the main messages of the book.

Throughout the chapters you will find concrete examples and case stud-
ies that illustrate how skilled instructors and leaders from various disciplines and 
types of institutions have used findings from DBER and related research on learn-
ing to design and support instruction in their classrooms, departments, or institu-
tions. These examples may inspire, intrigue, challenge, or provoke you. Whatever 
your reaction, the examples are intended to encourage reflection and discussion 
about effective ways to help students learn science and engineering. 
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This type of reflection is not always easy. Instructors may be unaware of 
this body of research. Even if they aware, they may be disinclined to change teach-
ing methods that are familiar or ubiquitous in their departments and seem to be 
working, at least for some students. Departmental and institutional cultures may 
also present obstacles to changing practice, as discussed in later chapters.

On a positive note, however, as a scientist or an engineer you already have 
the intellectual tools and experience needed to examine students’ learning and 
your own teaching from a research perspective. Every day, you tackle research 
problems in your discipline, consider various strategies to solve those problems, 
try out a strategy, and revise that strategy based on the results. Why not apply this 
same mindset to your teaching? The research is there, and so are a variety of cur-
riculum materials, professional development opportunities, and other resources. 
With some effort, the rewards will be there, too—better educated students, greater 
professional satisfaction, and a brighter outlook for society.

Preface
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1

1Thinking About Learning and Teaching  
    as a Researcher Would

If you’re like many instructors of undergraduate science and engineering, you may 
be fairly satisfied with your teaching. You’ve made an effort to craft meaningful 
and interesting lectures that coherently present the content students should learn 
in your discipline. You may break up your lectures with questions that students 
answer anonymously on handheld devices. The students who work hard do well 
in your courses, and your evaluations are good, perhaps outstanding. While there 
are certainly things you could tweak, the other demands on your time—including, 
in many cases, your own research agenda—may make you hesitant to tamper with 
a solid course.

Or perhaps you’re a department head, faculty development expert, or insti-
tutional leader who would like to invigorate instruction on a wider scale but must 
consider any reforms within a broader context of faculty autonomy, time and 
funding constraints, and other pressing priorities. Or maybe you’re a graduate stu-
dent or post-doc who would like to explore innovative teaching in your discipline 
but sees little incentive from your department or the competitive faculty job mar-
ket to pursue those innovations.

So why take time to investigate effective approaches to teaching and learn-
ing? Why make the effort to redesign a course or program that on the whole 
seems to be working well? A short answer comes from the experiences of many 
instructors around the country—successful by standard criteria—who reviewed the 
research on learning, reflected on their teaching, and found it wanting. Drawing 
on this research base, they designed ways to help their students develop a better 
understanding of the fundamental concepts of a science or engineering discipline, 
become more engaged in their own learning, and begin to think and reason as sci-
entists and engineers do. These instructors often started with modest changes and 
refined their techniques over time. And their results were often encouraging. 
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This chapter discusses the benefits of adopting a research-based approach 
to teaching and learning and introduces findings from research that are explored 
in greater depth in later chapters. The examples and case studies in this chapter 
describe the factors that motivated instructors to examine or conduct research 
on learning and make changes in their teaching. These cases also illustrate how 
research-based strategies can be feasible—exciting, even—in settings ranging from 
community colleges to large research institutions, and from small classes to big 
introductory lecture courses.

Research on Learning Spurs Changes in Teaching Practices 

For Eric Mazur,1 a professor of physics at Harvard University, the desire to 
change his teaching took shape in 1990, when he came across a series of papers 
by Ibrahim Halloun and David Hestenes (1985, 1987) showing that conventional 
physics instruction did little to alter students’ misguided beliefs about common 
physical phenomena. Although, after a few months of physics instruction, most 
students could correctly recite Newton’s third law and apply it in numerical prob-
lems, Halloun and Hestenes probed more deeply by administering an assessment 
they had developed called the Force Concept Inventory. The results suggested that 
many students did not truly understand basic Newtonian concepts. Mazur, who 
had been teaching introductory physics since 1984, doubted this was a problem 
for his Harvard students. But he was intrigued enough to try the test on his own 
science and engineering majors. “The results of the test came as a shock: the stu-
dents fared hardly better on the [conceptual] test than on their midterm examina-
tion,” Mazur writes. Yet, he notes, the midterm covered material of far greater 
difficulty—“or so I thought” (Mazur, 1997, p. 4).

Mazur’s further research with his own students convinced him that although 
many could correctly solve conventional mathematics problems in physics, a siz-
able share continued to cling to alarming misconceptions. He concluded that many 
students do well on conventional problems “by memorizing algorithms without 
understanding the underlying physics.” Moreover, he realized, even experienced 
teachers could be “completely misled into thinking that students have been taught 
effectively” (Mazur, 1997, p. 6). 

1 Except where noted, the information in this example comes from an interview with Eric Mazur, April 
13, 2013.
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Thinking About Learning and Teaching as a Researcher Would 3

Following this revelation, Mazur explored different strategies for teach-
ing introductory physics. Over time, he developed an approach called Peer 
Instruction, described in more detail in Chapter 4. In Peer Instruction, brief 

lecture presentations are interspersed 
with short assessment questions, or 
ConcepTests, designed to expose com-
mon student difficulties in understanding 
a single concept. Students think about 
the question, come up with their own 
answers, and then discuss their responses 
for a few minutes with a small group of 
peers as they seek to reach consensus on 
the correct answer (Mazur, 1997).

A self-confessed “data junkie,” 
Mazur analyzed years of statistics on his 
students’ performance and continued to 
refine his teaching. His data show that 
students taught with Peer Instruction have 
greater mastery of conceptual reasoning 
and quantitative problem-solving skills 
than those in traditionally taught classes 
(Crouch and Mazur, 2001). More recent 
work by Lazry, Mazur, and Watkins 

(2008) found similar improvements in knowledge and skills, as well as decreased 
attrition in introductory physics courses, among community college students 
taught with Peer Instruction.

For Richard Yuretich,2 a professor at the University of Massachusetts 
Amherst, the impetus to change grew out of his frustration with poor atten-
dance and a lack of student engagement in his large oceanography course, 
which enrolled roughly 1,200 students. Most of the students were not science 
majors, and they were divided into four sections taught by different instructors. 
Although the course received high ratings on student evaluations, Yuretich, who 
at that point had been teaching for more than a decade, still felt that “the class 
was not being engaged on any level.” He described the problem in this way 
(Yuretich et al., 2001):

2 Except where noted, the information in this example comes from an interview with Richard Yuretich, 
April 4, 2013.

Eric Mazur working with students in his introductory physics class.
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Despite our best efforts to deliver coherent, enthusiastic, and well-illustrated 
lectures, we questioned whether many students were learning as much as they 
could. Attendance on a typical day hovered at or below 50%, except just 
before exams when the class was packed. Students would routinely leave early 
or arrive late. Our attempts to engage the class in questioning and discussion 
resulted in the animated participation of a small cadre of motivated students, 
but the rest of the class was listless and disinterested.

Yuretich wanted to teach in a way that would convince students that “if 
they come to class, this is where learning is going to happen.” A new center 
for learning on his campus had begun giving workshops on more interactive 
approaches to teaching, which inspired him to try something new. At that time, 

in the 1990s, research on geosciences educa-
tion was quite limited, he notes, but he found 
enough to get started. He began encourag-
ing more discussion by providing students 
with handheld microphones, interspersing his 
lectures with short videos, and doing demon-
strations in class to illustrate basic principles. 

A further breakthrough in Yuretich’s 
thinking about instruction occurred when he 
served as a geology expert in a summer insti-
tute for K–12 teachers. As he worked with 
the teachers on developing hands-on learning 
activities, he kept thinking: “There’s nothing 
here that can’t work with undergrad stu-
dents. So I started taking some of the things 
we were doing at the summer institutes and 
modifying them to work with the students in 

a lecture hall.” He incorporated activities into his lectures that students could do 
in their seats in small groups, such as graphing, conducting short experiments, and 
classifying fossils, and this “seemed to get things moving,” he says. 

Yuretich and a group of colleagues received a National Science Foundation 
(NSF) grant to develop a systematic, campus-wide approach to improve science 
instruction for students who were preparing to become middle and high school 
teachers, and his oceanography class became the “test bed,” he explains. He and 
his colleague Mark Leckie designed a series of in-class exercises that students 
could carry out with their peers sitting next to them after a brief lecture by the 

“Putting the toe in water is a better 

strategy than diving in and suddenly 

getting frozen. We started out just doing 

a few trial things . . . and ultimately 

expanded to trying more.  And then 

eventually the whole class changed over.”

—�Richard�Yuretich,��
University�of�Massachusetts�Amherst
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instructor. The exercises are intended to “help students think like scientific inves-
tigators” (Yuretich et al., 2001). To better understand the principle of density, for 
example, students work together to answer these questions:

1.  List some ways that you could measure the density of water. 

2.  Is salt water more or less dense than fresh water? How could you tell? 

3.   Design an experiment that would allow you to measure the change in the den-
sity of water as temperature changes.

Evidence collected over several semesters showed a marked increase in stu-
dent attendance and exam scores, compared with previous classes, and a positive 
impact on students’ critical thinking skills as gauged by surveys and interviews 
(Yuretich, 2003). “Putting the toe in water is a better strategy than diving in and 
suddenly getting frozen,” says Yuretich. “We started out just doing a few trial 
things . . . and ultimately expanded to trying more,” he explains. “And then even-
tually the whole class changed over.”

In the decades since Mazur and Yuretich began seeking out information, evi-
dence has grown about how students learn in science and engineering disciplines 
and which instructional strategies are most effective. And an array of resources—
including faculty development opportunities, curriculum websites, networks of 
colleagues, and institutional supports—are available to help instructors apply 
these techniques and overcome challenges.

These research-based strategies can be adopted or adapted by instructors, 
and by those in positions to influence instruction, in all types of public or private 
higher education institutions: research universities, comprehensive universities, 
liberal arts colleges, other undergraduate institutions, or community colleges. They 
can work in various kinds of courses: introductory and upper-level courses, small 
and large classes, lectures and labs, and courses for majors and non-majors. And 
these strategies are feasible not only for instructors who are interested in doing 
formal studies of teaching and learning in their discipline, but also for anyone 
who is open to incorporating ideas from existing research and reflecting on their 
teaching practices in a systematic way.

As the following case study illustrates, that’s what Kaatje van der Hoeven 
Kraft did when she set out to improve her physical geology course at a community 
college with a large Hispanic enrollment.
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Designing Learning

In Kaatje Kraft’sa geology classes at Mesa Community 

College in Arizona, the low-tech notebook is a tool 

for reflection—both for her students to reflect on 

what they are learning and for she herself to moni-

tor students’ understanding and adjust her teaching 

accordingly.

Investigating earthquakes using real data

“Why do we get different magnitude earthquakes?” 

Kraft poses this question to her students near the 

beginning of one class period in physical geology. 

The 24 students, a diverse group that includes 

many Hispanic students, offer a variety of answers: 

The depth of the earthquake. How much the plates 

move. Tension.

After nudging students to consider the elastic 

rebound theory, which they had just learned, Kraft 

directs them to talk with their tablemates about 

the factors that might generate different size 

earthquakes.

For the next few minutes, the students, who are 

seated at tables in groups of four, discuss this ques-

tion. Several pause occasionally to write in colorful 

course notebooks filled with assignments, work-

sheets, questions for reflection, and their own notes 

and drawings. Kraft circulates among the students, 

listening to their conversations and asking prob-

ing questions. “Ooh, intriguing!” she exclaims in 

response to one student’s explanation. 

Kraft moves to the front of the room, next to a 

large world map displaying the major plate bound-

aries. “Some of you are on the right track,” she says. 

“But some of you are thinking about intensity versus 

magnitude. It’s easy to confuse those.” 

As students from each group report their possible 

explanations to the whole class, Kraft writes their 

responses on a whiteboard and summarizes: “The 

rate of plate motion might actually influence how 

often you get an earthquake, whereas how much 

energy is built up determines how big it is. And so 

we go back to the elastic rebound theory—the more 

stress you build up, the bigger the earthquake is 

going to be,” she says as she interlocks her fingers 

and pulls her hands in opposite directions until they 

release with a forceful jerk. 

Kraft then preps students for the next task: each 

table of students will analyze one of six significant 

earthquakes that occurred between 2004 and 2011 

in sites ranging from Chile to Sumatra. Each group 

will focus on four characteristics of their particular 

earthquake:

a Except where noted, the information in this example comes from 

an interview with Kaatje Kraft, April 13, 2013, and from a video of 

Kraft teaching a geology class. At the time of the interview, Kraft was 

teaching at Mesa Community College in Arizona. She has since moved 

to Whatcom Community College in Bellingham, Washington (as of 

September 2014).

Students Become Reflective Learners— 
and So Does the Instructor

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Thinking About Learning and Teaching as a Researcher Would 7

1. Tectonic setting—whether the plate boundary is 

divergent (with plates moving away from each 

other) or convergent (with plates moving toward 

each other); and if it is convergent, whether it 

is a subduction zone, whereby one plate moves 

under the other and sinks into the Earth’s man-

tle, or a non-subduction zone 

2. Magnitude 

3. Intensity at the epicenter and in other areas

4. Significant events such as loss of life, injury, or 

property destruction

Kraft encourages the students to consult data 

on the U.S. Geological Survey (USGS) website (every 

table has at least one laptop) and make sketches. 

For the next 30 minutes, students talk animatedly. 

They look up information on the USGS website, con-

sult their ubiquitous notebooks, and summarize what 

they found on small whiteboards. Kraft stops by each 

table to check on their progress and offer guidance. 

She tells them to write any remaining questions on a 

big whiteboard at the front of the room.

In the next segment of the class, students from 

each group present the highlights of their table’s 

investigation to the whole class. As the other students 

listen to these presentations, Kraft asks them to think 

about the commonalities and differences among the 

six earthquakes. Their ideas come into play during 

a final class discussion about the characteristics that 

tend to produce earthquakes of large magnitude and 

the factors that could lead to differences in intensity 

and damage for earthquakes of similar magnitude. 

Later in the semester, at the end of the earth-

quake unit, students apply what they’ve learned to 

an earthquake “case study” that extends over four 

class periods (Kraft, n.d.). Working with real data, 

each group of students analyzes a particular aspect 

of a significant earthquake, such as the Alaska 

earthquake of 1964 or the San Francisco Loma Prieta 

earthquake of 1989. One group develops an over-

view, another analyzes the resulting tsunami, a third 

studies the geologic maps and intensity, and a fourth 

looks at the hazards incurred. Using the “jigsaw” 

technique described in Chapter 4, students from 

each group reassemble into new teams to share 

what they learned from their initial group’s analysis. 

These new teams come up with recommendations 

to government officials about the earthquake and 

its implications for future development, which they 

present to the whole class in a poster session. Next, 

A group poster on a case study of the 1964 Alaska earthquake.
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students write individual papers on the earthquake 

they studied, which are peer reviewed and revised. 

In a wrap-up activity, students reflect on their own 

strengths and weaknesses during the case study pro-

cess and consider how they can be more successful 

learners in the future. This case study activity, which 

Kraft developed, has been rated as exemplary by 

On the Cutting Edge, a professional development 

program sponsored by the National Association of 

Geoscience Teachers.

Becoming a reflective practitioner

Kraft, who began teaching at Mesa in 1999, arrived 

at her current approach to teaching through what 

she describes as “a slow and gradual progression 

of learning more about the research and learning 

more about effective strategies.” Although her 

graduate school experience had piqued her interest 

in geology education, some of the interactive  

strategies she tried in her early years of teaching 

did not go so well. “But as a novice teacher, things 

sometimes generally don’t go so well. And as a 

novice teacher, I didn’t actually know that,” she 

explains. So she reverted to a more traditional way 

of teaching. 

Her interest in trying new teaching strategies 

was rekindled in 2003, when she participated in a 

grant to develop curriculum in collaboration with 

middle and high school teachers. As a result of that 

experience, she began incorporating writing assign-

ments into her courses in which students reflected 

on their learning. To expand her own knowledge 

of effective teaching strategies, she attended work-

shops offered by On the Cutting Edge. There she 

met faculty who were doing research on geology 

education. Kraft says the connections she made 

through these workshops have been “amazing” in 

helping her improve her teaching. “The more  

you have other people to bounce ideas off of and 

support you, the more likely you are to take risks 

and try things.” She has since led and presented at 

On the Cutting Edge workshops herself. 

In 2007, Kraft took a sabbatical to collaborate 

on a project to study ways to improve student learn-

ing by engaging the affective domain—attitudes, 

motivation, beliefs, and other factors that can 

affect students’ behavior and performance (van der 

Hoeven Kraft et al., 2011). The sabbatical altered 

how she viewed her role as an instructor and her 

students’ roles as learners. “We really need to move 

away from that way of thinking that I just need to 

tell them everything I know. Rather, I have to help 

them negotiate content from the perspective of 

what I know,” she explains. Typical of a community 
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college, her students vary greatly in life experiences, 

prior preparation, and long-term goals, but most 

are taking an introductory geology course to meet 

a general science requirement. She wanted to teach 

in a way that would not only cover the required 

competencies, but also create an environment 

where students wanted to come to class and could 

develop skills that would serve them well no matter 

what they intended to pursue. 

Reflecting on her own teaching has been an 

important part of her development as an instructor. 

“I started making notebooks, and I would reflect 

after every single lesson about what worked, what 

didn’t work, what would I like to change for the 

future semester, and how I would approach that 

particular topic. . . . Every semester was a revision-

ary process.”

Using notebooks to encourage student  
reflection 

Student notebooks can be a valuable tool for 

encouraging students to “think about how they 

think,” writes Kraft (2012). Everything students do 

in her classes is placed in their notebooks, including 

handouts, quizzes, records of data and procedures, 

drawings of geological concepts, written work, and 

“reflections” they write before, during, and after an 

activity. “I essentially tell them they’re walking away 

having created their own personal textbook,” says 

Kraft, who assigns online readings but does not use 

a formal textbook. Students are required to com-

plete the notebook as part of their course grade, 

“which means they have to come to class to submit 

their notebook—that helps assure attendance,” she 

explains. 

Before class, students are required to do “read-

ing reflections” in which they answer questions not 

only about the content of a reading assignment, but 

also about their prior knowledge and reaction to the 

reading. The reading reflection for a lesson on plate 

tectonics, for example, includes these questions:

• What were the main ideas from this reading?

• What questions do you still have from this reading?

•  What surprised you most about this reading?

After each lesson, Kraft asks students to write 

down what they learned and how their ideas 

changed from their initial understanding. “So it’s 

helping them recognize that they come in with prior 

understanding and knowledge and that their learn-

ing can change . . . or that some things have just 

been reinforced,” she adds.

Periodically Kraft collects the notebooks; she 

grades students on whether they have completed 

the work and gives them feedback about their 

reflections. The information in the notebooks also 

helps Kraft reflect on her own teaching and modify 

her lessons to answer students’ questions and clarify 

concepts that are not well understood. 

As part of the national Geoscience Affective 

Research NETwork (GARNET) project, Kraft is col-

lecting data on her students’ attitudes and motiva-

tion. By the end of the semester, she reports, many 

students who initially felt they were “not very good 

at science” say they “love this science class.” She 

attributes that to her focus on concepts and student 

inquiry rather than terminology and memorization.
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Kraft uses several research-based strategies that are described in Chapters 3 
and 4 of this book. These include learning exercises that require students to par-
ticipate actively during class, collaborative activities in which students can learn 
from each other, tasks explicitly intended to promote metacognition, or “thinking 
about thinking,” and opportunities for students to “practice” science using real 
data and tools of the discipline. And although community colleges do not gener-
ally require faculty to conduct research, a good way for faculty to maintain their 
scholarly practice is to participate in faculty development workshops, as Kraft has 
done. Her experience also shows the value of learning from the research of others, 
collaborating with a network of colleagues, and closely monitoring the impact of 
gradual changes in one’s teaching practice.

The Importance of Improving Instruction

The reasons for exploring more effective approaches to science and engineering 
education go beyond the personal. The actions that you, as an instructor or an 
influential leader, take—or do not take—to improve undergraduate teaching and 
learning have an impact on the nation’s future. 

Consider, for example, the complex and worrisome challenges—new viruses, 
global climate change, nuclear terrorist threats, to list just a few—that will affect 
the quality of life for all of us, and for our children and grandchildren. Or consid-
er the countless smaller decisions, from selecting health care to crafting food and 
land-use regulations, that citizens, consumers, parents, and political leaders make 
each day. Addressing these challenges and making these decisions will require a 
cadre of knowledgeable scientists and engineers and a scientifically literate public. 
College and university instructors and leaders play a critical role in preparing stu-
dents to meet these challenges, whether as science and engineering professionals or 
as well-informed citizens.

In light of such challenges, instructors might ask themselves whether their 
courses are preparing science, technology, engineering, and mathematics (STEM) 
majors to solve new problems, communicate and collaborate effectively, and use 
their knowledge to contribute to society. Are their teaching approaches effectively 
helping students who are not headed toward a STEM career develop sufficient 
understanding of the “big ideas” of science and the ways of thinking about science 
to make good, rational choices? 

During the past quarter-century, numerous national reports have emphasized 
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the need to improve undergraduate education in STEM fields as an essential step 
in preparing a diverse technical workforce and a scientifically literate citizenry.3 
A 2012 report by the President’s Council of Advisors on Science and Technology 
(PCAST) warns that the United States is “putting its future at risk by forfeiting its 
historical strengths in STEM education” (p. 1). If the United States is to retain its 
edge, it will need to prepare roughly 1 million more STEM professionals during 
the next decade than would be produced at current rates, the report concludes. 
But too many students abandon STEM majors during their first two years of col-
lege, citing such reasons as “uninspiring introductory courses,” difficulty with the 
math required in introductory STEM courses, and an “unwelcoming atmosphere” 
from faculty who teach these courses (p. i). Increasing the retention rate of STEM 
majors from the current 40 percent to 50 percent would yield almost three-fourths 
of the 1 million additional STEM graduates needed during the next decade, the 
report estimates. (And even with such an increase, half of the students who start 
out pursuing a STEM major would not stick with it—still a disappointing attrition 
rate from most instructors’ perspective.) 

Completion rates are significantly lower in STEM disciplines than in other 
majors for all student groups and are a particular concern for students from 
underrepresented racial and ethnic groups, who have lower college completion 
rates in general. For example, Hispanic and African American students are as 
likely to start college with an interest in science and engineering as white and 
Asian students, but they are less likely to persist (National Academy of Sciences, 
National Academy of Engineering, and Institute of Medicine, 2011). Many of the 
reasons students give for switching out of a STEM major boil down to poor teach-
ing in introductory courses (Seymour and Hewitt, 1997). 

In light of these findings, you might ask: Is your style of teaching drawing 
students into science and engineering—or driving them away? Are you teaching 
in a way that motivates, engages, and supports the learning of all your students, 
including those with backgrounds or approaches to learning that differ from your 
own? Are your courses and your department’s programs serving as gateways to 
learning science or engineering, or gatekeepers?

3 These include Undergraduate Science, Mathematics, and Engineering Education, National Science Board 
(1986); Science for All Americans, American Association for the Advancement of Science (1989); Shaping the 
Future: New Expectations for Undergraduate Education in Science, Mathematics, Engineering, and Technol-
ogy, National Science Foundation (1996); Transforming Undergraduate Education in Science, Mathematics, 
Engineering, and Technology, National Research Council (1999); and many others. A more complete list of 
major national reports calling for improvements in undergraduate science education can be found in Vision 
and Change in Undergraduate Biology Education: A Call to Action, American Association for the Advance-
ment of Science (2011). 
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Instructors of undergraduate science and engineering affect the future of our 
society in another important way—by helping to prepare prospective K–12 teachers. 
These future teachers will need a solid base of scientific knowledge and positive atti-
tudes about science to foster understanding and interest in science among the chil-
dren they will teach. They also need to experience effective instruction that actively 
engages students as a model for how they might teach later. Are your undergraduate 
science courses, especially those for non-majors, accomplishing these goals?

If your answers to any of the questions posed above are “maybe,” “I’m 
not sure,” or a candid “no,” then you may find ideas for energizing your instruc-
tion from an area of inquiry called discipline-based education research, or DBER, 
which emerged in the 1970s and has since gained momentum.

How Can DBER Help?

DBER combines the expertise of scientists and engineers about the challenges of 
learning a particular discipline with broader theories about teaching and learning. 
DBER investigates learning and teaching in a discipline using a range of methods 

with deep grounding in that discipline’s priorities, 
worldview, knowledge, and practices. It is informed 
by and complementary to more general research on 
human learning and cognition. DBER also helps to 
identify appropriate methods for investigating the 
learning and teaching processes. Thus, DBER schol-
arship has the practical goal of improving science 
and engineering education for all students.

DBER has generated insights that can be used 
to improve science and engineering education for 
all students. In particular, DBER sheds light on how 
students learn concepts and ways of thinking in a 
discipline and which types of teaching strategies can 
help students learn more effectively and retain what 
they have learned.

The major findings from peer-reviewed DBER 
studies, as well as the status of DBER as a research 
enterprise, are synthesized in a 2012 report by the 
National Research Council (NRC), Discipline-Based 

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Thinking About Learning and Teaching as a Researcher Would 13

Education Research: Understanding and Improving Learning in Undergraduate 
Science and Engineering. This NRC report is the source of much of the information 
in this book and includes a wealth of additional material for those who want to 
explore the research base in greater depth.

Theories of learning as a basis for instruction

The purpose of instruction is to help students learn. DBER starts from the premise 
that a more complete and nuanced understanding of how people learn science and 
engineering can lead to better instruction.

As described in Chapter 3, many findings about learning from DBER are 
heavily influenced by theories from cognitive research, which hold that learning 
involves much more than simply acquiring factual knowledge. Rather, students 
generate their own understandings and form meaning as a result of their experi-
ences and ideas. Students’ prior knowledge, including their mental models and pre-
conceptions, may hinder or promote learning. Some DBER studies also draw from 
research on sociocultural theories of learning, which shows that students enrich 
their understanding by interacting with others who share a common interest.

DBER studies further reveal that undergraduates, as novices, have misunder-
standings about a wide range of fundamental concepts in science and engineering. 
Such misunderstandings are common and even normal as many scientific explana-
tions of the world run counter to our intuitive beliefs about how the world works 
(for example, the idea that everything around us—even a solid table—is made 
of tiny, moving particles can be tough to grasp at first). They also have difficulty 
mastering aspects of these disciplines that may seem easy or obvious to experts, 
such as solving problems or understanding graphs, models, and other visual and 
mathematical ways of representing important ideas. 

These common student difficulties pose challenges to learning. Well-designed 
instruction recognizes and confronts these difficulties. It activates ways of thinking 
that can help novices integrate or replace their prior knowledge with new informa-
tion to construct more expert-like understanding.

Evidence from DBER about student-centered instruction

Many DBER studies have looked at the effectiveness of “student-centered” instruc-
tional approaches, in which learners build their understanding by applying the 
methods and principles of a discipline and interacting with each other under the 
guidance of the instructor. Student-centered instruction can take a variety of forms, 
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as described in more detail in Chapters 3 and 
4. Common elements often include actively 
engaging students in meaningful individual or 
group tasks, conducting frequent formative 
assessment, and encouraging students to think 
about and articulate their own understanding 
and reasoning, among others. Often DBER 
studies compare the effectiveness of a student-
centered approach with the more traditional 
mode of an instructor transmitting factual 
information to a passive audience of students, 
predominantly through lectures. 

In general, DBER scholarship and 
related studies clearly show that student-cen-

tered instructional strategies are more effective in improving students’ conceptual 
understanding, knowledge retention, and attitudes about learning in a discipline 
than traditional lecture-based methods that do not include student participation. A 
limited amount of research suggests that making even incremental changes toward 
more student-centered approaches can enhance students’ learning.4 

The following excerpts from literature reviews, including several commis-
sioned by the NRC to inform its DBER study, highlight the positive impacts of 
student-centered instruction in specific disciplines:

•	 In	physics, results from conceptual and problem-solving tests administered 
to thousands of students “strongly suggest that the classroom use of [interac-
tive engagement] methods can increase course effectiveness well beyond that 
obtained in traditional practice” (Hake, 1998, p. 1). 

•	 Studies	of	chemistry education during the past decade demonstrate that various 
forms of socially mediated learning (in which students create meaning through 
interactions with others) produce positive outcomes, including “significantly 
higher test scores, higher final grades, better conceptual understanding, lower 
course withdrawal rates, and positive impacts on attitudes” (Towns and Kraft, 
2011, p. 7).

4 For a summary of this research and references to key studies, see Chapter 3 of this book. A more complete 
list of relevant studies can be found in Chapter 6 of the 2012 NRC report on DBER in the Overview section 
and the section on Instruction in the Classroom Setting.

Studies clearly show that student-

centered instructional strategies are more 

effective in improving students’ conceptual 

understanding, knowledge retention, and 

attitudes about learning in a discipline than 

traditional lecture-based methods that do 

not include student participation.
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•	 In	engineering, actively engaging students “can be unquestionably confirmed as 
the best learning situation for learning the skills of both problem analysis and 
engineering design. It is also the most widely demonstrated key to deep concep-
tual understanding” (Svinicki, 2011, p. 15). 

•	 Frequent	assessment	in	combination	with	active	student	engagement	has	been	
shown to significantly improve student performance in biology. In addition, sev-
eral analyses have shown that collaborative learning, particularly collaborative 
testing, improves student retention of content knowledge in biology (Dirks, 2011).

•	 To	produce	significant	gains	in	learning	in	geosciences, “it is necessary to use 
instructional strategies that minimize lecture and maximize other teaching meth-
ods. We know that students learn best when they are engaged with real objects 
or phenomena, working in cooperative groups, solving complex problems, and 
interested in what they are learning” (Piburn, Kraft, and Pacheco, 2011, p. 19).

This is not how most faculty members teach undergraduate science and 
engineering. Traditional lecture is still the most common mode of instruction. 
Science and engineering faculty are more likely, on average, to rely primarily  
on lectures than instructors in other fields and are the least likely to use student-
centered or collaborative instruction (Fairweather, 2005; Schuster and  
Finkelstein, 2006).

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Reaching StudentsReaching Students16

A scientific or engineering mindset

Applying findings from research on teaching and learning to improve your instruc-
tion involves the same type of thinking you would use to solve a scientific or an 
engineering problem in your discipline, whether it is studying how fungi adapt to 
cold temperatures or developing new construction materials from industrial waste. 
Jo Handelsman, a Yale University biology professor, uses the phrase “scientific 
teaching” to refer to the process “in which teaching is approached with the same 
rigor as science at its best” (Handelsman et al., 2004, pp. 521–522). 

Paula Heron, a physics professor and education scholar at the University 
of Washington, describes it as “both brilliant and obvious to take the  
perspective of an experimental scientist and apply it to teaching and learning in 
the discipline.”5

Others see similarities between instructional redesign and engineering 
design, in that both seek to improve complex systems (such as human learning) 
within the constraints of available resources. In both endeavors, write Purdue 
University engineering professors Ruth Streveler, Karl Smith, and Mary Pilotte 
(2012), “we start with requirements or specifications, emphasize metrics, and 
then prepare prototypes that meet the requirements” (p. 1).

In 2003, Beth Simon6 was in her second year as a professor in computer 
science at the University of San Diego when she “began to think about my 
teaching with the same sort of brain that I use in doing my computer science 
research,” she says. “My previous computer science research was in optimization, 
which is about making computer programs go faster. So I would always wonder, 
where are the inefficient parts?” When she would create a new lecture, she would 
wonder, “Did that go better than the old one? How would I know? How would 
I measure it? How can I figure out if I’m producing a better, more efficient, and 
optimal learning experience for students?” 

This insight led Simon on a quest to learn more about effective instruc-
tional practices. She participated in a three-year NSF-funded project where she 
learned how to do qualitative research on instruction. She later took a sabbatical 
to become a Science Teaching and Learning Fellow in the Carl Wieman Science 
Education Initiative at the University of British Columbia. When she took a 
teaching position at the University of California, San Diego (UCSD), she imple-
mented Mazur’s Peer Instruction approach in her courses as a means to improve 
students’ learning and retention and to attract more women and students from 

5 Interview, April 12, 2013.
6 Interview, August 20, 2013.
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underrepresented groups to the computer science major. Simon has since col-
laborated with faculty at other institutions to study the impact of more interac-
tive approaches to teaching computer science. Their research shows a dramatic 
decrease in failure rates among students taught with Peer Instruction (Porter, 
Bailey-Lee, and Simon, 2013). In her current role as senior associate director of 
UCSD’s Center for Teaching Development, Simon continues to apply a research-
er’s mindset to improving instructional practice across the computer science and 
engineering department.

Does This Mean the End of Lecturing? 

Findings from DBER and related research do not mean that lecturing is inherently 
ineffective and should be eliminated. Lectures can be student-centered if they are 
carefully crafted to consider student needs, background, and understanding and 
are implemented with opportunities for student responses. Nor do these findings 
mean that student-centered approaches are automatically more effective. Good 
instruction involves more than just asking students questions or putting them to 
work on activities; it also means helping to move students toward the types of 
expert thinking that characterize the knowledge and practices of a discipline. The 
point is that any instructional approach should be used in a thoughtful way that 
promotes student learning. 

Research has identified a variety of instructional strategies that can enhance 
student learning, including several discussed in more detail in Chapter 4. These 
strategies range in scope and complexity from increasing student interaction with-
in a basic lecture format to devoting the bulk of class time to activities in which 
students work together to solve complex problems. 

Peer-Led Team Learning (PLTL) is an example of a research-based approach 
that requires only modest changes in a lecture course and can be implemented 
with materials developed by others. As explained in the following case study of 
the PLTL model developed by David Gosser at the City College of New York, a 
portion of a lecture course is replaced with a workshop, led by trained undergrad-
uates, in which students collaborate in small groups to solve problems or complete 
other exercises that reinforce the concepts taught in the lecture. 
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Designing Learning

In 1990, David Gossera was a junior faculty member 

in the chemistry department at the City College 

of New York (CCNY), an institution he describes as 

“basically the UN [United Nations]” in terms of stu-

dent diversity. The department had a problem with 

student attrition. The general chemistry introductory 

course enrolled several hundred students, including 

many who did not plan to major in the subject. Just 

45 percent received a passing grade. 

To tackle this problem, Gosser investigated 

a model that had been used successfully by Uri 

Treisman at the University of California, Berkeley, 

in which students reinforced what they were learn-

ing in lectures by working on problems in study 

groups led by graduate students. At CCNY, however, 

hundreds of students took General Chemistry, and 

the graduate student population was too small 

to provide a sufficient number of peer leaders for 

the study groups; about 12 such leaders would 

be needed every semester for each section of 100 

General Chemistry students. Therefore, CCNY recruit-

ed undergraduate students who had done well in 

chemistry in the first semester to serve as “peer 

facilitators” in the second semester, explains Gosser, 
a Except where noted, the information in this case study comes from 

an interview with David Gosser, July 3, 2013.

Modest Changes in Course struCture Yield Major Changes  
in student learning

Peer-Led Team Learning
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who currently directs the Center for Peer-Led Team 

Learning at CCNY. One hour of a four-hour lecture 

course was replaced with a weekly two-hour work-

shop. The class was divided into numerous workshop 

sections of six to eight students, each led by a peer 

facilitator. 

“Even starting from a simple idea and using off-

the-shelf problems, [the model] was very robust,” 

says Gosser. “It was clear that students enjoyed 

the structure.” Gosser received a National Science 

Foundation grant that provided a major stimulus for 

the program and met with faculty from his college’s 

School of Education to incorporate research on col-

laborative learning. 

A critical component of this model, called Peer-

Led Team Learning (PLTL), is the training provided to 

peer facilitators, who are paid a stipend. At CCNY, 

these students participate in an orientation session 

before the semester starts, are overseen by a faculty 

member throughout the semester, and attend weekly 

meetings to practice and discuss the material they will 

cover that week. Faculty make an effort to ensure 

that the problems studied in the peer-led sessions are 

well matched to the topics covered in the lecture.

In the training sessions, facilitators practice 

strategies to elicit students’ reasoning, says Roland 

Maio,b who was a peer facilitator in spring 2013. 

“You want [the students in your section] to work 

through the problem. You don’t want them to just 

sit there if they’re stuck, but you don’t want to 

throw the answer at them. That sort of teaching 

style is part of PLTL,” he says. When most of the stu-

dents seem unsure about how to approach a prob-

lem, “then I fall back on a Socratic method, asking 

questions to bring out their own reasoning and see 

what they are thinking.”

In the peer-led sessions, students collaborate on 

problems that are slightly more difficult than standard 

end-of-chapter textbook questions. Often these prob-

lems require students to record their observations and 

carefully outline the logic used to arrive at a solution. 

For example, one such problem asks students to draw 

the structure of several molecules and determine the 

molecular geometry of each structure. In another prob-

lem, students simulate chemical reactions using pen-

nies, nickels, and dimes and discuss their conclusions 

before writing out formulas. Manipulating objects 

helps students understand the role of particles, Gosser 

explains, a concept that is not obvious by simply learn-

ing a formula.

The workshop sessions can be particularly 

empowering for introverted students, says Ashea 

West,c who served as a peer facilitator in spring 

2013. “You can be intimidated by professors in a big 

lecture hall with big classes. Students who are really 

shy and not outspoken were better after the work-

shop. It is an easier way for students to learn more 

and make friends for study groups.”

One barrier to many reform models is that they 

require faculty to “turn upside down their whole 

approach,” says Gosser. “With PLTL, the faculty have 

a much bigger comfort zone because they can start 

from where they are. . . . It’s a lot less disruptive to 

their approach. You can still lecture pretty much the 

way you want, but you have to think about integrat-

ing it with this workshop.”

The PLTL model has been widely replicated in sci-

ence and engineering disciplines at more than 100 

sites nationally, and a large number of appropriate 

PLTL problems are readily available for instructors 

who want to try this approach. A review of studies 

of PLTL at several institutions found a higher per-

centage of A, B, or C grades and higher test perfor-

mance among students participating in PLTL work-

shops compared with nonparticipants (Gosser, 2011).

c Interview, August 14, 2013.b Interview, August 13, 2013.
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PLTL illustrates how strategies of collaborative learning and problem solv-
ing can be imported into a large lecture course. The small-group sessions provide 
students with extra exercises to help them master difficult concepts, as well as 
additional opportunities to receive answers to their questions. These sessions also 
engender a sense of community and encourage students to learn from each other 
and take responsibility for their own learning. Students gain experience with 
working in teams and communicating better, while peer leaders hone their teach-
ing and group management skills and strengthen their self-confidence. 

Scaling Up Research-Based Instruction

So if research-based instruction works, why aren’t more people doing it? 
Handelsman and her colleagues (2004) put this question another way: “So 

why do outstanding scientists who demand rigorous proof for scientific assertions 
in their research continue to use and, indeed, defend on the basis of their intuition 
alone, teaching methods that are not the most effective?” (p. 521). 

Efforts to encourage undergraduate STEM faculty to adopt research-based 
teaching approaches are often beset by challenges. For example, in a national 
survey of physics faculty, Henderson, Dancy, and Niewiadomska-Bugaj (2012) 
found that nearly all faculty were familiar with one or more research-based prac-
tices, and approximately half were using at least one such practice. At the same 
time, however, many faculty had modified the research-based practices, and they 
frequently discontinued a practice after trying it for one semester. The researchers 
surmised that faculty who abandon research-based practices either lack the knowl-
edge needed to customize the practice to their local situation or underestimate the 
other factors that tend to discourage innovation in teaching.

Rogers’ (2003) seminal theory of the diffusion of innovation proposes that 
the decision to adopt and sustain an innovation begins only when an individual 
has knowledge or awareness of the innovation. The next step is persuasion, as the 
individual evaluates the innovation, a process strongly influenced by the views of 
close peers. If the individual decides to adopt the innovation, possibly with some 
modifications, he or she often remains uncertain of its benefits. The final step is 
confirmation, when the individual looks for support for his or her decision. At 
this stage, the individual may decide to discontinue the innovation.

Instructors who are resistant to or skeptical about adopting research-based 
teaching strategies often emphasize practical challenges. For example, they may 
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express concerns about possible negative reactions from students accustomed to 
traditional types of teaching, the time involved in redesigning a course, the chal-
lenge of learning new teaching methods, the feasibility of supporting active stu-
dent engagement in a large lecture hall, or the need to drop important content to 
make time for student interaction.

Other research on factors that influence faculty decisions about teaching 
practices points to challenges in the areas of institutional leadership, departmen-
tal peers, tenure and reward systems, and the beliefs and values of the individual 
faculty members themselves (Austin, 2011; Fairweather, 2008). These challenges, 
along with ways to surmount them, are discussed in Chapters 6 and 7. 

While you may cringe at the prospect of having to dramatically revamp 
an entire course all at once, you may be heartened to know that most effective 
instructors did not attempt such a feat. Even instructors who have thoroughly 
embraced student-centered instruction, like Scott Freeman at the University of 
Washington, often started with modest changes. In his early years of teaching 
introductory biology, Freeman mostly lectured. But as he became more familiar 
with the research on science instruction, he added more and more strategies to 
actively engage students and began collaborating with colleagues to study the 
impact of these changes. Eventually, as the following case study shows, Freeman 
did away with formal lectures, even as enrollments soared to several hundred 
students. Instead he structures his course around “clicker” questions that stu-
dents answer anonymously using handheld devices and group exercises that 
probe students’ understanding of biology concepts. The closest he comes to lec-
turing is when he introduces an activity, answers a question that could benefit 
the whole class, or clarifies a confusing point. 

Good instruction involves more than just asking students questions or putting them to 

work on activities; it also means helping to move students toward the types of expert 

thinking that characterize the knowledge and practices of a discipline. The point is that any 

instructional approach should be used in a thoughtful way that promotes student learning.
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Designing Learning

Scott Freemana cues up his slides, adjusts his remote 

mic, and walks casually to center stage of the largest 

lecture hall at the University of Washington. Most 

of the auditorium’s 700 seats are filled with students 

talking, laughing, and flipping through notebooks. 

This scene could be the prelude to any traditional 

lecture at any large university. But as the class 

unfolds, it becomes clear that the Biology 180 course 

taught by Freeman is far from traditional. 

In this highly structured course, students are 

responsible for learning basic information on their 

own time through assigned readings, daily online 

quizzes, and weekly practice exams. This frees up 

class time for active learning exercises that chal-

lenge students to apply concepts, analyze data, and 

reflect on their reasoning with expert guidance and 

feedback from the instructor. But the course, which 

focuses on evolution, Mendelian genetics, and ecol-

ogy, did not start out this way. Rather, it evolved, so 

to speak, as Freeman gradually introduced research-

based instructional strategies and as he and his col-

leagues studied the year-by-year impact of these 

changes on student performance.

Clicker questions challenge students’  
thinking

“Clickers out, cellphones off,” says Freeman, signal-

ing the official start of the 50-minute class. Several 

students fiddle with their clickers—handheld 

response devices that resemble small TV remotes. “In 

our last adventure yesterday,” Freeman begins, “you 

were figuring out that inbreeding and other forms 

of nonrandom mating are going to increase the 

percentage of homozygotes in a population. So it’s 

clicker time—think about this one please.” The large 

screen at the back of the stage displays this clicker 

question, which is based on the previous day’s read-

ing assignment:

Q: Why do small populations become inbred?

1. They are usually stable or declining in size.

2. Population bottlenecks cause large changes in 

allele frequencies.

3. Founder events establish small populations in iso-

lated habitats (low likelihood of gene flow, after 

the founder event).

4. Eventually, all individuals are closely related.

a Except where noted, the information in this case study comes from 

an interview with Scott Freeman, May 24, 2013, and from an unpub-

lished video of Freeman teaching a class provided by L. Tong and P. 

Liggit, Eastern Michigan University. 

the evolution of an introduCtorY BiologY Course

Six Hundred Students, One Big Auditorium,  
and Minimal Lecture? 
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The students have less than one minute to con-

sider the question individually and record their ini-

tial responses with the clickers. “Ten more seconds 

. . . five seconds,” says Freeman. “Okay, start talking 

it over, please.”

The room fills with chatter as students turn to 

their neighbors to discuss their answers and the rea-

soning behind them. Freeman chooses clicker ques-

tions that are difficult enough to stimulate students’ 

thinking and include common student misconcep-

tions among the possible answers. “You’re shooting 

for student responses of 40 to 60 percent [correct] 

the first time they look at the question,” he says in 

a later interview, adding that it is important to use 

clickers in ways supported by evidence. “There’s a 

tremendous amount of clicker abuse going on,” he 

asserts, citing the example of instructors who use 

clicker questions that are too easy. “We have tons of 

people saying, ‘Oh, yeah, I do active learning; I use 

clickers.’ And they’re seeing no changes in student 

responses because they’re not using them right.”

After a few minutes, Freeman closes out the 

peer discussion and asks for volunteers to share their 

answer with the whole class. “Remember to explain 

your logic,” he reminds them. A student in the 

middle of the auditorium confidently lays out her 

reasons for choosing answer 4. Two more students 

chime in with additional arguments on behalf of 

choice 4.

“Actually, a lot of people answered 3,” says 

Freeman. “So you think 4 is a true statement. Then 

you have to parse: first, is it true, and then, is it 

addressing the issue you’re raising now? Is it caus-

ative—would that be a mechanism why small popu-

lations become inbred?” 

The discussion continues for a few more minutes, 

as more students explain why they think a particular 

answer is correct. Freeman asks for a show of hands 

from the students who agree that 4 is the correct 

answer. Hundreds of hands shoot up. Next a smaller 

number of students raise their hands to indicate they 

disagree. “The correct answer is 4,” Freeman reveals, 

adding that students who are still uncertain or have 

questions can see him during office hours, email 

him, or talk more about this topic during an exam 

review session scheduled for the next day.

For the next 15 minutes, the students work 

through three more clicker questions using the same 
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model of thinking and responding individually, talk-

ing with their neighbors, and discussing responses 

with the whole class. At this point, however, 

Freeman switches to “randomized calling”—using 

a randomly generated class roster to pick which 

students will explain their answers. (Students have 

the option of passing or putting themselves on a 

“do not call” list.) Randomized calling helps ensure 

that students are prepared for class, Freeman later 

explains. In one end-of-course evaluation, he asked 

students what they thought of this approach to call-

ing on students: “the overwhelming majority said 

they absolutely hated it—but make sure you do it all 

the time.”  

From lecture to highly structured active  
learning

“What motivated me was failure,” says Freeman 

about the evolution of his introductory biology 

course. When he first started teaching the course in 

2001, he used a modified Socratic style in which he 

mostly lectured but stopped occasionally to ask ques-

tions of students. But he soon became discouraged 

by the high percentage of students who dropped 

the class or received a final grade of less than 1.5 

on a 4.0 scale. (More than 18 percent of students 

fell into this latter category in spring 2002, which 

meant they could not advance to the 200-level biol-

ogy course.)  About 40 percent of all University 

of Washington undergraduates take Biology 180, 

mostly as sophomores, and the five-credit course is a 

prerequisite for biology majors. The class meets four 

times a week, plus a two-hour lab session.

To address the failure rate and improve student 

learning, Freeman reviewed the developing research 

literature on active learning and attended a National 

Science Foundation workshop with some of his col-

leagues. He also began collecting data on his own 

class. “I wanted to convince myself, and eventually 

my colleagues, that if I changed what I was doing 

in my classroom and saw changes in student perfor-

mance, I could actually have the data to show that 

something real was going on.” 

Spurred by research suggesting that active learn-

ing can help reduce student failure rates without 

compromising the rigor of a course, Freeman began 

to incorporate more active strategies into his teach-

ing. In 2003, he added ungraded active learning 

exercises to his Socratic lectures. These included 

Think-Pair-Share activities (see Chapter 4) in which 

students individually consider a question posed by 

the instructor, discuss their ideas with a neighbor, 

and arrive at a final answer, which is then discussed 

by the whole class. These ungraded additions didn’t 

work very well, says Freeman. “I didn’t see any 

change in student performance.”

Starting in 2005, when technology made it prac-

tical to use clickers in a large class, Freeman made 

time during his lectures for daily clicker questions 

with peer discussion. (A grant from the university 

provost paid for the initial purchase of the clicker 

technology.) He also added online weekly practice 

exams consisting of five short-answer questions 

that were graded by peers. As he had done in 

the past, he gave two midterm exams and a final. 

As different strategies were tried in the course, 

Freeman and his colleagues David Haak and Mary 

Pat Wenderoth documented the impact. With the 

addition of clicker questions, the percentage of stu-

dents who received failing final grades decreased 

(Freeman et al., 2011).

In fall 2007, Freeman stopped giving formal lec-

tures altogether—an approach he has maintained 

even as enrollments soared from 340 to a high of 

700 in 2009. He began using clicker questions and 

worksheet problems to drive the entire discussion 

of a given topic, and he introduced randomized 

calling and daily quizzes on reading assignments 

in addition to the practice exams. “Essentially, I 
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b Interview, June 28, 2013.

was flipping the classroom,” he says, referring to 

a model in which students learn basic information 

outside of class and work on collaborative projects 

and problems during class time that are designed to 

deepen their understanding. “If the students have 

done the reading, they have the basic information 

to be prepared to work on problems before they 

come to class.” He still gives what might be called 

mini-lectures in class, but primarily to answer ques-

tions, guide the discussion, or provide a brief intro-

duction to worksheet problems. 

The active learning elements “made the class 

size of 500 seem a bit smaller,” says Hyunsoo Bak,b 

who took the class as a sophomore in fall 2012. “It 

was fun.” In her view, the main benefit of the class 

was that “it put more weight on how I think . . . and 

why I think that way.”

The class redesign did not require more money, 

smaller class sizes, or more class time (Haak et al., 

2011). In fact, during the period studied (2002–2009), 

class size increased, the number of graduate teach-

ing assistants decreased, and the hours devoted to 

labs were reduced.

Group worksheets elicit students’ 
understanding

Students in the Biology 180 class also collaborate 

on longer worksheet problems. Some of these 

problems are intended to “show students that their 

intuition doesn’t work and get them to start think-

ing about the problem,” says Freeman. Others are 
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designed to confront common student misconcep-

tions in biology, such as the notion that genetic 

mutations arise in response to the environment 

rather than randomly.

One such worksheet asks students to create a 

section of a “tree-of-life” diagram showing the 

evolutionary relationships among six groups of 

animals: lizards, ray-finned fish, mammals, snakes, 

amphibians, and sharks and rays. To set up this activ-

ity, Freeman provides a two-minute explanation of 

the role and history of these phylogenetic trees. 

Working in groups of three for about 20 minutes, 

students create their trees, using a data table that 

shows whether a specific group has a particular trait, 

such as internal bones, limbs, and amniotic eggs. To 

get students thinking about traits that distinguish 

one species as an outgrowth of another, Freeman 

sings a snippet from an old Sesame Street song: 

“One of these things is not like the other!”

As the students work, Freeman and his teaching 

assistants circulate among the groups, monitoring 

students’ discussions and using questions to subtly 

guide those who seem confused. Often he stops to 

praise a student for a correct answer or a useful con-

tribution to the group’s discussion. 

Kaitlyn Lestak,c a biology major, recalls in a later 

interview that when she was stumped by something 

in the worksheets, Freeman “wouldn’t really give 

you the answer to any question, but he would talk 

you through it in a way that could help you solve it. 

Or he would ask, ‘What do you think the answer is?’ 

And you would give him your answer, and he would 

say, ‘You’re on the right track, but think about this 

instead.’ He would ask you questions to help you get 

the right answer eventually.” Although the course 

was challenging, says Lestak, she believes the level 

of challenge helped her to learn. “I’ve never taken a 

class so engaging.”  

Evidence of effectiveness

From 2003, when Freeman began revamping the 

Biology 180 course, to 2009, when he had fully 

implemented the highly structured version, the per-

centage of students who received failing final grades 

decreased from 18 percent to 6 percent (Freeman 

et al., 2011). Freeman and his colleagues did special 

analyses to control for student ability and ensure 

that the test questions had not become easier. They 

concluded that the class itself was consistent, if not 

slightly more difficult, across the years of the study. 

Particularly encouraging was the disproportion-

ate drop in the failure rate for students from educa-

tionally or economically disadvantaged backgrounds 

(Haak et al., 2011). (About 45 percent of students 

enrolled in the course are Asian American, about 45 

percent are white, and roughly 10 percent to 12 per-

cent are from minority groups underrepresented in 

science; altogether, about 15 percent of the students 

are from disadvantaged backgrounds.) The research-

ers attribute these improvements in performance 

to the many opportunities students have in class to 

apply scientific thinking by solving problems, reflect-

ing on and articulating their reasoning, and consid-

ering other points of view. 

To his colleagues who resist using evidence to 

change their teaching, Freeman points out that they 

would readily adapt a powerful new technology that 

makes it easier for them to do biological research. 

“If they just brought that same mindset to their 

teaching, I think things would change in a hurry.”

c Interview, June 27, 2013. 
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Freeman’s experience addresses some common concerns about the feasibility 
of implementing research-based strategies and contains guidance for others who 
are interested in trying similar approaches:

•	 The	evolution	of	Freeman’s	Biology	180	course	illustrates	how	an	energetic	
instructor with a strong commitment to improving student learning can  
introduce active learning strategies—and revise, discontinue, or add to these 
strategies based on classroom data about their impact. 

•	 The	later,	more	highly	structured	version	of	the	course	shifts	more	responsi-
bility to the students to learn basic content and vocabulary outside of class 
through assigned reading, quizzes, and practice exams. This partly addresses 
a common concern among instructors that if they increase student interaction, 
they will not be able to cover important content. Just because content is cov-
ered does not mean students will learn it.

•	 Even	in	a	class	of	up	to	700	students	taught	in	a	traditional	lecture	hall,	it	is	
possible to reduce lectures to a minimum and shift the instructor’s role from 
delivering information to guiding student learning. Rather than directly telling 
students who are stuck on a problem what to do, the instructor asks probing 
questions that nudge students to think in a different direction. 

•	 Simply	injecting	clicker	questions	into	a	lecture	does	not	mean	an	instructor	is	
implementing a research-based practice. As discussed at more length in Chapter 
5, it matters a great deal whether the questions are appropriate in their level of 
difficulty, address common student misconceptions, are nested within a larger 
research-based course design, and, most importantly, are presented in a format 
that allows students to discuss their ideas with their peers.

Conclusion

The ideas and examples described in this book are not meant to be a “bag of 
tricks” from which you can whip out a slick activity for tomorrow’s chemistry 
class. Rather, they are intended to encourage you to reflect on your teaching and 
consider trying new approaches that are compatible with the learning goals for 
your course.

Many instructors who have gone down this path not only say it was worth 
the effort, but also declare they can no longer imagine teaching any other way. 

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Reaching StudentsReaching Students28

Their students are more enthusiastic and motivated and have better attendance. 
Often their students have higher performance as a group than those in their previ-
ous classes or in traditionally taught sections of the same course. Through activi-
ties that encourage student reflection and various forms of assessment, instructors 
can better grasp how well their students understand fundamental concepts. 

Although students may balk at first when they are asked to assume greater 
responsibility for their learning, they often become enthusiastic supporters of 
active learning strategies. According to Karen Kortz,7 a geology professor at the 
Community College of Rhode Island, many of her students tell her, “I love this 
class; it makes me feel like I’m not afraid of science.” She elaborates: “One of my 
goals is to have students enjoy the class. I don’t mean make it easy for them. I mean 
make it so they’re not afraid of it, and they like attending and doing the work.”

Changing your teaching can also be rewarding and intellectually stimulating 
for you as an instructor. Beth Simon8 at the University of California, San Diego, 
tells the story of a colleague in the computer science and engineering department 
who adopted some of Simon’s Peer Instruction materials. Midway through the 
term, Simon asked the colleague how the course was going. “He said, ‘I haven’t had 
so much fun teaching in a long time. This is why I wanted to go into education. I 
didn’t want to stand up and talk at students. I wanted to have interesting discus-
sions with them.’” Simon adds: “And that’s something we’ve seen frequently.”

Resources and Further Reading

Center for Peer-Led Team Learning 

https://sites.google.com/site/quickpltl

Discipline-Based Education Research: Understanding and Improving Learning in 

Undergraduate Science and Engineering (National Research Council, 2012) 

  Chapter 2: The Emergence and Current State of Discipline-Based Education Research

Engage to Excel: Producing One Million Additional College Graduates with Degrees in 

Science, Technology, Engineering, and Mathematics. Report of the President’s Council 

of Advisors on Science and Technology (February 2012)

7 Interview, April 5, 2013. 
8 Interview, August 20, 2013.
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2Getting Started

Based on decades of research, we now know more than ever about how students 
learn science and engineering disciplines. We also know more about the effective-
ness of innovative instructional approaches based on these findings about learn-
ing. Yet these innovations have not spread widely. The problem, writes James 
Fairweather (2008), a Michigan State University professor who has studied faculty 
rewards and strategies to improve student learning, “lies less in not knowing what 
works and more in getting people to use proven techniques.” There are many 
understandable reasons why instructors or administrators may be daunted by the 
prospect of reorienting their courses or programs around research on learning. 

This chapter offers suggestions for how to get started, drawn from studies of 
instructional transformation and the experience of practitioners who have success-
fully incorporated research-based strategies into their own undergraduate teaching. 

Taking the First Step 

In the mid-1990s, Deborah Allen1 was asked by a group of biology colleagues at the 
University of Delaware to join them in implementing problem-based learning, an 
instructional strategy in which students learn by working in small groups to solve 
challenging problems. “I was a skeptic,” says Allen. At that time she was, by her 
own description, a bench scientist who knew little about pedagogy. She was wary 
of the philosophy underlying problem-based learning—that students can construct 
their own knowledge by working actively on complex problems. “It’s really saying 
that learning begins with a problem and that what you learn is what you need to 

1 Except where noted, the information in this example comes from an interview with Deborah Allen, April 
11, 2014.
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resolve the problem,” she explains. “Of course, that’s how you learn in real life, but 
for a school, it’s very radical to have faith that students can do that.”

Nevertheless, Allen decided to plunge ahead because of concerns about her 
students’ lack of engagement during her lectures. She suspected that her lecture-
based approach to teaching was “reinforcing passive behaviors” among her stu-
dents. “It seemed like a vicious and futile cycle—the more we tried to help students, 
the more we inadvertently were not helping them,” she recalls. Problem-based 
learning, described in more detail in Chapter 4, appeared to offer a way out of that 
cycle. Allen took workshops on this strategy through her campus center for learn-
ing, which she now directs. She collaborated with a core group of faculty to develop 
biology curriculum around problem-based learning and assess the effects. “I could 
not have survived without that group of people I could go to,” she says. 

This experience “led me to rethink teaching and learning,” says Allen, who in 
2013 received the Bruce Alberts Award for Excellence in Science Education. She now 
uses a range of research-based strategies in her classes depending on which is best suit-
ed to a particular learning need. “Problem-based learning was my only option when 
I was a ‘reformed lecturer,’ but now I feel like I have more options,” she says. Others 
who are dubious about whether it’s worth the effort to try a new approach to instruc-
tion might find encouragement in Allen’s advice to simply “get involved and try it out.”

Considering New Ways of Thinking About Teaching and Learning 

As the Allen example suggests, the process of changing your approach to teaching 
and learning begins with a willingness to look at your practices from a new perspec-
tive or with a new understanding. “A shift in attitude is really profound in terms 
of underpinning change in practice,” says Cathy Manduca,2 director of the Science 
Education Resource Center (SERC) at Carleton College, a national network for pro-
fessional development, curriculum, research on learning, and community building.

Noah Finkelstein,3 a physics professor at the University of Colorado Boulder, 
views a shift in mindset as “the first and most important prerequisite for any kind of 
transition.” In particular, he says, you must be willing to move away from “the idea 
that teaching is the transmission of information, and learning is the acquisition of 
information, to the notion that teaching and learning are about enculturating people 
to think, to talk, to act, to do, to participate in certain ways.” 

2 Interview, May 13, 2013.
3 Interview, April 23, 2013.
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For many instructors, this change in mindset begins with an awareness that 
their students are not really learning as well as expected. “It takes an effort to 
change,” says David Sokoloff,4 a physics professor at the University of Oregon. 
“The first thing is for people to convince themselves that it’s worth the effort.” 
What convinced him to make the effort was mounting evidence that students who 
completed introductory physics courses did not understand key concepts. 

As part of this shift in attitude, faculty members may need to recognize 
that many of their students do not learn in the same ways that they did or are 
not motivated by the same things. Faculty often went into academia because they 
were good at learning through a traditional lecture model, says Rebecca Bates,5 
the chair of integrated engineering at Minnesota State University, Mankato, but 
“that’s not always the best way for others to learn.” Most undergraduates will not 
get advanced engineering or science degrees or become academics. “If we think 
about our students not being like us, not learning like us, not having the same 
motivations as us, then we start to imagine where they could be, and we can actu-
ally reach them more easily,” she notes.

Sara Brownell and Kimberly Tanner (2012) propose that scientists’ profes-
sional identities may be “an invisible and underappreciated barrier to undergradu-
ate science teaching reform” (p. 339). These identities are forged by training that 
emphasizes research over teaching and a culture that views teaching as lower in 
status than research. Steeped in this culture, some scientists may have qualms 
about “coming out” as teachers lest they lose an identity they value. Scientists 
who are grounded in a research identity “may view pedagogical training with 
skepticism, considering it to be a waste of time and effort, in particular if the 
training tries to promote teaching methods that depart from the cultural teaching 

4 Interview, July 8, 2013.
5 Interview, July 8, 2013.

“You must be willing to move away from the idea that teaching is the 

transmission of information and learning is the acquisition of information, to 

the notion that teaching and learning are about enculturating people to think, 

to talk, to act, to do, to participate in certain ways.”

—�Noah�Finkelstein,�
University�of�Colorado�Boulder
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norm in science: lecturing,” the authors write (p. 343). In this situation, changing 
one’s mindset involves recasting one’s professional identity to include a focus on 
effective teaching in training, disciplinary meetings, and scientific journals. 

Approaching Instructional Improvement as a Research Problem 

One way to begin reorienting instruction around findings about how students 
learn is the “teaching as research” model developed by the Center for the 
Integration of Research, Teaching, and Learning (CIRTL), which is dedicated to 
advancing effective science, technology, engineering, and mathematics (STEM) 
teaching practices in higher education and funded by the National Science 
Foundation (NSF). This model frames instructional improvement as “a research 
problem, to which STEM instructors can effectively apply their research skills 
and ways of knowing” (Center for the Integration of Research, Teaching, and 
Learning, n.d.a, p. 2). The steps of the model include reviewing existing research 
on teaching and learning; creating student learning goals; developing a hypothesis 
about ways to achieve these goals; defining measures of success; developing and 
implementing teaching practices within an experimental design; collecting and 
analyzing data; and reflecting, evaluating, and adjusting based on the evidence 
collected. 

“Almost every grad student knows how to perform research, because that’s 
what you do, but this method applies it to teaching,” says Chris Richardson,6 a 
former participant in a CIRTL fellowship program at Michigan State and an early 
career faculty member in the physics department at Elon University. “You have a 
hypothesis. And in teaching, you have a goal for your students—what you want 
them to learn. You decide, just as in research, what you’re going to accept as 
proof that that hypothesis is correct. And in teaching you say, how am I going to 
assess this?”

Another prominent model designed to guide practitioners through the 
process of instructional change grew out of research on course transformation 
across 12 departments participating in the Science Education Initiative (SEI) at the 
University of Colorado Boulder (Colorado) and the University of British Columbia 
(UBC). (More information about the SEI appears in Chapter 7.) This model, 
which has measurably improved learning in several courses and has been adapted 
by other institutions, aims to bring instructional practices in line with research 

6 Interview, May 2, 2013.
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about how students learn science. Key steps of the model include the “develop-
ment of learning goals, instructional materials based on student difficulties, and 
assessment to see whether the approach worked” (Chasteen et al., 2011, p. 70). 

An approach for revising undergraduate biology courses suggested by the 
American Association for the Advancement of Science (2011) blends the “scientific 
teaching” principles of Handelsman and colleagues (2004) and the “backward 
design” paradigm articulated by Wiggins and McTighe (2005). (Backward design 
recommends first setting goals for student learning and then choosing instructional 
strategies and assessment methods aligned to these goals.) 

In geosciences, a process for designing effective and innovative teaching 
methods is available through workshops and an online tutorial7 sponsored by 
On the Cutting Edge (Tewksbury and Macdonald, 2007). This process encour-
ages instructors to set goals for courses that focus on developing students’ abili-
ties to think for themselves and solve problems while they master important 
course content. 

While these and other models for transforming instruction differ in their 
specifics, they generally emphasize certain key steps:

•	 Establish	learning	goals	that	define	what	students	should	know	and	be	able	to	
do by the end of a unit or a course.

•	 Design,	adopt,	or	adapt	curriculum	materials	and	instructional	strategies	that	
will help students achieve these goals.

•	 Administer	assessments	to	determine	how	well	these	goals	are	being	met.	

•	 Use	the	results	of	the	assessments	to	guide	subsequent	improvements	to	the	course.

The step of assessing the impact of instructional changes is an important 
one. Although many of the experts highlighted in this book have published for-
mal discipline-based education research (DBER) studies of learning and teach-
ing approaches, you do not have to become a DBER scholar to improve your 
instruction. Evidence to inform teaching can be collected through less formal 
means than published research—for example, by administering a standardized 
assessment of students’ conceptual understanding (see Chapter 5), giving exams 
specifically tailored to your course, and conducting pre- and post-instruction 
surveys of students. In addition, it can be helpful for faculty who are trying new 
instructional strategies to “take notes after class each day on what worked and 

7 See http://serc.carleton.edu/NAGTWorkshops/coursedesign/tutorial/index.html.
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what didn’t—it takes six minutes,” suggests Eric Brewe,8 a physicist and profes-
sor of science education at Florida International University (FIU).

Setting Learning Goals to Drive Instruction 

From the outset, decisions about revising instruction should focus on how stu-
dents learn in a discipline and what they need to learn well. The how part is dis-
cussed in detail in Chapter 3. The what part is addressed by establishing learning 
goals, also called learning objectives or performance expectations, that define the 
knowledge and skills students are expected to master by the end of a unit, course, 
or program of study. These goals will then shape which teaching strategies and 
assessments you choose. 

Before writing learning goals, you will need to consider the context of your 
course, such as whether it is a prerequisite for later courses; whether your stu-
dents are mostly majors in the your discipline, non-majors, or both; and whether 
the course includes a lab component (Tewksbury and Macdonald, 2007). Expert 
instructors recommend that learning goals focus on the kinds of deeper conceptual 
knowledge and more complex skills that are consistent with modern practices in a 
discipline and will help move students toward more expert-like understanding. In 
addition to addressing concepts and content knowledge, learning goals might also 
focus on students’ mastery of technical skills in a discipline; “soft skills” such as 
writing and communication; and affective qualities such as curiosity, motivation to 
learn a subject, and retention in a discipline. 

Learning goals should also “explicitly communicate the key ideas and the 
level at which students should understand them in operational terms,” accord-
ing to Michelle Smith, a biology professor at the University of Maine, and 
Kathy Perkins, a physics professor at Colorado (2010). Based on their experi-
ence writing learning goals for Colorado’s SEI, Smith and Perkins recommend 
that learning goals take this form: “‘At the end of this course/lecture/unit, stu-
dents will be able to . . .’ followed by a specific action verb and a task” (p. 32). 

These learning goals can pair knowledge of a specific concept in a discipline 
with a scientific practice, such as creating a model or formulating an argument 
(Cooper and Klymkowsky, 2013). A performance expectation in cell biology 
might look like this (Klymkowsky and Cooper, n.d.):

8 Interview, April 16, 2013.
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Make a model for how organisms could control membrane fluidity in the face 
of changing environmental temperatures; identify the factors that would limit 
the cell’s response.

Faculty often find it useful to consider both course-level and topic-level goals. 
A typical set of learning goals might include 5 to 10 course-level goals that convey 
the major learning themes and concepts, along with more specific topic-level goals 
aligned with the course-level learning goals (Smith and Perkins, 2010). Because 
courses and disciplines differ in their goals, the learning goals will be different for 
each course. Box 2.1 shows examples of a general course goal and specific content 
goals in physics developed by the Carl Wieman SEI at UBC (2009).

Course learning goal 
Background: A bunch of old curmudgeon engineers complain to the engineering curriculum committee that 
quantum mechanics is a waste of time for any engineering student to take, claiming that regular engineers only 
work on things that use classical (non-quantum) physics, and quantum physics is so weird it makes no sense 
and it is probably wrong anyway. 

Goal: You will be able to convince the engineering curriculum committee that the ideas of quantum physics are 
true and that it is useful for engineers to know about them. 

Specific content goals (related to emission and absorption of light by isolated atoms)
Be able to . . .

• Explain how the discrete colors produced by neon signs, mercury and sodium streetlights, and other dis-
charge lamps rule out Rutherford’s model of the atom as like a miniature solar system with electrons orbit-
ing the nucleus.

• Relate the colors of light produced by a hydrogen discharge lamp to energy levels of the electrons in the 
atoms in the lamp.

• Explain why such light sources are so much more efficient than incandescent lightbulbs.

• List the basic assumptions of the Bohr model of the atom and explain how those assumptions are consistent 
with the light emitted by a hydrogen discharge lamp.

• Provide a basic design for a gas laser, giving the basic components and qualitative requirements for it to operate.

BOX 2.1   Learning gOaLs frOm an intrOductiOn tO  
mOdern Physics cOurse
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The goal-setting process can be particularly effective if a group of faculty 
can reach consensus about a minimum set of learning goals for a particular 
course, while leaving flexibility for individual instructors to add their own goals. 
To transform a junior-level course in electricity and magnetism at Colorado, for 
example, a group of several faculty, including many who had previously taught 
the course, met several times to discuss and review learning goals for the course. 
Analyses of the SEI suggest that faculty can often agree on about 75 percent of 
course goals, which allows individuals sufficient flexibility and creativity to put 
their own stamp on the remaining goals (Chasteen et al., 2011). 

Instructors use different means, and often 
more than one means, to communicate learning 
goals to students. The goals might be included 
in the course syllabus or written on the board at 
the beginning of class. Homework and in-class 
activities might include the appropriate goals tar-
geted by an assignment or an exercise. 

Research shows that the use of learning 
goals can have a positive impact on both stu-
dents and instructors (Simon and Taylor, 2009). 
Nearly all of the students in three classes ana-
lyzed by Simon and Taylor saw learning goals 
as very valuable, particularly in helping them 
“know what to know.” Students also frequently 

reported that learning goals helped them study, get more out of lectures, and 
determine the most important material to learn. Faculty indicated that learning 
goals were useful in communicating course material to students and other faculty 
and creating course assessments. 

The value of learning goals depends not only on how well they have been 
developed, but also on how effectively they are used. The experience of David 
McConnell, a professor of geology at North Carolina State University and a sci-
ence education researcher, shows how well-chosen learning goals can guide efforts 
to make instruction more effective and engaging in a course with an enrollment of 
nearly 100. 

“If we think about our students not being like 

us, not learning like us, not having the same 

motivations as us, then we start to imagine 

where they could be and we can actually 

reach them more easily.”

—�Rebecca�Bates,�
Minnesota�State�University,�Mankato
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Designing Learning

 
Learning Goals “Drive Everything” 

When students walk into David McConnell’sa intro-

ductory course in physical geology at North Carolina 

State University, the first thing they see on the lec-

ture room screen is a slide with the day’s learning 

goals. For a lesson devoted to volcanoes and volcanic 

eruptions, they find these goals:

• I can compare and contrast the features of a 

shield volcano and a composite volcano. 

• I can define viscosity and give examples of every-

day materials with high and low viscosity. 

• I can explain the relationship of gas content, vis-

cosity, magma type, and plate tectonic setting in 

volcanic eruptions. 

• I can list the features and processes that geolo-

gists study when trying to predict an eruption.

 Students can also access a complete list of the 

course learning goals online to help them do home-

work or prepare for exams. “Think of this as your 

study guide,” McConnell tells his students. 

These goals not only signal to the students what 

they should understand by the end of the lesson, 

but also shape how McConnell, a science education 

researcher as well as a geology professor, designs his 

curriculum, teaching strategies, and assessments. 

The central role of learning goals

McConnell’s main advice for instructors who want 

to improve their teaching? “Have and assess learn-

ing goals—that drives everything.” The first step to 

redesigning one’s teaching is to think about what 

you want students to learn. From there, he says, you 

think about what tasks will help students meet that 

goal and what questions you need to ask to deter-

mine whether they have met it. “Have a clear objec-

tive matched with a clear assessment.”

McConnell recommends that learning goals be 

more challenging than just requiring students to 

memorize facts. They should aim for students to 

comprehend and apply important concepts and ana-

lyze information. When instructors write these kinds 

of learning goals, he says, “it makes you think about 

your instruction, and you’re much more intentional.” 

It leads the instructor to ask what kinds of activities 

will help students achieve a particular goal. 

In each class, McConnell presents several 

ConcepTests—multiple-choice questions that focus 

on one key concept of the major learning goals for 

a lesson (McConnell et al., 2006). Students use click-

ers to give their individual response, then discuss 

their answers with their peers and vote again. A 

typical class may also include short lectures with pho-

tographs, video clips, and animation; open-ended 

questions that require students to collaborate on 

analyzing information and applying their learning to 

real-world situations; and a “minute paper” in which 

students reflect on the most important thing they 

learned that day. “It’s never just me standing up and 

talking for the whole time,” he says. “We’re always 

jumping back and forth.”  

McConnell did not always teach this way. He 

started out by recognizing room for improvement 

in his teaching, researching various strategies to 

address the problem, and attending workshops to 

learn more.
a Except where noted, the information in this case study comes from 

an interview with David McConnell, June 8, 2013.
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From skeptic to advocate 

About 10 years into his teaching career, McConnell, 

who was then at the University of Akron, realized 

that although he still enjoyed teaching and was get-

ting decent results, “something was missing.” He 

had not changed his lecture-based teaching strate-

gies in a decade, and he felt his classes lacked the 

kind of interaction that occurs in a lively seminar. 

He reviewed the research on various active learning 

strategies and decided to try ConcepTests. At that 

time, in the late 1990s, published DBER research 

was limited, especially in geology, but ConcepTests 

had been shown to improve student learning and 

increase student engagement in physics (Mazur, 

1997). To stimulate student discussion of ConcepTest 

questions, McConnell chose the Think-Pair-Share 

approach, in which students first consider their 

answer on their own and then discuss it with a 

neighbor before settling on a final answer (see 

Chapter 4 for a fuller explanation). 

Around the same time, two faculty members 

from the biology department persuaded him to 

accompany them to a workshop held in Kentucky 

and sponsored by the Faculty Institutes for 

Reforming Science Teaching (FIRST) at 

Michigan State. “We were a little skep-

tical when we went,” says McConnell. 

“We thought it was going to be this old 

touchy-feely, self-esteem kind of stuff, 

but it turned out to be very different 

from what we had anticipated. We all 

left as rabid reformers, but we didn’t 

really know enough to do anything at 

that point.”  

It took a few years of trial-and-error 

and additional workshops for McConnell 

and David Steer, a fellow geologist at 

Akron, to hone their approach. Initially, 

the biggest challenge for McConnell 

was giving up some classroom control 

to allow for student discussion. “One of 

the things about controlling the class-

room is that you know what’s going to 

happen, and you can dictate the process 

and the timing and everything else. 

Once you let that go, you have to be 

ready to do almost anything. . . . Chaos could ensue 

if you have not planned well.”  

McConnell and Steer applied for and received 

a grant to buy clickers and began developing their 

own ConcepTests because these materials were 

not readily available in geosciences at that time. 

Along the way they hit a few snags. “The first half 

of the ConcepTests we made, we tried in class and 

they didn’t go well. So we made new ones,” says 

McConnell. At first the students were surprised that 

they were being encouraged to talk to each other 

David McConnell discussing a ConcepTest with his class.
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in class, but they soon adapted and seemed to enjoy 

the new approach. “When you have 160 kids in an 

enclosed space and they turn and start talking, it’s 

a real adrenalin rush,” says McConnell. “The noise 

goes up, and it’s like, yeah, that’s learning right 

there—that is what it looks like.”

McConnell also stresses the value of connect-

ing with disciplinary colleagues who are pursuing 

research-based reforms. “Working with others who 

are teaching similar classes gives you someone to 

bounce ideas off of and compare notes with,” he 

says. The collaborations that McConnell forged with 

Steer and other colleagues benefited his teaching 

and research and led to the creation of a textbook 

(McConnell and Steer, 2014) with learning objectives, 

ConcepTests, and exercises for active learning, many 

of which McConnell uses in his own class.

Learning activities inside and outside of class 

During a class on plate tectonics, students consider 

this sample ConcepTest:

Examine the map and answer the question that 

follows. How many plates are present?

a. 3 

b. 4 

c. 5 

d. 6 

In their initial individual responses to this question, 

44 percent of students in a small environmental geolo-

gy class chose the correct response, C. After discussion, 

the percentage of students who chose this answer 

increased to 75 percent (McConnell et al., 2006).

McConnell alternates among delivering short lec-

tures on a particular topic, posing more ConcepTests, 

and making time for students to work on other 

problems. In a unit on volcanoes, for example, stu-

dents fill in a Venn diagram showing which charac-

teristics are common to both composite volcanoes 

and shield volcanos and which are distinct to one 

type. In another task, students compare and con-

trast the perceptions of risk among four constituen-

cies—scientists, government agencies, businesses, 

and the general public—in the weeks preceding the 

Mount St. Helens eruption. Later, working in groups, 

they try to figure out why one city near a volcano 

is devastated by an eruption while another city of 

similar size near a different volcano suffers only light 

damage when its local volcano erupts. McConnell 

addresses any student misconceptions before moving 

on to the next segment. 

He emphasizes to students that it’s okay to make 

mistakes in class; the activities done in class do not 

count toward their grade. “I encourage them to fail 

brazenly in class and not worry about it—it’s part of 

the learning process,” he says. “The point is to rec-

ognize when you don’t know something so you can 

fix it.”  

Other important learning activities take place 

outside of class. Students complete “learning jour-

nals” that encourage them to reflect on what they 

learned from the assigned readings. For example, 

after reading portions of textbook chapters on 

earthquakes and a news article about Italian scien-

tists being put on trial for failing to predict a deadly 

earthquake in the town of L’Aquila, students must 

answer three questions:Sample ConcepTest.
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1. In your own words (and using complete sentenc-

es), what is this trial about?

2. What would be the biggest challenge associated 

with making predictions about the potential for 

a future earthquake?

3. L’Aquila has many buildings that are hundreds 

of years old and a history of past earthquakes. If 

Raleigh were in a similar situation, who would 

you think should be responsible for determining 

a possible course of action following a series of 

small-to-moderate-sized earthquakes? (Rank the 

responsibility level of the citizens, the scientists 

of the state’s geological survey, city and state 

government officials, and local news media.)

As part of their learning journals, students also 

take short online quizzes consisting of questions 

about the content of reading assignments, as well as 

questions that ask them to reflect on their learning, 

such as describing the most interesting thing they 

learned from the reading. The quizzes are graded 

automatically online while short-answer questions 

(like those above) are graded by teaching assistants. 

McConnell reviews the results before the next class 

to determine how well students understand the 

material. 

As part of his research for the Geoscience 

Affective Research NETwork (GARNET) project, which 

is studying the impact of student attitudes and moti-

vation on learning, McConnell asked his students 

whether they would do the out-of-class assignments 

if they were optional. Almost all of them said, “No, 

we would probably not do it on our own, but keep 

making us do it,” he reports. This led him to con-

clude that students recognized the benefit of these 

assignments to their learning. He shares the results 

of his research with his students so they can see that 

those who complete the assignments do better in 

the course.

Course assessments and evidence of 
effectiveness

In addition to obtaining feedback on students’ learn-

ing from the ConcepTests and learning journals, 

McConnell administers “two-part” exams that count 

toward students’ grades. All but a few of the sim-

plest questions on these exams are tied to the course 

learning goals. Students first do a version of the 

exam in a group with their neighbors and hand it 

in; the group exam accounts for roughly 25 percent 

of their grade on the test. In the next class period, 

they take a different, longer version of the exam 

individually and hand it in to determine the other 75 

percent of their exam grade. “Because they have to 

do the group exam a day before the regular exam, 

they are actually studying twice, which is good 

because they are hopefully retaining the information 

better,” McConnell explains. If a student does better 

on the individual exam, the score on the group exam 

is ignored; otherwise, the student will gain a small 

benefit from the group exam grade. Students like 

the group exams, McConnell says, and often have 

animated discussions about what they have learned. 

McConnell, Steer, and several other colleagues 

have studied the impact of using ConcepTests in a 

range of geosciences courses at different types of 

institutions by examining pre- and post-test data 

from the Geoscience Concept Inventory (GCI) and 

qualitative feedback from students and instructors 

(McConnell et al., 2006). Students in classes that used 

ConcepTests did better on the GCI than students 

nationally or in two “control” sections of a course 

taught by the same instructor. Attendance and stu-

dent satisfaction also improved according to qualita-

tive evidence.

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Getting Started 41

In McConnell’s course he combines several research-supported practices, such 
as clearly defined learning goals, ConcepTests with peer discussion, collaborative 
activities, assignments that encourage students to reflect on their learning, and fre-
quent assessment that provides feedback to the instructor and the students. Here are 
some particular points from his experience that may be helpful to instructors at the 
early stages of implementing student-centered instruction:

•	 Establishing	learning	goals	at	the	outset	will	guide	decisions	about	the	best	
instructional strategies to help students reach these goals and assessments to 
measure effectively how well they have met them.

•	 Telling	students	explicitly	what	the	learning	goals	are	and	reminding	them	
often can reinforce what they need to study and make them more likely to buy 
into new ways of teaching.

•	 The	first	steps	of	applying	a	scientific	or	engineering	mindset	to	your	teaching	
often include identifying any problems with your teaching, reviewing prior research 
on effective strategies, attending workshops or other developmental opportunities, 
and collaborating with colleagues who have similar educational interests.

•	 Even	if	you	are	initially	dubious	about	these	new	instructional	approaches,	it	is	
worth attending a workshop to learn more about them. 

•	 You	may	find	it	difficult	at	first	to	develop	and	incorporate	student-centered	
activities, but the result can be exciting and rewarding for both you and your 
students.

•	 Many	effective	instructors	use	a	mix	of	research-based	strategies.	The	specific	
strategies may evolve over time as you gain more experience, analyze their 
impact, and discover which options work best for you. 

Starting Small

Many instructors who have effectively used research-based pedagogies began by 
implementing one idea on a small scale, such as adding thoughtful clicker questions 
or tutorials to their lectures or setting aside time during one class period a week for 
a group activity. Others have piloted a new research-based approach with one sec-
tion of a large class. By phasing in reforms, these instructors gained the confidence 
needed to make greater changes. “The biggest help for me was recognizing that 
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students still need to learn content,” says Christopher Swan,9 a Tufts University pro-
fessor who incorporates small-group work on projects, often with a sustainability 
focus, into his engineering courses. Swan still maintains some traditional assign-
ments and exams but incorporates shorter projects throughout a course and a lon-
ger project near the end that are designed to help students learn important content.

Many instructors who would like to try out active learning strategies 
are intimidated by what Robin Wright,10 an associate dean in the College of 
Biological Sciences at the University of Minnesota, calls a “big misconception”—
namely, that faculty who have effectively taught a well-designed lecture course for 
several years “think they’ve got to throw all of that away and start from scratch.” 
But that is not the approach she and her colleagues took when preparing to teach 
in a new building with classrooms designed especially to facilitate active student 
engagement. Rather, says Wright, they started by making students responsible 
for learning through homework some of the less demanding content that was 
previously included in lectures. This freed up a portion of class time for activities 
designed to help students discover the more challenging content. “Most of the 
activities we do in class are derivative of lectures. . . . I call it starting where you 
are,” Wright says. “Don’t lose the content, but cover it by giving students a quiz 
at the beginning of class. Then have students wrestle with data instead of having 
you explain how to wrestle with data.”

Several experienced practitioners interviewed for this book reported that 
after they tried one or two research-based strategies and saw what a difference they 
made, they became excited about doing more. “You don’t even have to go all the 
way in. Even a little bit is good. And then you get addicted and you keep doing 
more,” says Elizabeth Derryberry,11 a biology professor at Tulane University.  

Collaborating with Like-Minded Colleagues

Taking those first steps toward research-based instruction can be easier with the 
encouragement, guidance, and support of colleagues. “Often teachers feel they are 
working alone in the dark. If they can instead work with a team, it can enhance 
their motivation and the quality of the outcome,” says Cynthia Brame12 of 
Vanderbilt University’s Center for Teaching. 

9 Interview, August 27, 2013.
10 Interview, April 12, 2013.
11 Interview, May 1, 2013.
12 Interview, April 29, 2013.
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Many expert instructors started out by collaborating with faculty who already 
had some experience in or passion for implementing new teaching strategies. 
Relationships formed in this way may last for years and lead to further refinements 
in course design and teaching techniques. Several instructors began by doing gradu-
ate work with or being mentored by senior colleagues who were leaders in research-
based instruction; many of these graduate students or junior faculty went on to 
become leaders in the field themselves and to serve as mentors to others.

The forms and benefits of these collaborative relationships vary. Several 
instructors interviewed for this book found inspiration from sitting in on a col-
league’s class. Eric Brewe of FIU maintains that having faculty observe research-
based classes is a good way of getting buy-in from those who may otherwise be 
hesitant to change. At the University of Minnesota, the first teaching assignment for 
newly hired, tenure-track professors in biology is to team teach an existing course 
aligned with their interests, explains Wright. “We hope that this will help change the 
‘secret’ culture that teaching often has—that people would be threatened by some-
one else there watching. We’ve got to get over that,” she says.

Many expert instructors have arranged to co-teach one or more courses 
with like-minded colleagues. As discussed in Chapter 6, this approach enables 
them to share the workload involved in developing materials and redesigning a 
course and makes it easier to address implementation challenges. Team teaching 
has been enormously valuable to the College of Biological Sciences at Minnesota, 
says Wright. “You’ve got somebody right there to help you trouble-shoot based on 
student performance.”

And, as emphasized in Chapter 7, various types of support from a depart-
ment or institution can be extremely helpful for instructors who are just getting 
started with revising their instruction around research.

Joining a Learning Community 

If you are itching to try out new strategies but sense you will need encouragement 
and additional knowledge in the process, or if you feel that you require a more 
structured, collegial relationship to follow through on your intent to change your 
teaching methods, then you may find what you need in a formal or an informal 
learning community or similar network. Learning communities are an effective form 
of ongoing professional development that bring together instructors—and in some 
cases, graduate students, post-docs, and others—to learn about and try out new 
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instructional approaches and generate new knowledge (Austin, 2009; Beach and Cox, 
2009). They can be important forces in promoting instructional reform (Fairweather, 
2005). These communities may be live or virtual. They can exist within a department 
or an institution or through an external network, such as a disciplinary society, online 
resource center, or other professional organization. Some learning communities are 
forged by people who met at an initial professional development workshop and then 
made a commitment to help each other implement and expand on what they learned. 

Within an institution, even a few interested colleagues can create an infor-
mal learning community to support and learn from each other, share materials, 
and provide momentum for reform. In some institutions, faculty interested in 
research-based teaching meet periodically for informal lunches or “journal clubs.” 

If others in your department do not share your interest in research-based 
instruction, external learning communities can help fill this void. The On the 
Cutting Edge program, for example, supports virtual communities of learners in 
geosciences through online journal clubs, webinars, and active listservs. Sometimes 
the disciplinary affiliation is as strong as the departmental affiliation. The point is 
to build community either live or virtually.

Allison Rober,13 a biology professor who began teaching at Ball State 
University in 2013, is an example of an instructor who has found ideas and sup-
port through an online community forged with mentors and colleagues who met 
through the Future Academic Scholars in Teaching (FAST) fellows program at 
Michigan State. “One of the things I valued most from FAST and similar pro-
grams is the community,” she says. 

To be effective, the members of a learning community must engage in meaning-
ful interactions that are focused on accomplishing particular goals within a course or 
learning activities. Within a community, all participants take responsibility for achiev-
ing the learning goals. Members support each other, but also may challenge each 
other’s ideas (Center for the Integration of Research, Teaching, and Learning, n.d.b). 

Taking Advantage of Existing Resources

Instructors who want to implement reforms rooted in research on how students 
learn their discipline do not have to develop curricula from scratch, as their prede-
cessors had to do several years ago. A variety of resources to support this type of 
instructional reform are available in published form or on the Web through cen-

13 Interview, April 29, 2013.
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ters like the Science Education Resource Center (SERC); through projects devoted 
to specific instructional strategies, such as The Process Oriented Guided Inquiry 
Learning (POGIL) Project or Student-Centered Active Learning Environment with 
Upside-down Pedagogies (SCALE-UP) (described in Chapters 4 and 5, respective-
ly); and through professional organizations and networks. These resources include 
curricula and learning activities, tutorials, assessments, videos, and other materi-
als. Many of these materials have been validated by research studies or cited as 
exemplary through peer reviews. 

Several of the instructors interviewed for this book started out by using 
curriculum materials developed by others, an approach that is time-efficient and 
cost-effective. “Stand on the shoulders of giants,” emphasizes Noah Finkelstein, a 
professor of physics at Colorado. He offers this analogy: Although lasers are used 
in his physics classes, he does not build a laser system from scratch. “I build on 
the work that others have done on that system. . . . I go to the laser expert; I don’t 
want to have to become the laser expert.”

At the same time, instructors often adapt existing materials or modify 
implementation of an approach to suit their particular students, learning goals, 
context, and resources. Although the learning materials developed for The POGIL 
Project have been carefully constructed, says Rick Moog, a chemistry instructor at 
Franklin & Marshall College and the Project’s executive director, users are encour-
aged to modify the implementation of the pedagogy to suit their own needs. “The 
[POGIL] approach is philosophical and pedagogical; it’s not a set of directions on 
what to do,” says Moog. “You have to figure out what works for you.”  

When adapting materials, however, one must be careful to recognize 
and maintain the elements that research has shown to be critical to realize the 
improvements in student learning that others have achieved. 

Participating in Professional Development 

Most instructors who use research-based strategies in their courses participated in 
professional development about these strategies at some point in their careers, and 
some went on to lead professional development activities themselves. Attending a 
workshop or institute was often the catalyst for practitioners to adopt research-
based strategies. It is only a first step, to be sure; implementing meaningful change 
in practice requires sustained opportunities for faculty development, access to 
resources, and a supportive community, as discussed later in this book. 
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Stephen Krause,14 an engineering professor at Arizona State University, 
calls his initial participation in an NSF-funded workshop on rigorous research in 
engineering education a “transformative experience.” Krause now conducts work-
shops on evidence-based approaches to engineering education.

Alex Rudolph,15 a professor of physics and astronomy at California State 
Polytechnic University, Pomona, and a frequent workshop leader, says he was 
“won over” after first participating in a workshop on research-based teaching 
and learning offered by the Center for Astronomy Education. “I went ahead and 
incorporated the entire set of pedagogical strategies they had developed—lock, 
stock, and barrel.” Rudolph encourages instructors with an interest in trying 
new strategies to first attend a workshop. “Those two days of immersion make 
all the difference in the world,” he says. “It gives you a basis on which to start, 
without feeling like you’re picking up a hammer when you’ve never been a car-
penter and you’re being told to build a house.” 

Professional development activities vary considerably in their focus, dura-
tion, delivery methods, extent of follow-up, and other characteristics. They also 
vary in their effectiveness, as discussed below. 

A wide array of professional development opportunities—ranging from 
daylong workshops to fellowships extending over one year or more, and from 
efforts on one’s local campus to large-scale national programs—are available to 
instructors who want to learn more about research-based approaches to teaching 
and learning. These programs are sponsored by individual institutions, disciplin-
ary societies and professional organizations, networks of practitioners using a 
particular instructional approach, and other entities. Some professional develop-
ment efforts are geared to instructors with little or no experience in research-
based approaches, while others are aimed at more seasoned innovators and 
alumni of previous workshops who want to go into more depth. 

Several professional development initiatives are described in Chapters 6 
and 7. The example below of the Summer Institute for Undergraduate Education 
in Biology sponsored by the National Academies and the Howard Hughes 
Medical Institute gives a taste of the experiences available to instructors through 
a multi-day workshop in research-based teaching approaches.

14 Interview, July 9, 2013.
15 Interview, August 20, 2013.
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Designing Learning

At the annual National Academies Summer Institute 

for Undergraduate Education in Biology, faculty and 

other instructional staff from around the country 

spend an intensive week learning about and gaining 

experience in “scientific teaching.” This approach 

encourages instructors to improve their undergradu-

ate science classes by applying the same rigor, cre-

ativity, critical thinking, and scientific spirit that they 

use in their biology lab work (Center for Scientific 

Teaching, 2014). 

First offered in 2004 and currently sponsored by 

the National Academies and the Howard Hughes 

Medical Institute, the Summer Institute (SI) was 

the first major national professional development 

program for life sciences faculty. The SI empha-

sizes active learning, methods for assessment of 

student learning and teaching effectiveness, and 

instructional strategies that engage a diverse group 

of students. Participants work in small groups to 

develop instructional materials with clearly defined 

learning goals, which they can take back to their 

home campuses and use right away. In addition, they 

learn how to lead workshops on scientific teaching 

(National Academies, n.d.).

“One difference between the SI and many other 

professional development workshops is that we 

model scientific teaching rather than simply telling 

participants about it. So, for example, participants 

in an active learning session actually experience 

what it’s like to be a student in an active learning 

classroom,” says Bill Wood,a a University of Colorado 

Boulder biologist and a co-founder and former co-

director of the SI. With this type of preparation, par-

ticipants “are better able to implement active learn-

ing later in their own teaching,” explains Wood. 

For the first several years, the SI was limited 

to biology faculty and offered at a single site, the 

University of Wisconsin–Madison. In order to reach 

a greater number of faculty, the sponsors expanded 

the program in 2011 to include workshops at several 

regional sites (Howard Hughes Medical Institute, 

2011). While biology remains the main focus, some 

regional workshops have recently included multidis-

ciplinary or interdisciplinary activities.

“Teaching in the light”

When Michelle Withers, now a biology profes-

sor at West Virginia University, arrived at the first 

SI in 2004, she knew she needed to improve her 

teaching methods. “I was still rewriting the book 

on PowerPoint slides. I was still the talking head,” 

she says (Howard Hughes Medical Institute, 2011). 

Attending the Institute “was sort of like someone 

flipped the light switch for me, and I went, ‘Oh, 

okay, this is what it’s like to teach in the light, and 

I’ve been teaching in the dark and didn’t realize it,’” 

she says (Mazella, 2013). Withers not only imple-

mented the strategies she learned at the SI in her 

own classes, but also set up workshops on scientific 

teaching for the faculty and teaching assistants at 

her home campus. She now runs one of the regional 

SI workshops at her home institution.

Clarissa Dirks,b a biologist at The Evergreen 

State College in Washington State and leader of a 

regional SI workshop, describes her experience in 

a Email from Bill Wood to Nancy Kober, March 23, 2014. b Interview, March 24, 2014.

Bringing the Rigor of Research to Science Teaching 
at the National Academies Summer Institute
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the first SI cohort as “life-changing.” Although she 

had previously used some active learning strate-

gies in her courses, the SI workshop helped her 

realize “there are all these tools for doing things 

differently in the classroom, and the literature 

shows they’re more effective.”  For example, she 

says, the SI experience helped her design better 

curriculum and instruction for a workshop for 

students from underrepresented groups. By exam-

ining assessment data, she determined that weak-

nesses in science processing and reasoning skills 

were a major stumbling block for many of these 

students. “I designed an entire program to teach 

these kinds of skills, and as a result, they went on 

to become incredibly successful in introductory 

biology,” Dirks explains. Currently Dirks is design-

ing a national assessment to measure scientific 

process and reasoning skills in biology.

Changing practices and influencing others

Since 2004, roughly 1,000 biology instructors have 

participated in the SI, notes Wood.c All but a few 

of the major research universities, as well as other 

types of institutions, have sent instructors to the SI. 

Typically, two or three instructors from the same 

institution attend together so they can support each 

other in implementation after they return home. 

To encourage SI participants to become agents 

for change at their home campuses, the program 

asks them to make a commit-

ment to use and evaluate the 

impact of the materials they 

developed at the workshop 

and to coordinate a workshop 

on scientific teaching at their 

own institution for faculty, 

post-docs, or graduate stu-

dents.

The SI has had several 

“spinoff” effects, says Dirks. 

She and several other alumni 

have gone on to engage in 

DBER scholarship, publish 

their findings in journals, 

and assume leadership roles 

in efforts to improve science 

education. 

Evaluations of impact

Surveys of the first five SI cohorts conducted before, 

shortly after, one year after, and two years after 

their participation show a substantial increase in 

scientific teaching practices over time (Pfund et al., 

2009). For example, two years after participating 

in an SI, more than 68 percent of alumni reported 

using three main strategies emphasized during the 

c Email from Bill Wood to Nancy Kober, March 23, 2014.
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workshops—active learning, assessments of learning 

and teaching effectiveness, and diversity strategies—

in at least half of their class sessions. A large majori-

ty of SI alumni also reported that they had mentored 

a colleague in teaching and presented a seminar or 

workshop about teaching, according to self-reported 

survey data (Pfund et al., 2009). 

A study of the impact of professional develop-

ment on participants in the National Academies SI 

and a related professional development effort, the 

NSF-funded Faculty Institutes for Reforming Science 

Teaching (FIRST II), used videotaped observations of 

classes in addition to participant surveys to address 

some of the limitations inherent in self-reported 

data (Ebert-May et al., 2011). Findings from this 

study were mixed. Although more than 75 percent 

of participants reported frequent use of learner-

centered and cooperative learning on the surveys, 

the observational data, which were analyzed using 

an established protocol, found that up to 18 months 

after the workshop, the majority of study partici-

pants still used mainly lecture-based instruction. 

In addition to the obvious differences between 

self-reported survey data and observational data, 

these two evaluations also differed somewhat in the 

cohorts of participants studied and the time elapsed 

after the workshop. The design and delivery of the 

workshop continued to be refined over time, says 

Dirks.d It is also noteworthy that SI alumni often 

say that it took them three or more years of experi-

menting before they felt they could effectively use 

learner-centered teaching strategies (Pfund et al., 

2009). As the National Research Center (NRC) report 

on DBER concludes, “These results suggest that mea-

suring the influence of DBER and related research 

on teaching requires a nuanced, longitudinal model 

of individual behavior rather than a traditional 

‘cause and effect’ model using a workshop or other 

delivery mechanism as the intervention” (National 

Research Council, 2012, p. 173).

d Interview, March 24, 2014.
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Professional development can take forms other than attending traditional 
workshops, institutes, and seminars. Obtaining regular and timely feedback from 
experts on how one is implementing changes in instruction is a powerful form of 
professional development (Henderson, Beach, and Finkelstein, 2011). Prather and 
Brissenden (2008) suggest a model of “situated apprenticeships” in which instruc-
tors actively practice teaching strategies and critique each other’s implementation 
through an ongoing peer-review process.16 Other options include reviewing videos 
of skilled instructors teaching in their classrooms with expert commentary, or 
reviewing videos of one’s own teaching with feedback from a mentor. 

Evidence of the effectiveness of different types of professional development 
comes largely from self-reports from participants, which must be interpreted with 
caution, and in a few cases from more detailed types of follow-up and observa-
tions of instructional practices of former participants. In general, this evidence 
suggests that professional development activities have been more successful in 
increasing instructors’ awareness about research-based strategies than in changing 
teaching practice. A limited amount of evidence suggests, however, that profes-
sional development efforts can have a positive impact on practice, particularly if 
the professional development program is longer in duration and incorporates the 
components described in the next paragraph. (For a more detailed discussion of 
studies of professional development, see Chapter 8 of the 2012 NRC report on 
DBER.) 

How do you go about choosing an effective professional program? You can 
start by looking for programs focused on research-based approaches in your disci-
pline, because they will be more likely to address principles of teaching and learn-
ing that are specific to the courses you teach. Although additional research needs 
to be done on the relative effectiveness of different kinds of professional develop-
ment, programs with some evidence of success in changing faculty practices gener-
ally include more than one of the following components (Henderson, Beach, and 
Finkelstein, 2011; Loucks-Horsley et al., 2009; Wilson, 2011):

•	 A	duration	of	four	weeks	or	more	(although	not	necessarily	all	at	the	same	time)	

•	 A	focus	on	making	participants	aware	of	the	learning	principles	underlying	
an innovation and changing their conceptions about teaching and learning, 
through opportunities for self-reflection or other means 

16 Connecting with like-minded colleagues, discussed above, facilitates the process of obtaining feedback 
from experts. 
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•	 Modeling	of	the	instructional	practices	that	participants	are	expected	to	use—
for example, by teaching the workshop through active learning and engaging 
participants in the types of activities students would do

•	 Expert	leaders	with	a	strong	grounding	in	the	discipline	and	experience	in	
implementing the specific strategies they are teaching to participants 

•	 Opportunities	for	participants	to	practice	new	instructional	approaches	in	the	
workshop and receive expert feedback as they do this 

•	 Use	of	research-validated	techniques	to	motivate	adult	learners,	such	as	relevant	
content, opportunities for reflection, and group work (Wlodkowski, 1999)

•	 Activities	that	encourage	participants	to	articulate	clearly	how	they	will	put	
what they have learned into action after the workshop (Hilborn, 2012)

•	 Follow-up	activities	for	workshop	alumni,	such	as	peer	mentoring,	Web	net-
works, and gatherings 

Conclusion

The trajectory of Karen Kortz,17 a geology professor at the Community College of 
Rhode Island (CCRI), illustrates how an instructor with a strong desire to increase 
her students’ learning and engagement but with little previous exposure to DBER 
relied on several of the suggestions described in this chapter. 

As a new faculty member at CCRI in 2001, Kortz wanted to be a great teach-
er, but she was not certain what that entailed. Many of her students were working 
or raising families while attending college, and most were taking her course primar-
ily to meet a laboratory science requirement. She hoped to be able to dispel her 
students’ fears about science and give them a compelling reason to attend class. “I 
knew courses should be interactive, but I didn’t know how to do that,” she says.

Kortz began by attending a workshop for early career geosciences faculty 
offered by On the Cutting Edge, a professional development project of the National 
Association of Geoscience Teachers. “That really opened my eyes,” she says. There 
she learned more about how to design interactive instruction and was inspired by 
people who were doing DBER. (“I had no idea there was such a thing,” she adds.) 

17 Except where noted, the information in this example comes from an interview with Karen Kortz, April 
5, 2013.
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After that workshop, Kortz started changing her courses a little at a time. One 
of the first things she did was develop worksheets that students would do in small 
groups between lecture segments. At another workshop on interactive teaching of 
astronomy, Kortz learned about lecture tutorials, which are designed explicitly to tease 
out students’ inaccurate ideas about science concepts and lead them to deeper under-
standing (Prather et al., 2007). “I thought, this is what we need in geology,” she says. 

Kortz and her colleague Jessica Smay of San Jose City College began turning 
their initial set of informal worksheets into a more formal series of lecture tutorials that 
targeted common student misconceptions in geosciences identified by research. Their 
tutorials have been made available on the SERC website18 and have also been used by 
other instructors and published as a book (Kortz and Smay, 2012). One study across 
multiple institutions revealed that the use of these lecture tutorials improved students’ 
test scores in introductory geosciences courses (Kortz, Smay, and Murray, 2008). 

In the meantime, Kortz introduced other interactive techniques into her 
classes, including clicker questions, Think-Pair-Share, and the jigsaw approach (all 
explained in Chapter 4). In a few cases, she abandoned techniques that were not 
worth the class time they required. Eventually, she completed a Ph.D. in geosci-
ences education while continuing to teach. Acknowledging that in her early career 
she sometimes spent unnecessary effort trying to “reinvent the wheel,” she also 
advises instructors to “build on the work that’s already out there.”

Kortz, who has won awards for her teaching, now leads On the Cutting Edge 
workshops herself. “So it’s come full circle,” she says. Her students show higher-than-
average improvement in their scores on the GCI, a standardized assessment designed to 
diagnose students’ conceptual understanding and learning in entry-level Earth science 
courses. Kortz tells instructors who want to improve their teaching: “Don’t give up.” 

Resources and Further Reading

The Center for the Integration of Research, Teaching, and Learning (CIRTL) Network 

www.cirtl.net

Discipline-Based Education Research: Understanding and Improving Learning in 

Undergraduate Science and Engineering (National Research Council, 2012) 

  Chapter 8: Translating Research into Teaching Practice: The Influence of Discipline-Based 

Education Research on Undergraduate Science and Engineering Instruction

The Science Education Resource Center (SERC) at Carleton College  

www.serc.carleton.edu

18 See http://serc.carleton.edu/NAGTWorkshops/teaching_methods/lecture_tutorials/index.html.
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3Using Insights About Learning to Inform Teaching

“I think it’s about putting yourself in the students’ shoes and seeing how 
a first-time student, maybe someone who hasn’t even taken chemistry 
before, is looking at it.”

—Valerie�Taraborelli,�undergraduate�chemistry�student,�University�of�Arizona1

“In some ways, I think the people who are the most successful as teachers 
are the ones who are able to remember what it was like being uncertain 
and not knowing. When you become an expert, things are easy. So the idea 
is to try and see where [students] are coming from and why they’ve devel-
oped this misconception and what you can do to specifically address it.”

—Dee�Silverthorn,�biology�professor,�University�of�Texas2

These two quotations underscore a point made by research—that effective science 
and engineering instruction involves much more than conveying to students what 
you, as an expert, already know and what you think they should know. Rather, 
effective teaching in these disciplines involves ascertaining what students know, 
what they don’t know, and what they think they know but do not really under-
stand accurately or fully. Using that information, you can help students establish a 
solid framework of understanding that can better support new knowledge. 

While teaching and learning are often seen as distinct processes—one con-
trolled by the teacher and the other by the student—they are really intertwined 
aspects of a complex process shaped by both teacher and student. Understanding 

1 Interview, April 24, 2013.
2 Interview, June 25, 2013.
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how students learn is a key 
aspect of good teaching.

This chapter describes 
some of the main insights 
from research on how people 
learn in general and how 
undergraduate students learn 
science and engineering in 
particular. Rather than being 
a comprehensive review of 
evidence from discipline-
based education research 
(DBER), the findings and 
examples highlighted in this 
chapter are intended to illus-

trate how an understanding of learning can lead you to think differently about 
instruction and design more effective approaches. Additional information from 
research on how undergraduate students learn science and engineering is avail-
able in the 2012 National Research Council (NRC) report on DBER.

General Insights About How Students Learn

Karl Wirth, a geosciences professor at Macalester College, is one of many instruc-
tors who have been strongly influenced by research on how people learn. 

In designing new instructional strategies, Wirth and others have drawn 
on four decades of findings from cognitive sciences, neurosciences, and related 
fields. This body of scholarship comprises “an extraordinary outpouring of 
scientific work on the mind and brain, on the processes of thinking and learn-
ing, on the neural processes that occur during thought and learning, and on 
the development of competence” (National Research Council, 2000, p. 3). 
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Designing Learning

 
Helping Students Become Intentional Learners

In the 1990s, Macalester College professor Karl 

Wirtha realized that although he thought he had 

been teaching his geosciences students effectively, 

“when they did senior capstone projects, they really 

weren’t very well prepared. That came as sort of a 

shock to me.” This realization led him to seek out 

ways to help his students develop deeper under-

standing and critical-thinking skills and become 

more strategic, self-motivated learners. He attended 

workshops and read the research literature on 

learning, including How People Learn: Brain, Mind, 

Experience, and School, a seminal study by the 

National Research Council (2000). 

Drawing on this body of research, Wirth incor-

porated activities into all of his courses to develop 

students’ skills in metacognition, or thinking about 

their own thinking and learning. The first reading 

assignment in his courses is a paper called Learning 

to Learn, prepared by Wirth and University of North 

Dakota professor Dexter Perkins (2008), which high-

lights research on learning and metacognition and 

signals his expectation that students will learn in 

ways that go far beyond memorizing content.

Each time Wirth’s students complete an out-of-

class reading assignment, for example, they do a 

short writing assignment, or “reading reflection,” 

in which they answer questions like these: What is 

the main point of this reading? What information 

did you find surprising and why? What did you find 

confusing and why? Similarly, after completing an in-

class activity, students write a brief “learning reflec-

tion,” in which they respond to questions like these: 

What are the three most important things you have 

learned? Why? Describe the learning strategies that 

you are using. How might they be adapted for more 

effective learning? How does learning in this course 

relate to other courses? 

These reflection exercises prompt students to 

monitor their own understanding and progress and 

motivate them to come to class better prepared, says 

Wirth. In addition, the exercises provide the instruc-

tor with frequent feedback about students’ learning 

that can be used to guide improvements in instruc-

tion, a function known as formative assessment. 

“They give me a sense of where the sticky points 

are in their content learning,” he says. “More than 

anything, it puts me in touch with what’s going on 

in their brains.” Often Wirth shows students graphs 

of the positive correlation between completion of 

the reading reflection assignments and their course 

grades. “When they see that, they begin to realize 

that the people who are doing well are doing all the 

reading reflections.” The reflection process “not only 

leads to deeper and more effective learning, but 

also lays the groundwork for being a self-directing 

learner” (Wirth and Perkins, 2008).

Spurred by research on the value of active stu-

dent engagement and student collaboration, Wirth 

has adopted a so-called studio format in his classes 

that makes no distinction between lecture and lab. 

Students spend the better part of each two-hour 

class period conducting hands-on lab activities and 

solving problems. 

One such activity is the M&M® magma chamber, 

which Wirth designed to help students better under-

stand how magma changes in composition through 

the effects of crystallization and gravitational settling. 
a Except where noted, the information in this example comes from an 

interview with Karl Wirth, July 8, 2013.
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This is one of the most important processes in geolo-

gy, and one that students often have difficulty under-

standing, says Wirth. The activity is also intended 

to provide students with an opportunity to use and 

reinforce concepts learned in a mineralogy or petrol-

ogy course, such as stoichiometry or classification and 

chemical variation diagrams, and to give them practi-

cal experience in designing and using spreadsheets 

(Wirth, n.d.).

Using different colors of M&Ms to represent dif-

ferent elements, students work through a 10-step 

simulation of the crystallization process, in which 

they remove the M&Ms in specific proportions to 

create representations of rock layers formed by the 

accumulation of crystals at the bottom of a “magma 

chamber” drawn on butcher paper. After each step, 

they calculate and record on spreadsheets the rela-

tive percentages of each element remaining, as well 

as the proportion of magma remaining as a fraction 

of the original magma. They graph the changing 

composition in the layers. The diagram below shows 

the M&M magma chamber at four stages of evolu-

tion (Wirth, 2003, p. 4).

As a wrap-up, students apply and reflect on what 

they have learned from the activity by answering a 

series of questions about changes in minerals and 

the composition of the magma at various stages, 

the reasons why certain transformations occur, and 

which aspects of the simulation are realistic and 

which are not. They apply their understanding of 

magma differentiation by crystal fractionation to 

predict what would happen if certain circumstances 

were changed and to determine the approximate 

volume of basaltic magmas needed to produce the 

lavas of the Yellowstone Plateau. 

“It’s fun, it’s colorful, it’s kinesthetic, they’re 

moving things around—it’s chaos,” says Wirth of 

the exercise, which has been widely disseminated as 

part of the Science Education Resource Center (SERC) 

collection of exemplary teaching activities.b This 

exercise also uses a familiar analogy of sorting can-

dies by color as a “bridge” to help students under-

stand a complex concept—a strategy consistent with 

research on learning. After students work through 

the M&M model, says Wirth, they understand and 

remember the underlying concept much better than 

they did when he taught it 

by lecturing for 20 minutes 

and drawing with colored 

markers on the board. Since 

he incorporated this exer-

cise into the curriculum, 

“student knowledge of 

fractional crystallization and 

magmatic differentiation, 

as indicated by exam results 

and course projects, has 

increased significantly,” he 

reports (Wirth, 2003, p. 1).

The M&M magma chamber at four stages of evolution.  
SOURCE: Wirth, 2003, p. 4. 

b See http://serc.carleton.edu/

NAGTWorkshops/petrology/teaching_

examples/24646.html.
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Following is a summary of general findings about learning with the greatest 
relevance to undergraduate science and engineering education. This information 
is drawn mainly from How People Learn: Brain, Mind, Experience, and School: 
Expanded Edition (National Research Council, 2000); a companion volume, How 
People Learn: Bridging Research and Practice (National Research Council, 1999); 
and the sections on metacognition and knowledge transfer in Chapter 7 of the 
2012 NRC report on DBER. 

Prior knowledge shapes learning 

Learners do not come to a new topic knowing nothing, particularly by the time 
they are undergraduates. Learners of all ages possess understandings, skills, and 
beliefs that significantly influence how they remember, reason, solve problems, and 
acquire new knowledge. 

Prior knowledge can either facilitate or interfere with new learning. When stu-
dents’ prior knowledge is accurate, it can provide a foundation for constructing new 
knowledge. When students’ existing ideas, or preconceptions, are basically correct 
but incomplete, instructors can use what students do know as a bridge to help them 
fill in gaps in understanding. But when students have misconceptions—ideas, beliefs, 
and understandings that differ from accepted scientific and engineering explana-
tions—they may have difficulty integrating new knowledge with their inaccurate 
notions. Misconceptions can persist through the undergraduate years, even when 
students have been taught accurate explanations in their earlier science classes. In 
your own courses, you may have encountered students who cling to misconceptions 
like these: Individuals can evolve during a single lifespan. Chemical bonds store 
energy that is used to make them. As discussed later in this chapter, DBER has iden-
tified prevalent misconceptions in specific science and engineering disciplines.

Rather than simply telling students the right explanation, good instructors 
make an effort to elicit students’ prior knowledge and use it to help students con-
struct a more complete and accurate understanding.

Learning is a process of actively constructing knowledge

Learning is not simply the accrual of information; rather, it involves a process of 
conceptual reorganization. The brain is a “dynamic organ”; even a mature brain is 
structurally altered during learning (NRC, 2000, p. 235). The brain actively seeks to 
make sense of new knowledge by connecting it with prior knowledge and experience. 
Through this process, the learner “constructs” new understanding and meaning. 
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Constructing new knowledge is easier when a student has a strong foun-
dation of sufficient, well-organized, and accurate knowledge on which to build. 
It becomes more difficult, however, when it requires an upending or complete 
restructuring of students’ current understanding. In this case, instructors will need 
to address inaccurate or incomplete preconceptions and guide students in reorga-
nizing their thinking in more fruitful ways, as discussed later in this chapter.

A related idea from research on cognition emphasizes that meaningful learn-
ing occurs when students select, organize, and integrate information, either inde-
pendently or in groups, and take control of their own learning (National Research 
Council, 2000, 2012). This principle of “active learning” has strongly influenced 
many DBER scholars and studies and undergirds many research-based strategies 
for teaching science and engineering.

This view of a student as an active constructor of knowledge does not mean 
that instructors should never tell students anything directly. In some situations, 
“teaching by telling” can be an effective part of a broader instructional design, but 
only after students have been primed for this “telling” process by grappling with 
the ideas on their own in a carefully structured way (Schwartz and Bransford, 
1998). Even during “times for telling,” instructors still need to attend to students’ 
interpretations and provide guidance when necessary. 

Experts organize knowledge and approach problems differently from novices

The work of a science or engineering instructor might be seen as a process of moving 
students from novice toward more expert-like understanding in a discipline. 
Undergraduates cannot be expected to develop the expertise that it has taken you, as a 
professional, many years of dedicated practice to attain. Your goal, then, is to help move 
students farther along this continuum. Instructors sometimes have difficulty with this 
process because of blind spots—for instance, they fail to see that a step in problem solv-
ing that is automatic to them as an expert may be a substantial challenge for novices. 

Research provides insights about differences between how novices and 
experts think and perform. Acquiring a rich body of knowledge in a discipline is a 
necessary starting point for developing expertise. To become an expert, one must 
spend enough time studying and working in a discipline to master its content. The 
more one knows about a subject, the easier it is to learn still more. 

But expertise consists of more than just knowing an impressive array of facts. 
What truly distinguishes experts from novices is experts’ deep understanding of the 
concepts, principles, and procedures of inquiry in their field, and their framework 
for organizing this knowledge. Experts also know when and how to apply particular 
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aspects of their knowledge, and their mental organizations make it easier for them 
to remember and access relevant knowledge. This depth and organization of knowl-

edge enables experts to notice patterns, 
relationships, and discrepancies that 
elude novices. It allows them to quickly 
identify the relevant aspects of a com-
plex problem or situation, make infer-
ences, and draw conclusions. 

The knowledge that novices pos-
sess, by contrast, is often disconnected, 
unorganized, and therefore less usable. 
Novices do not always connect the rel-

evant knowledge they do have to new tasks. And they may focus on aspects of a 
problem, such as superficial details, that make it more difficult rather than easier to 
solve. 

Thus, while students need to acquire a foundation of knowledge in a dis-
cipline, this is not enough to become competent. Students also need to be able 
to affix their knowledge to a coherent mental framework. Instructors can help 
students develop more expert-like understanding by emphasizing organized bod-
ies of knowledge and embedding specific ideas, principles, and concepts within 
these structures. Because knowledge is organized differently for different disci-
plines, attaining expertise in an area requires knowledge of both its content and 
its broader structural organization. More detailed findings from DBER about how 
novices and experts solve problems and approach other aspects of learning science 
and engineering are discussed in a later section of this chapter. 

Metacognition can help students learn

Metacognition—the mind’s ability to monitor and control its own activities—is an 
essential competency for learning. Students who have greater metacognitive capac-
ity are better learners overall. They monitor their comprehension as they learn: for 
example, by asking themselves when they encounter a new concept whether they 
truly understand it, or by pausing to consider whether their strategy is working 
when they tackle a problem. If they find they do not understand or are not mak-
ing headway, they can take corrective steps. 

Although relatively few students report using metacognitive strategies when 
studying on their own (Karpicke, Butler, and Roediger, 2009), research suggests 
that students can develop metacognition over time when metacognitive strategies 

Meaningful learning occurs when students 

select, organize, and integrate information, 

either independently or in groups, and 

take control of their own learning.
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are embedded into instruction (Weinstein, Husman, and Dierking, 2000). The 
reflection exercises in Wirth’s classroom, described above, are one way to build 
metacognitive activities into science teaching.

In chemistry, students who took laboratories designed specifically to prompt 
metacognitive activity showed significant gains on the Metacognitive Activities 
Inventory, which measures students’ monitoring of their own thinking during 
problem solving (Sandi-Urena, Cooper, and Stevens, 2011). Consistent gains on 
this inventory were also found among students who participated in a workshop 
designed to promote metacognition (Sandi-Urena, Cooper, and Stevens, 2011). 
Studies in engineering education have found that incorporating reflection steps 
and self-explanation prompts into instruction can improve students’ problem solving 
(Svinicki, 2011).

Activities that require students to generate their own explanations of con-
cepts or explain a concept to another person also have a metacognitive element. 
Studies indicate that these “self-explanation” strategies can enhance learning more 
than just having students read a passage or examine the diagrams in a textbook 
(National Research Council, 2012). 

Students who can transfer their knowledge to new situations learn more readily

If students can apply what they have learned only in conditions that are exactly 
the same as those in which they learned it, their education will have little practi-
cal value. The ability to “transfer” knowledge to new contexts inside and outside 
the classroom helps students learn related information more quickly. Knowledge 
transfer is a mark of a well-educated person and an ultimate goal of education—
but it is often an elusive goal.

There are different degrees of transfer. “Near transfer” occurs among highly 
similar tasks in the same setting, such as using knowledge learned from one type 
of problem to solve similar problems in the same course or a sequential course 
in the same discipline. For example, physics students who have learned to apply 
Newton’s second law of motion to a problem involving a block on an inclined 
plane should be able to recognize that they can apply the same law to understand-
ing the data collected in a physics lab experiment. 

“Far transfer” takes place when knowledge learned in one setting is applied 
in a distinctly different setting, such as transferring what has been learned in one 
course to a course in a different discipline or using what has been learned in the 
classroom in a new professional context or everyday situation outside of school. 
Far transfer is more challenging for students to master.
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Students often have difficulty applying their knowledge in a new context, 
according to DBER studies. Research in chemistry, for example, has demonstrated 
that while students can memorize how to solve problems that require them to 
manipulate symbols and chemical formulas, they typically cannot transfer these 
skills to a similar problem involving drawings of atoms and molecules (see, for 
example, Nakhleh and Mitchell, 1993). As discussed later in this chapter, students’ 
difficulties in transferring knowledge across various types of problems are often 
related to their inability to distinguish the critical features of a problem.

Findings from How People Learn and the 2012 NRC report on DBER shed 
light on the kinds of learning that support knowledge transfer. Students must have 
a body of sufficient knowledge about a particular topic, but this should consist of 
more than a collection of facts. For students to be able to transfer what they have 
learned, they need to understand the core concepts related to that topic that can 
serve as a structure for organizing their knowledge. In biology, for example, stu-
dents would be expected to know the facts that arteries are thicker and more elas-
tic than veins and carry blood away from the heart, while veins carry blood back 
to the heart. But to be able to apply their knowledge of the circulatory system to a 
new problem, students must also understand why arteries and veins have these dif-
ferent properties and how these properties are integral to their distinct functions 
(National Research Council, 2000, p. 9). 

Spending a lot of time studying material and practicing its application is 
not sufficient to promote transfer of knowledge; what matters is how this time 
is spent. The goal is to spend time on activities that promote deeper learning. 
Students are more likely to develop the kind of flexible understanding that sup-
ports transfer if they learn how to extract themes and principles from their learn-
ing activities. Some instructors address this by calling attention to underlying prin-
ciples and designing activities in which students explicitly practice transfer.

Moreover, if students learn a concept mostly by working on problems and 
examples that are similar in context—such as problems involving balls that are 
thrown upward or dropped from buildings—their knowledge can become “con-
text-bound” (National Research Council, 2000, p. 236). This can be addressed by 
using different kinds of problems and examples that encourage students to extract 
the relevant features of a concept—to think in terms of problems of gravitational 
force and energy rather than problems involving balls. Giving students complex, 
realistic problems can also provide them with practice in transferring their knowl-
edge to a new situation. 
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Interactions with others can promote learning

Much in the way that children learn to talk by hearing the people around them 
converse or that adults acquire new skills by working alongside colleagues, students 
construct understanding through social interactions, such as talking about and col-
laborating on meaningful learning activities (Vygotsky, 1978). The evidence is very 
strong that collaborative activities enhance the effectiveness of student-centered 

learning over traditional instruction 
and improve retention of content 
knowledge (see, for example, the 
meta-analyses by Johnson, Johnson, 
and Smith, 1998, 2007, and numer-
ous other studies cited in Chapter 6 
of the 2012 NRC report on DBER). 

When students work together 
on well-designed learning activi-
ties, they establish a community of 
learners that provides cognitive and 
social support for the efforts of its 
individual members. In such a com-
munity, students share the respon-
sibility for thinking and doing. 

They can help each other solve problems by building on each other’s knowledge, 
asking each other questions, and suggesting ideas that an individual working 
alone might not have considered (Brown and Campione, 1994). By challenging 
each other’s thoughts and beliefs, they compel the members of the group to be 
explicit about what they mean and to negotiate any conflicts that arise, which 
in turn fosters metacognition. Social interactions also have a positive effect on 
motivation by making individuals feel they are contributing something to others 
(Schwartz et al., 1999).

Much in the way that children learn to talk by hearing the people around them converse or that 

adults acquire new skills by working alongside colleagues, students construct understanding 

through social interactions, such as . . . collaborating on meaningful learning activities.
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Instructors can help create this sense of community by designing learn-
ing activities that encourage this type of intellectual camaraderie and by creat-
ing classroom environments in which all students, including those from groups 
underrepresented in science, feel safe about sharing their ideas. To be effective, 
these approaches must be carefully selected and implemented and well aligned 
with student learning outcomes and assessment procedures. Chapter 4 gives some 
examples of effective collaborative approaches.

Many DBER studies are grounded in general findings about learning from cogni-
tive science and related fields. But DBER goes deeper by looking at how students 
learn the knowledge, practices, and ways of thinking in a science or engineering 
discipline. Much of this body of work focuses on three aspects of learning that are 
central to developing competency in these disciplines at the undergraduate level:

1. Understanding and applying the fundamental concepts of a discipline

2. Framing and solving problems with greater expertise

3.  Using visual and mathematical representations, such as graphs, models, and 
equations, of important ideas and situations in a discipline

While other aspects of learning science and engineering have also received 
scholarly attention, these three have been studied the most extensively. Across 
disciplines, DBER has identified common challenges in these three areas that can 
impede students’ learning, as well as approaches that can further learning. The 
core findings in these three areas, which are discussed in the sections that follow, 
are a good entry point for science and engineering instructors who want to use 
research to improve their teaching.

Understanding and Applying the Fundamental Concepts of a Discipline

Each of the disciplines discussed in this book is built on a set of fundamental 
concepts—ideas that can be applied in multiple contexts to explain and predict 
scientific phenomena. To become competent in biology, for example, students 
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need to understand the concept that species arise, change, and become extinct 
over time. Students of chemistry must comprehend that the atoms of a com-
pound are held together by chemical bonds formed by the interaction of elec-
trons from each atom. 

Students often have difficulty mastering the fundamental concepts of a disci-
pline. These concepts tend to be abstract, and students may fail to recognize their 
value as keys to thinking about the discipline. 

DBER has helped to elucidate how students develop an understanding of central 
science and engineering concepts and where they run into difficulty. An extensive body 
of DBER scholarship has identified and analyzed common student misconceptions in 
specific disciplines. DBER studies have also examined the effectiveness of strategies 
for promoting conceptual change. This research is reviewed at length in Chapter 4 
of the 2012 NRC report on DBER; the major findings are summarized below.

Misconceptions

In every science and engineering discipline, undergraduates harbor misconceptions. 
These misconceptions are often derived from what students have observed in 
their own experience or what seems to be common sense. In physics, for example, 
students may think that denser objects fall more quickly than lighter objects in a 
vacuum because they have seen a rock plummet to the ground while a leaf wafts 
slowly downward. In biology, many students have an inaccurate “round-trip” 
notion of the human circulatory system in which they envision blood flowing in 
a continuous circle from the heart around the body before returning to the heart 
(Pelaez et al., 2005). Incorrect ideas may also arise from inaccurate instruction in 
the K–12 grades or be influenced by cultural or religious beliefs.

Across disciplines, some of the most difficult concepts for students to grasp are 
those for which they have no frame of reference, especially those that involve very 
large or very small scales of space or time. In chemistry, for example, the idea that all 
matter is composed of particles too small to be seen with a microscope—molecules, 
atoms, and subatomic particles—is one of three main domains of knowledge students 
are expected to master. This “particulate” domain is often represented as one corner 
of “Johnstone’s triangle”; the other two corners are the macroscopic domain, or enti-
ties and properties that can be perceived with the human senses, and the symbolic 
domain, such as the letters and numbers used to represent compounds (Johnstone, 
1991). While students struggle to comprehend all three domains, understanding the 
particulate nature of matter is one of their greatest barriers to learning chemistry 
(Gabel, Samuel, and Hunn, 1987; Yezierski and Birk, 2006). 
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In geosciences, biology, and astronomy, the concept of “deep time” often 
confounds students. Deep time refers to the age of Earth or the universe and 
involves time scales spanning billions of years (see Box 3.1).

Misconceptions about scientific and engineering concepts do not always surface 
during traditional instruction. Moreover, deeply rooted misconceptions can be hard to 
change. For example, even some students who have completed undergraduate chemistry 

Most of us have seen a chart in the form of a metaphorical calendar that compresses the entire history of 
Earth into the scale of one single year and places the first appearance of humans in the final minutes of the 
last day of that year. This notion of “deep time,” or geologic time—the well-established concept that Earth is 
billions of years old—is one of the revolutionary ideas in geology and a framework for understanding evolu-
tionary biology (Catley and Novick, 2008). In astronomy, deep time extends back even further, across several 
billion years to the Big Bang and the origin of the universe. In all three disciplines, the very large scales make 
deep time a difficult concept for students to grasp. 

Research has found that although most undergraduate students place significant events in geologic history—
such as the formation of Earth, the first appearance of life, and the arrival of dinosaurs—in the right order, they 
misunderstand the scale of time between events (Libarkin, Kurdziel, and Anderson, 2007). Very few students 
produce estimates that are close to the scientifically accepted timeline. Students also sometimes conflate events 
that are far apart, such as the age of the dinosaurs and the age of humans. While the majority of students rec-
ognize that Earth is very old, some hold a “young Earth” perspective, including some who explicitly embrace 
creationist beliefs (Cervato and Frodeman, 2012; Libarkin, Kurdziel, and Anderson, 2007). 

An analysis of 79 peer-reviewed studies of geosciences misconceptions (Cheek, 2010) notes that a poor 
understanding of large numbers could partially account for students’ difficulty in understanding geologic 
time. In some of these studies, participants seemed to pick the largest number they could think of but 
showed no real sense of how much time it represented.

Students’ problems with the concept of deep time have wide-ranging implications for learning because so 
many areas of geology, as well as biology and astronomy, are premised on this idea. Concepts such as plate 
tectonics, rock layering, and sedimentation, among others, all depend to some extent on an understanding 
of geologic time. Libarkin, Kurdziel, and Anderson (2007) suggest that instructors incorporate a thorough dis-
cussion of the basic concept of deep time early in their introductory courses and reiterate its effects on other 
aspects of geology throughout the course. Dodick (2012) proposes that instead of simply focusing on the 
raw numbers in the chronology of deep time, instructors direct students’ attention to the significance of the 
numbers by anchoring a specific time period with key events they can visualize, much in the way that people 
might associate a particular month with their birthday.

BOX 3.1  hOw LOng is 4.5 BiLLiOn years, reaLLy?:
      CoMPREhENDING DEEP TIME
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courses still stand by the misconception that chemical bonds release energy when they 
break (Sözbilir, 2004). If instruction does not address misconceptions like these, students 
may fail to grasp new concepts and information. Or, they may learn them well enough 
to pass a test but go back their old, inaccurate ways of thinking outside the classroom. 

It’s especially important to probe the reasoning that underlies misconceptions, 
says Lillian McDermott,3 a physics professor at the University of Washington who 
has designed tutorials and other interventions to facilitate conceptual change. “The 
problem with the term ‘misconceptions research’ is that it seems to imply that all that 
needs to be done is to identify a mistaken interpretation of a concept and replace it 
with a correct one. It is the reasoning in physics, however, that distinguishes related 
concepts from one another, identifies their relationship, and makes possible their cor-
rect application,” writes McDermott in a forthcoming manuscript.4 “Our emphasis 
has therefore not been on the eradication of misconceptions, but rather on the 
development of reasoning skills necessary for the proper application of concepts.”

Assessing students’ conceptual understanding 

To improve conceptual understanding, instructors first need to determine what 
students know, what they understand incompletely, and where they have miscon-
ceptions. With this information in hand, instructors can then help students replace 
or refine misconceptions and use what they already know as a framework for 
building a more complete and accurate understanding.

As discussed in more detail in Chapter 5, scholars have designed various tools 
to assess students’ conceptual understanding. These range from formal instruments 
like concept inventories to everyday classroom methods like ConcepTests in the 
form of clicker questions. It is often necessary to use more than one type of assess-
ment. Pelaez and colleagues (2005) found that their essay exams were insufficient to 
expose the extent of common student misconceptions about the circulatory system 
and that other assessment methods, including drawings and individual interviews, 
were required to discover how and what students thought. 

A relatively simple way of regularly assessing how well students understand 
the concepts being taught is to have them reflect in writing on the concepts that 
confuse them—soliciting the “muddiest points,” as Patricia Cross and Thomas 
Angelo (1988) called them in their widely used handbook on classroom assess-
ment techniques. Stephen Krause, an engineering professor at Arizona State 
University, has adapted this approach in his courses. 

3 Interview, April 13, 2013.
4 Unpublished manuscript by Lillian McDermott titled A View from Physics: Discipline-Based Education 

Research in a University Physics Department, 1973–2013. 
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Designing Learning

Clarifying the Muddiest Points in an  
Engineering Class

How do instructors know which ideas in their courses 

are misunderstood by or confusing to students? And 

once they know, how do they address that?

One quick and simple way of obtaining feedback 

is to ask students to reflect anonymously on what 

they found to be the “muddiest points” discussed 

during each class—the concepts or other issues that 

remain unclear to them or that they feel uncertain 

about. Stephen Krausea uses this approach in his 

introductory engineering courses at Arizona State 

and is part of a group of engineering faculty mem-

bers who have studied the impact. While the idea 

of soliciting muddiest points from students was first 

mentioned by Cross and Angelo (1988), Krause and 

others have refined the approach in various ways, 

such as using Web software to collect and display 

students’ reflections and adding YouTube tutorials 

that explain difficult concepts.

At the conclusion of each class, Krause’s students 

take a few minutes to fill out a worksheet that asks 

them to identify the concepts and topics they had 

trouble understanding and to rate the degree of dif-

ficulty they experienced with a particular concept. 

Their responses are catalogued in a spreadsheet 

that the instructor and assistants review. This direct 

feedback enables Krause to readily gauge how well 

a Except where noted, the information in this case study comes from 

an interview with Stephen Krause, July 9, 2013.

Word cloud in which the size of type reflects the degree of students’ confusion about the term.
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students understand the course content and address 

misunderstandings in the next class. In addition, stu-

dents can anonymously access a running catalogue 

of their own responses to see how their thinking has 

progressed during the semester.

At the beginning of each class, Krause displays 

a selection of the muddiest points from the previ-

ous session using the students’ own words. (Krause 

employs a slide or the online Blackboard® software 

to display the results; some other instructors use 

the online Concept Warehouse system to generate 

a word cloud of the muddiest points.) For example, 

after a lesson on crystallographic planes—geomet-

ric planes linking the nodes 

(atoms, ions, molecules) of a 

crystal—one student raised 

this question: Why are the 

crystallographic planes impor-

tant? Following a lesson on 

phase diagrams, which rep-

resent the various phases of 

a substance under different 

pressure and temperature 

conditions, a student was con-

fused about this point: How 

do I find chemical composi-

tion and phase fractions from 

a phase diagram? Bethany 

Smith,b who served as Krause’s undergraduate assis-

tant in her junior year of 2012–2013, admits that 

she herself was initially confused by phase diagrams 

when she took the course as a sophomore. 

Krause uses the first 5 or 10 minutes of class to 

address the most common muddiest points. Smith 

says this type of review discussion helped her to bet-

ter understand phase diagrams. In fact, she adds, 

much of what she learned in the sophomore materi-

als class has proved to be “definitely useful” in later 

classes in the materials science sequence.

b Interview, July 11, 2013.

After clarifying the muddiest points, Krause 

moves on to a mini-lecture to prepare students for 

the activities they will do that day. “The nice thing 

about the muddiest points is that they activate the 

knowledge from the previous class and provide a 

connection to the current class,” he says. “They can 

provide segues into that day’s mini-lecture.”

Krause and Smith have also produced a series of 

YouTube tutorials (https://www.youtube.com/user/

MaterialsConcepts) that list a few of the muddiest 

points cited by students for a particular topic and 

explain each one using voiceover narration and visu-

al aids. Students view the videos to clarify difficult 

concepts and help them with homework. Preliminary 

results have found significant gains in achievement 

on the content included in the YouTube tutori-

als, compared with test results for previous classes 

(Krause et al., 2013a).

The muddiest point reflections are just one part 

of Krause’s student-centered instructional approach, 

which he calls Just-in-Time Teaching with Interactive 

Learning (JiTTIL). This approach is described in 

Chapter 4.

Screen capture from a YouTube tutorial.
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Teaching for conceptual understanding

DBER has identified various instructional strategies that can help students develop 
a deeper and more accurate understanding of important concepts and, where 
necessary, promote conceptual change. This type of change depends on students 
recognizing that their preconceptions are not facts but hypotheses or models that 
must be evaluated in light of empirical evidence (National Academy of Sciences, 
National Academy of Engineering, and Institute of Medicine, 2005). Many of 
these strategies seek to create situations in which students realize that their pre-
conceptions conflict with new evidence and that they must change their thinking 
to fit with new knowledge. 

To adapt their thinking to new evidence, students may need to add, remove, 
or revise elements of an existing mental model; create a new model where there was 
none before; or replace a preconception with a different and better one—or make 
each of these changes at different times (Clement, 2008). Because students’ precon-
ceptions are nonscientific in different ways, instructors may need to use a variety of 
approaches, possibly even in the same class, to help students refine or replace these 
nonscientific ideas and beliefs. And students will need multiple exposures to the 
same concept in different contexts before they begin to really understand it.

David Sokoloff5 has seen these kinds of change occur in students’ conceptual 
understanding in his physics lecture and laboratory courses at the University of 
Oregon. To foster conceptual change and increase student participation in a lecture 
course, Sokoloff and Ron Thornton, a physics professor at Tufts University, devel-
oped a curriculum built around Interactive Lecture Demonstrations (ILDs)—physical 
demonstrations of scientific phenomena that the instructor conducts in class. In the 
approach used by Sokoloff and Thornton, students first predict what will happen 
before the instructor does the demonstration. Students next discuss their predictions 
in small peer groups and explain their predictions to the whole class. Then the class 
observes the instructor conducting the demonstration. In the final stage, students 
compare their observations to their predictions (Sokoloff and Thornton, 2004). 

Sokoloff, Thornton, and Priscilla Laws at Dickinson College have also 
developed a related curriculum for active learning laboratories called Real Time 
Physics. In these labs, students do experiments supported by real-time, computer-
based tools. But before conducting an experiment, students make predictions 
about the outcome and discuss their predictions in small groups.

5 Except where noted, the information in this example comes from an interview with David Sokoloff, July 
10, 2013.
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In both the ILDs and the lab activities, the prediction and discussion phases 
are essential to the process of conceptual change, says Sokoloff. In many cases, “stu-
dents are confronted with the fact that the predictions don’t describe the situation,” 
he explains. This creates a moment of “psychological disequilibrium” in which 
students recognize they have to restructure their thinking to integrate new informa-
tion. “For many years, the majority of physics instructors did demonstrations in 
their classes,” says Sokoloff. “They would do some kind of physics experiment at 
the front of the room—hopefully as dramatic as possible, because they thought that 
the more dramatic it is, the more likely that students will learn from it. There’s now 
some very significant research that shows that unless you do demonstrations in the 
context of asking students to make predictions about them before you do them, they 
won’t learn anything from them.” Research by Sokoloff and Thornton (1997) indi-
cates that ILDs can improve students’ understanding of foundational physics con-
cepts as measured by the Force and Motion Conceptual Evaluation. For example, 
after physics students experienced a sequence of ILDs related to Newton’s third law, 
they retained an appropriate understanding of the law months later. 

The ILDs developed by Sokoloff and Thornton are also sequenced in a 
way that gradually leads students toward a better understanding of concepts like 
Newton’s laws. In lessons on kinematics and dynamics, for example, the initial 
demonstrations are designed to solidify students’ understanding of very basic 
concepts. Later demonstrations introduce more complex concepts (Sokoloff and 
Thornton, 1997). (See Box 3.2.)

This progression of ILDs is an example of “scaffolding”—a term first used 
by Wood, Bruner, and Ross (1976) to describe the process of starting with what 
students know and providing them with carefully structured support to move them 
toward more accurate understanding. Scaffolding provides successive levels of tem-
porary support that allow learners to accomplish a task and reach a level of under-
standing that they would otherwise be unable to achieve without assistance. The 
idea is that eventually the instructor will systematically remove the scaffolding sup-
ports so that students will use the newly acquired concepts and skills on their own.

Another example of scaffolding is the use of “bridging analogies” that con-
nect a situation that students understand correctly with another situation about 
which they harbor a misconception. For example, students in a physics class may 
realize that when they hold a book, both the book and their hands are exerting 
forces, and that the forces are balanced if the book does not move. But if a book 
is placed on a table, many students fail to understand that an upward force from 
the table is balancing the downward force of the book. To help students understand 
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Demonstration #1: 
The cart (with very small friction) is pulled with a con-
stant force so that it moves away from the motion detec-
tor, speeding up at a steady rate.

Demonstration #2:
The cart with larger friction (friction pad in contact with 
ramp) is pulled with a constant force so that it still 
moves away from the motion detector, speeding up at a 
steady rate.

Demonstration #3:
Show that cart accelerates in either direction when only 
one fan unit is on (as seen in previous demos). With both 
fans on (balanced), the cart does not move. Now push 
and release and observe velocity and acceleration. 

Demonstration #4:
Cart with very small frictional force is given a brief pull 
away from the motion detector and released. 

Demonstration #5:
The cart (with very small friction) is given a push toward 
the motion detector and released. A constant force acts 
in the direction away from the motion detector. The cart 
moves toward the motion detector, slowing down at a 
steady rate. 

Demonstration #6:
The cart (with very small friction) is given a push toward 
the motion detector and released. A constant force acts 
in the direction away from the motion detector. The cart 
moves toward the motion detector, slowing down at a 
steady rate, comes to rest momentarily, and then moves 
away from the motion detector. 

BOX 3.2   interactive Lecture demOnstratiOn sequence  
fOr newtOn’s first and secOnd Laws

Release from rest.
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Push cart to the right.
Keep hand out of the way of motion detector.

Pull on force probe and release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Push cart to the right.
Keep hand out of the way of motion detector.

Pull on force probe and release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Push cart to the right.
Keep hand out of the way of motion detector.

Pull on force probe and release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Push cart to the right.
Keep hand out of the way of motion detector.

Pull on force probe and release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Push cart to the right.
Keep hand out of the way of motion detector.

Pull on force probe and release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Release from rest.
Keep hand out of the way of motion detector.

Push cart to the right.
Keep hand out of the way of motion detector.

Pull on force probe and release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.

Push on the cart (not on force probe) and 
release. 
Keep hand out of the way of motion detector.
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that the table is applying a force, an instructor might take students through a series 
of bridging situations—putting their hand on a spring, placing a book on a foam 
pad, setting a book on a flexible board—and ask them to discuss similarities and 
differences with the earlier situations. As part of this lesson about force, the instruc-
tor might show students a microscopic model of a rigid object (like a table) that is 
composed of atoms connected by spring-like bonds. The lesson might conclude with 
an experiment in which a mirror is placed on the table and someone stands on the 
table; when a light beam is reflected off the mirror and onto the wall, the beam is 
deflected downward, indicating that the table has been compressed ever so slightly 
(Clement, 1993). 

In geosciences, evidence on the effectiveness of instructional strategies in foster-
ing conceptual change is derived mostly from studies of individual courses during brief 
periods. One such study by Rebich and Gautier (2005) found large increases in knowl-
edge and a decrease in misconceptions among students who had participated in a three-
week mock summit on climate change; this approach used role-playing, debate, and 
discussion to heighten awareness of the concepts underlying climate change. 

Changing students’ conceptual understanding can be difficult. An example 
comes from a study of a two-semester sequence of introductory geology in which 
researchers examined students’ concept maps—diagrams that typically use words 
or phrases, along with boxes and lines, to connect and show the relationships 
among a list of concepts (Englebrecht et al., 2005). Although students were able 
to identify more geological concepts after a sequence of instruction, they showed 
only small improvement in their ability to integrate those concepts into a frame-
work of understanding. 

In sum, improving students’ conceptual understanding takes time and a 
range of instructional techniques. Chapter 4 describes additional approaches in a 
variety of disciplines that hold promise for accomplishing this goal. 

Framing and Solving Problems with Greater Expertise

Learning how to solve problems is an important part of developing competency in 
science and engineering. Whether in an educational or a professional setting, the 
ability to solve problems is central to the practice of science and engineering. 
Problem solving also comes into play in other areas of everyday life when one needs 
to reach a goal but is uncertain how to attain it. To solve problems effectively, stu-
dents must not only have the types of conceptual understanding discussed above, 
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but they must be able to apply those concepts correctly. They must also bring to 
bear other sophisticated thinking skills that go beyond rote memory. 

Problem solving is a significant focus of DBER in physics, chemistry, and 
engineering, and it is an emerging area of study in biology and geosciences. This 
line of research has found that students, as novices, tend to approach, organize, 
and go about solving problems differently than experts. DBER studies have identi-
fied the particular difficulties students experience with various aspects of problem 
solving. In addition, the research literature offers insights about instructional 
approaches that can help students develop greater expertise with problem solving. 
The sections that follow summarize the main findings about problem solving from 
DBER; a more complete treatment of this topic can be found in Chapter 5 of the 
2012 NRC report on DBER. 

Focusing on superficial features instead of underlying principles

When people set about solving a problem, they construct a model of how they 
might approach the problem—in their minds and sometimes in a tangible form 
like a drawing. These models, whether arrived at deliberately or with little fore-
thought, will guide the steps people take to solve it. 

As novices, students approach problems in ways that are consistently and 
identifiably different from those used by experts. Students typically focus unduly 
on the superficial features of a problem, such as the specific objects, terms, and 
phrasing used in a question. Experts, by contrast, look at the deeper structure of 
the problem—the underlying principles that are required to solve it. In one inter-
view study, for example, undergraduate biology students grouped classical genetics 
problems according to their surface features, such as whether the problem con-
cerned humans or fruit flies and how it was worded, whereas biology professors 
grouped them according to key underlying concepts, such as the mechanism of 
genetic inheritance (Smith, 1992).

When confronted with two problems that have the same underlying struc-
ture, experts easily recognize these as the same kind of problem “deep down.” 
This understanding of the essential features of a problem leads to better rea-
soning and problem solving. Students, however, may assume the problems are 
distinctly different due to superficial variations and may construct very different 
models of the two problems. For example, students may not recognize that a 
problem involving discs of different sizes stacked on a peg has the same struc-
ture as a problem involving acrobats of different sizes standing on one another’s 
shoulders. 

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Reaching StudentsReaching Students74

Research from physics, and to a lesser extent from chemistry and biology, 
supports this finding. When asked to categorize physics problems according to 
how they are solved, experts grouped them according to the major concepts or 
principles that could be applied to solve them, such as determining that a problem 

relates to Newton’s second law. Novices 
relied much more on surface features, such 
as whether the problem mentions pulleys 
versus inclined planes versus springs (de 
Jong and Ferguson-Hessler, 1986). A study 
in biology (Kindfield, 1993/1994) com-
pared the diagrams of chromosomes drawn 
during problem solving by two groups: a 
group with more knowledge of meiosis and 
chromosomes and a group with less knowl-
edge. The drawings of the less knowledge-
able participants often more literally resem-
bled the way chromosomes looked under 
a light microscope and included features 
like dimensionality and shape that were 
irrelevant to the solution. The more knowl-
edgeable participants included chromosome 
features that were biologically relevant to 
the problem. 

Research on human cognition (see, 
for example, Bassok and Novick, 2012) has 

found that for some problems, getting the right mental model of the problem is a 
key to finding a solution. Neither the model nor the process is fixed; each influ-
ences the other. A process for solving a problem may change as the solver’s model 
of the problem changes, which in turn may lead to changes in the solutions one 
tries. However, students need to acquire sufficient expertise before they can rec-
ognize when they need to change their strategy instead of moving down the same 
dead ends, as novices tend to do.

By focusing on superficial aspects, students miss the essence of a problem, 
which makes it much harder to solve. This approach is also less efficient. Because 
experts can recognize structural relationships and patterns, they can tap into their 
long-term memory about what to do when certain patterns are present and can 
readily see solutions. 

As novices, students approach problems 

in ways that are consistently and 

identifiably different from those used by 

experts. Students typically focus unduly 

on the superficial features of a problem, 

such as the specific objects, terms, and 

phrasing used in a question. Experts, by 

contrast, look at the deeper structure of the 

problem—the underlying principles that 

are required to solve it. 
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A failure to recognize the most salient features of a problem also makes it 
difficult for students to apply what they have learned from one problem to new 
problems that are similar in structure but different in context. This type of knowl-
edge transfer is crucial to becoming a more expert-like problem solver. 

These findings also suggest that students need a solid grounding in the 
core principles of a science or engineering discipline—the kind of conceptual 
understanding discussed above—in order to determine the “deep structure” of a 
problem. Research in engineering education, for example, indicates that a lack of 
understanding of fundamental concepts impedes students’ ability to solve problems 
(see, for example, Baillie, Goodhew, and Skryabina, 2006). 

Working “backward” instead of working “forward” 

Another difference between novices and experts relates to how much time 
they spend creating a model of the problem versus working to find a solution. 
Novices often jump immediately to the end goal of a problem and start look-
ing for an equation that might help them solve it. Then they must use another 
equation to calculate an unknown quantity in the first equation, and so on, 
until they find an equation that includes all the necessary quantities. This 
“working backward” strategy puts a heavy load on their working memory—
their ability to hold key information in mind temporarily while they do the 
work of problem solving. This burden leaves little room for them to learn gen-
eral strategies for solving similar problems. It also makes it easy for them to 
forget crucial elements of the problem at hand. And when they get stuck, they 
lack strategies to proceed.

Experts spend more time analyzing the nature of a problem from the out-
set and creating a coherent solution strategy. Experts go on to enrich their model 
of the problem with information from what they know and remember, such as 
procedures they have used to solve similar problems in the past. In this “working 
forward” approach, they start with the information given, make inferences based 
on that information, and continue refining their inferences until they have reached 
their goal. Experts monitor their progress as they solve a problem and evaluate 
whether an answer is reasonable. 

This difference between the working backward approach of novices and the 
working forward approach of experts has been documented in numerous studies. 
In physics, for example, research has shown that expert problem solvers typically 
begin by considering the qualitative aspects of a problem and using that informa-
tion to decide on a solution strategy before taking the quantitative step of writing 
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down equations. Beginning physics students typically start by writing down equa-
tions that match the quantities provided in the problem statement and then work 
backward to find an equation for which the unknowns are supplied directly in the 
problem (see, for example, Larkin et al., 1980).

Research in chemistry education has found that students tend to rely more 
on algorithms to solve problems—stuffing numbers into a formula that worked 
with a very similar problem or applying memorized chemical reactions—than on 
a logical problem-solving process (Bhattacharyya and Bodner, 2005). Sometimes 
students can solve problems with these less skillful approaches, even though they 
have a shallow understanding of the underlying concept (see, for example, Gabel 
and Bunce, 1994). But these methods will fail when students are confronted with 
problems that don’t fit the mold.

In order to work forward, problem solvers must have an organized frame-
work of disciplinary knowledge, as well as experience in solving problems in that 
discipline. A command of basic facts and conceptual knowledge is a necessary 
part of this framework, but other elements are also critical. The framework should 
include discipline-specific models for approaching problems, as well as criteria 
for selecting the model appropriate to a context, determining which information 
in the problem is relevant and which is not, and evaluating whether an answer 
makes sense (Mayer and Wittrock, 2006). 

Helping students to improve problem-solving skills

Taken together, these findings suggest that it is important for science and engineer-
ing instructors to help students recognize the need for both a good mental model 
of a problem and a sound method to solve it. When students run into difficulties 
in solving problems, they first need to consider alternate ways of representing the 
problem and then contemplate possible methods for figuring out an answer. Some 
instructors ask students to justify why their proposed procedures for solving a 
problem are reasonable. Toward this end, instructors might provide examples of 
how a good model can make it easier to find a solution, while a flawed one can 
make it harder. 

A body of research indicates that problem-solving skills can be taught 
and that carefully designed forms of scaffolding appear to benefit students. The 
learning gains from any one type of support appear to be small and difficult to 
measure, however. These findings point to the wisdom of using multiple forms 
of scaffolding within a systematic approach to improving students’ problem-
solving skills. 
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Research has investigated a variety of strategies for moving students from 
novice toward expert problem-solving approaches. Promising strategies include the 
following (for specific references, see Chapter 5 of the 2012 NRC report on DBER):

•	 Teaching	specific,	organized	methods	for	solving	problems

•	 Explaining	the	different	problem	types

•	 Providing	examples	of	problems	with	the	solutions	worked	out

•	 Providing	guidance	and	greater	classroom	interaction

•	 Having	students	solve	problems	in	collaborative	groups

•	 Making	symbols	more	transparent	to	students	by	using	more	explicit	labeling

•	 Assigning	authentic	(real-world)	problems

•	 Assigning	open-ended	problems	that	encourage	students	to	invent	and	test	vari-
ous models to solve them

•	 Incorporating	prompts	for	students	to	reflect	on	and	explain	their	approaches	
to solving problems

Chapter 4 of this book discusses several broader instructional approaches 
aimed at improving problem solving and other aspects of science and engineering 
learning. 

Using Visual and Mathematical Representations 

In every science or engineering discipline, visual, spatial, and mathematical rep-
resentations are essential tools for communicating and remembering ideas and 
solving problems. A map of a rock outcrop; the formula for determining frictional 
force; a graph of the density of different species in a habitat; a chemical structure 
that shows the shape of a molecule and the bonding between its atoms; an engi-
neer’s free-body diagram that depicts all of the forces acting on an object—these 
are just a few of the myriad representations that are common in science and engi-
neering disciplines.

Representations serve several purposes. They enable people to communicate 
ideas within a discipline in a shorthand way. By storing information succinctly, 
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they free up working memory that can be devoted to other thinking processes. In 
some cases, representations can simplify the nature of a task. Consider, for exam-
ple, how most people can estimate proportions more easily by looking at a pie 
chart than by studying a numerical table. Representations also assist in problem 
solving and other types of critical thinking. Some representations are created to 
analyze a phenomenon in research; these may be quite complicated and targeted 
mainly at other researchers in the same field. Other representations are intended 
to convey information to someone else; these may omit the complexities in order 
to better communicate the central idea (Dutrow, 2007). 

Each discipline has its own common ways of representing key concepts that 
are easily recognizable to experts. For students to communicate conversantly in a 

discipline, they need to be able to interpret and use the major types of representa-
tions for that discipline. Just as importantly, they need to understand the concept a 
particular representation is intended to convey and know why both the represen-
tation and the underlying concept are important.

Research suggests that when students construct their own representations, in 
addition to interpreting those produced by experts, they are often more engaged 
and learn better (Ainsworth, Prain, and Tytler, 2011). When instructors observe 
how their students interpret, use, create, and translate among different types of 
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representations, they can gain insights about how well students understand impor-
tant concepts. When modeling—a pervasive but infrequently taught aspect of engi-
neering—is taught explicitly, students gain a better understanding of how to use 
models and why they are important (Carberry and McKenna, 2014). 

Representations that instructors and other experts can easily interpret may 
completely befuddle undergraduates, however. DBER studies and cognitive sci-
ence research highlight the challenges students face in mastering representations. 
Findings from this body of research are described in Chapter 5 of the 2012 NRC 
report on DBER; the main points are summarized below.

Interpreting and constructing representations 

Across disciplines, students often have difficulty interpreting representations and 
constructing their own from existing information. In physics, a field with a strong 
research base on this topic, students struggle to interpret representations that are 
common in introductory courses (Rosengrant, Etkina, and Van Heuvelen, 2007). 
Students often misunderstand the quantities and concepts being represented in dia-
grams, according to some research, and they shy away from using them because 
they have few opportunities to practice the skills needed to construct diagrams 
(Van Heuvelen, 1991). 

A good example of the difficulties students confront in interpreting and 
creating representations comes from chemistry, another discipline with a consid-
erable research base on representations. As an initial step toward understanding 
the relationships between the molecular structure of a material and its properties, 
chemistry students are often taught to draw and manipulate diagrams called Lewis 
structures. Many students struggle with this task (see Box 3.3). 

In a related vein, many students have difficulty extracting the most salient 
information from representations. As in problem solving, novices often have trou-
ble seeing beyond superficial but irrelevant features of a representation to grasp 
the abstract idea being represented (Hegarty, 2011). Even when students know 
the conventions for how a diagram is meant to represent reality, they tend to miss 
important patterns that experts pick up.

Students also have difficulty processing diagrams that violate familiar con-
ventions. For example, students often try to process visual representations from 
left to right because that’s the direction in which they read text (Nachshon, 1985). 
In diagrams where this left-to-right processing makes it difficult to interpret rela-
tionships, simply shifting the diagram 180 degrees above the vertical axis can 
improve comprehension (Novick, Stull, and Catley, 2012). Similarly, circles and 
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To understand chemistry, students must understand that matter is made up of atoms bonded 
together into molecules and that the properties of a material can be predicted from its molecular 
structure (and vice versa). As an initial step toward comprehending the relationships between 
molecular structure and properties, students are often taught to draw and manipulate Lewis struc-
tures. These diagrams, which are common in chemistry, use atomic symbols, lines, and dots to show 
the arrangement of atoms and electrons in a molecule and the bonds between atoms. While con-
cise in design, Lewis structures are packed with important information that can be used to predict 
and explain the physical and chemical structure of a substance (Cooper et al., 2010). Knowing how 
to construct them is an essential skill in chemistry.

For chemists, drawing a Lewis structure is second nature. Rules for how to do this are found in 
most chemistry textbooks. Yet many students struggle with this task—they get “lost in Lewis struc-
tures,” as Melanie Cooper and her colleagues have described the problem (Cooper et al., 2010). 
“What may appear to the expert to be a simple task is, in fact, inherently difficult, complex, coun-
terintuitive, and all too often meaningless to many students” (p. 869). 

Cooper and her colleagues (2010) tracked the processes used by undergraduate students in general 
and organic chemistry, as well as by graduate students and faculty members, as they drew Lewis 
structures. Many students, and even a few faculty members, were confused about how to draw valid 
Lewis structures. As the number of atoms in the diagram increased from six to seven or more, the 
percentage of students who drew accurate representations plummeted. The increase from six to 
seven atoms represents a shift to a molecular structure with more than one carbon atom. Indeed, 
students had difficulty drawing even one-carbon compounds if they were not given structural clues. 
Students’ success in producing the correct representation depended a great deal on how the formula 
was initially presented to them, “suggesting that they were relying on memorized cues rather than 
an understanding of the rules involved” (Cooper et al., 2010, p. 871). 

Students often assume, incorrectly, that all Lewis structures must be symmetrical, or “balanced.” 
Many Lewis structures are symmetrical, such as the correct structure of dimethyl ether shown on 
the left in the figure in this box. But this misconception about symmetry may lead students to 
produce incorrect structures, such as the one for methanethiol on the right in the figure in this box 
(Cooper et al., 2010, p. 871). 

A reason for students’ confusion, note Cooper and colleagues, is that conventional approaches 
to teaching Lewis structures conflict with findings about how people learn. The rules for drawing 

BOX 3.3   “LOst in Lewis structures”:
                STuDENTS STRuGGLE WITh A BIG IDEA IN ChEMISTRY
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these structures are presented to students without connecting them to concepts that students 
already understand, which makes them seem mysterious. The rules also include numerous excep-
tions, but students are not given meaningful criteria for deciding when they apply.

Interviews conducted for the study revealed that most students did not understand the kinds of 
chemical information that can be inferred from Lewis structures. Many students emerge from chem-
istry courses with a “fractured and muddled” understanding of not only how they should create 
Lewis structures, but also why they should do it (Cooper et al., 2010, p. 872). 

Based on this research, Cooper and colleagues (2012) have developed and evaluated a chemistry 
curriculum that emphasizes the critical connection between energy changes and atomic interac-
tions as a core concept. Within this curriculum, students learn about key concepts, such as the 
properties of materials and the different models of bonding, before they are asked to draw Lewis 
structures. To gain familiarity with the structures involved, students work with physical and com-
puter-based three-dimensional models of simple molecules. At that point, students are introduced 
to Lewis structures as convenient two-dimensional “cartoons” that represent three-dimensional 
structures rather than as an end in themselves (p. 1,352). After students have practiced going 
back and forth between two- and three-dimensional representations, more complex structures are 
introduced. once students are able to draw simple structures from a given molecular formula, they 
move on to the task of decoding the information contained in the formula.

Students taught with this curriculum show marked improvements in their ability to create struc-
tures, compared with a control group of students (Cooper et al., 2012). They also do significantly 
better at decoding the information contained in these structures.

Examples of symmetrical Lewis struc-
tures produced by students. The 
structure on the left for C2H6O is  
correct; the one on the right for 
CH4S is incorrect.
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lines seem more naturally suited to representing physical objects or locations than 
relationships or motion (Tversky et al., 2000). When diagrammatic representa-
tions are consistent with these conventions, college students are able to make 
appropriate inferences more quickly and accurately (Hurley and Novick, 2010). 

Translating among different representations of the same thing

Undergraduates also struggle to see similarities among different representations 
that describe the same phenomenon. In chemistry, for example, students have 
difficulty translating among alternative ways of representing the same set of rela-
tionships, such as videos, graphs, animations, equations, and verbal descriptions 
(Kozma and Russell, 1997). 

Take, for example, the diagrams used in biology to represent the evolution-
ary relationships among groups of organisms. These diagrams, called cladograms, 
typically take the form of a tree or a ladder, or in some cases circles nested within 
larger circles. Biology students have trouble understanding these diagrams and 

translating among alternative formats 
that show the same set of relationships 
(see, for example, Novick, Stull, and 
Catley, 2012). 

A study by Novick and Catley 
(2007) asked students who had taken 
at least one semester of an introductory 
biology class for majors to transfer a 
hierarchy of relationships from the nested 
circles format to the tree and ladder for-
mats, and from the tree format to the 
ladder format and vice versa. Students’ 
diagrams were less accurate whenever the 
ladder format was involved. One factor 
that appeared to confuse students was 
the use of the long, slanted “backbone” 

line of the ladders. Consistent with a principle from psychology known as “good 
continuation,” students interpret this continuous line as a single entity—in this case, 
a single level in the hierarchy. In follow-up work, students were given ladder dia-
grams that departed from the traditional format by “breaking” good continuation 
at exactly the points in the diagram that mark a new hierarchical level, and their 
performance improved greatly (Novick, Catley, and Funk, 2010).

A

A B C D E F

A B C D E F A B C D E F

A B C D E F

B C

Nested Circles

Accuracy: Mean proportion correct

Draw tree: M = 0.87
Draw ladder: M = 0.55

Draw ladder: M = 0.59 Draw tree: M = 0.71

Tree Ladder

Common Types of Errors

D E F

Diagrams representing 
evolutionary relationships.
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Spatial ability

Using representations effectively requires a reasonable level of spatial ability; that is, 
competence in mentally manipulating two- and three-dimensional objects. In engi-
neering design, for example, the abilities to visualize a three-dimensional image from 
a two-dimensional representation and to mentally rotate three-dimensional objects 
are important to success. Spatial ability is also an essential skill in geosciences: prac-
titioners and students must envision what lies behind, beneath, or between rock out-
crops and make inferences about rock deformation, temperature trends, and other 
events from the shape of natural objects like minerals and fossils. To understand 
chemistry, students must learn how to create visual representations of the unseen 
molecular level and translate those representations into the format of an equation. 

Students often have difficulties with spatial thinking. In geosciences, some 
students find it challenging to visualize what a three-dimensional volume would 
look like when they are presented with information in one or two dimensions. In 
one study (Kali and Orion, 1996), students were given a two-dimensional draw-
ing that depicted three sides of a block of Earth’s crust and were asked to draw a 
slice, or vertical cross-section, of the block. Students who gave incorrect answers 
had difficulty “penetrating” the block, as shown in the figure below; some simply 
copied a pattern from one side of the block. Students who were more successful 
with this task used specific strategies to visually penetrate the block, such as con-
tinuing a pattern vertically or horizontally. 

 Vertical continuation from the top,  
and horizontal continuation from the side

 Vertical continuation from the top only

The problem Student’s answer

The problem Student’s answer

General legend

6 5 4 3 2 1

Examples of incorrect attempts by students to draw a vertical cross-section of a block of Earth’s crust.
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Although the evidence is limited, some research suggests that explicit 
instruction can improve students’ spatial visualization skills. A review of sev-
eral studies in engineering found that specially designed multimedia training 
courses enhanced these skills, especially for female students (Sorby, 2009). 
Some research indicates that teaching geosciences with visually rich materi-
als can improve students’ spatial visualization skills and in some cases reduce 
gaps in this area between male and female students (see, for example, Titus and 
Horsman, 2009). Evidence in chemistry is mixed; some studies have concluded 
that teaching analytic problem-solving strategies can lead to greater improve-
ments in students’ mental models than does emphasizing students’ natural spa-
tial ability (Hegarty, Stieff, and Dixon, 2013).

Animations and simulations

Animations, interactive computer simulations, virtual models, and other 
technology-based representations are widely used in the practice of science and 
engineering and are becoming increasingly popular in undergraduate education. 
By experimenting with a computer-based simulation of a projectile fired from a 
cannon, for example, students can see how the path of a projectile is altered (or 
not altered) when they change such variables as the type of object, initial speed, 
mass, and diameter—something that would not be feasible in a classroom setting. 
By rotating a three-dimensional model of a molecule, students can get a better 
sense of its composition than they would from a two-dimensional representation. 

Animations and simulations have considerable potential for helping stu-
dents learn. They enable students to conduct experiments that would otherwise be 
impractical or impossible. They can slow down or speed up the time involved in 
a particular process and allow students to work with entities and phenomena that 
are too tiny or huge to observe in the real world. In these ways, they not only can 
help students develop competence with representations, but also can make sophis-
ticated concepts easier to understand. 

It is not a foregone conclusion, however, that animations and their kin 
enhance student learning or do a better job than does using other types of 
representations. Simply showing an animation or simulation is not sufficient; 
this may confuse students without drawing attention to such issues as context, 
assumptions behind the model, and key features to look for. For example, some 
research suggests that animations should be implemented in a way that encour-
ages students to predict what will happen before they work through a simula-
tion and to reason why certain outcomes occurred after they do it (Hegarty, 
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Kriz, and Cate, 2003). In addition, animations, visualizations, and related tools 
do not necessarily reduce the demands on students’ spatial ability; in fact, some 
research suggests that these tools may require greater spatial ability and visual-
ization skills than static representations (Hegarty, 2011). 

Implications for instruction

Improving students’ skills in using visual and mathematical representations is an 
important part of moving them toward greater expertise in science and engineer-
ing. An understanding of the research on students’ difficulties with representations 
and effective approaches for addressing them can inform efforts to design instruc-
tion. Some instructional issues to consider include the following:

•	 Instructors	may	need	to	provide	students	with	more	explicit	introductions	to	
the conventions that underlie the construction of various kinds of representa-
tions. Instructors might also highlight the relationships among alternative dis-
plays of similar information and explain how different types of representations 
are better suited to particular tasks.

•	 Providing	extensive	opportunities	for	students	to	practice	interpreting	and	pro-
ducing multiple types of representations can improve students’ performance, 
according to research from physics and chemistry.

•	 When	instructors	construct	representations,	they	should	consider	how	people	
naturally interpret symbols like circles or use conventions like left-to-right 
processing.

Biologists at Michigan State University have adopted a model-based 
instructional approach in several departmental courses. The strategies used in 
these courses engage all of the three main aspects of learning emphasized by 
DBER studies: (1) building conceptual understanding, (2) solving problems, and 
(3) interpreting, constructing, and understanding representations. Although the 
example in the following case focuses primarily on ecology, modeling will work 
well for any scale in biology, including the cellular level, and for other science 
and engineering disciplines.
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Modeling in the Broadest Sense

At Michigan State, plant biology faculty have 

transformed their introductory courses to empha-

size scientific practices. (This project also included 

graduate students and post-docs at Michigan State 

University, as well as faculty members at other insti-

tutions.) A goal of the practice-based approach to 

instruction is to help students conceptualize and 

reason about complex biological systems. Students 

in these courses construct, apply, and evaluate 

scientific models, including visual representations 

like graphs, diagrams, and box-and-arrow systems 

models. “When they are learning a topic, they are 

learning modeling in the broadest sense, via the 

practices of science” says Diane Ebert-May,a who 

along with Tammy Long 

was one of two Michigan 

State University plant biol-

ogy faculty involved in this 

effort. 

The authors of a paper 

about this course trans-

formation effort point 

out that practice-based 

instruction is particularly 

well suited to the study of 

ecology, which emphasizes 

an understanding of sys-

tems and the interdepen-

dence of the elements that 

comprise them (Long et 

al., 2014). Specifically, the 

authors also point out that 

models are an authentic 

way of gaining insights into how students organize 

and connect knowledge.

A case study about the interaction of moose and 

gray wolves in Isle Royale National Park illustrates 

how students in an ecology course construct models 

as a way to understand the relationships among 

species in an ecosystem. In this park, moose are the 

primary diet for gray wolves, and the fitness of the 

wolves may be affected by congenital vertebral 

malformations. Students are given the following 

assignment:

Construct a box-and-arrow systems model that shows 

(a) the origin of genetic variations among wolves; 

a Interview, April 17, 2013.
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(b) the relationship between genetic variation and 

phenotypic variation among wolves; (c) the conse-

quences of phenotypic variation on wolves’ fitness. 

Include the following structures in your systems 

model but modify your language to make them spe-

cific to the case of the wolves’ vertebrae. You may 

use structures more than once and add additional 

structures not on the list.

Allele, gene, DNA, protein, phenotype, nucleo-

tides, fitness

A representative student response is displayed in 

the figure below. 

As another example, students in Ebert-May’s 

introductory biology course analyze graphs of cur-

rent and projected patterns in atmospheric carbon 

during a unit on global climate change. Based on the 

data in these graphs, they determine what claims 

they can make about the projected consequences 

of global climate change. They are also asked what 

they can glean about the nature of science by ana-

lyzing graphs with seven different projections of 

future trends in carbon dioxide concentrations. “Our 

curriculum is based on three science practices: using 

data, modeling, and arguments,” says Ebert-May. 

“Everything is data driven.”

Faculty who teach the transformed courses note 

that “although many students struggle with using 

scientific models, particularly early in instruction, 

many report that over time, models help them to 

see ‘the big picture’ and how biological concepts 

are connected” (Long et al., 2014, p. 139). Models 

also provide a tangible way for students to assess 

and think critically about their own learning as they 

evaluate and revise their models to incorporate new 

knowledge.

A student-constructed model of the interactions of moose and gray wolves in the Isle Royale ecological system.
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Conclusion

The research summarized in this chapter indicates that effective instructors start 
from an understanding of how students think and learn, both in general and in 
science and engineering disciplines in particular. They emphasize students’ prior 
knowledge and the role of students in constructing this knowledge instead of 
emphasizing the instructor’s ability to transmit knowledge. Many researchers and 
science and engineering instructors are putting these findings into practice in their 
own classrooms, in ways that can be adopted or adapted by others. More ideas 
for how to do this are described in Chapter 4. 
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4Designing Instruction

If the insights about learning in Chapter 3 have spurred you to think in new ways 
about improving your instruction, the question remains about which instruc-
tional strategies to try. This chapter describes a variety of practical strategies for 
instruction that are informed by evidence about how students learn best. The 
strategies discussed here are broader than those highlighted in Chapter 3 and are 
not discipline specific, although some instructors have given them a discipline-
specific spin. The chapter first presents the kinds of student learning outcomes 
that these strategies are designed to produce. Next is a brief explanation of the 
characteristics of student-centered instruction, a pedagogical idea that undergirds 
the strategies in this chapter. The remainder of the chapter describes some of the 
most common research-based strategies for making lectures more interactive, 
promoting student collaboration and peer interactions, supplementing instruction 
with tutorials, and providing students with authentic experiences and instruction 
that engages them in the practices of science and engineering. Scattered through-
out the chapter are examples of how skilled instructors have successfully imple-
mented these strategies. 

The strategies highlighted here are by no means the only research-based 
approaches for improving science and engineering education. Several more are 
described in Chapter 6 of the 2012 National Research Council (NRC) report on 
discipline-based education research (DBER), the source of much of the informa-
tion in this chapter. In addition, information about tested and documented teach-
ing methods can be obtained from professional organizations, resource centers, 
and other sources. The Pedagogy in Action Web portal of the Science Education 
Resource Center (SERC),1 for example, offers descriptions, course activities, and 
other information and materials for more than 50 such teaching strategies. 

1 See http://serc.carleton.edu/sp/index.html.
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When deciding on strategies to pursue, you might consider which ones will 
align well with the learning goals you established and the assessments you are 
using. You will also need to consider logistical issues such as class size, schedule, 
and classroom space, and your own teaching preferences and comfort level, among 
other factors. As the authors of How People Learn point out, “Asking which 
teaching technique is best is analogous to asking which tool is best—a hammer, a 
screwdriver, a knife, or pliers” (National Research Council, 2000, p. 22).

Goals of Research-Based Instruction

As mentioned in Chapter 2, decisions about how to teach should be based in large 
part on goals for what students should learn. These goals include general out-
comes, derived from research on how students learn, that apply across science and 
engineering disciplines, as well as more specific goals for a particular course or 
program of study. 

In engineering, the accreditation criteria for degree-granting programs devel-
oped by ABET, the accrediting agency, specify 11 general student learning outcomes. 
These outcomes address the specific knowledge and skills, as well as the more gener-
al habits of mind and professional conduct, that undergraduate students of engineer-
ing are expected to learn (ABET, 2009). (Chapter 7 of this book discusses the ABET 
criteria in more detail.) Many of these outcomes are best met through instructional 
methods that emphasize problem solving, communication, and teamwork, as well 
as other skills. Engineering instructors can use the program-level ABET criteria to 
guide their development of course-specific learning goals. 

Across the science disciplines there is no consensus on a single set of learn-
ing goals for undergraduate education. Still, several general learning outcomes 
are largely consistent across the various fields of DBER. One useful list of general 
learning outcomes emerged from a series of workshops on promising practices 
held by the NRC (2011). Participants in these workshops identified these expecta-
tions for what undergraduate science, technology, engineering, and mathematics 
(STEM) students should eventually be able to do:

•	 Master	a	few	major	concepts	well	and	in	depth

•	 Retain	what	is	learned	over	the	long	term

•	 Build	a	mental	framework	that	serves	as	a	foundation	for	future	learning
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•	 Develop	visualization	competence,	including	the	ability	to	critique,	interpret,	
construct, and connect with physical systems

•	 Develop	skills	(analytic	and	critical	judgment)	needed	to	use	scientific	informa-
tion to make informed decisions

•	 Understand	the	nature	of	science

•	 Find	satisfaction	in	engaging	in	real-world	issues	that	require	knowledge	of	science

The research-based instructional strategies presented in this chapter typically 
address several or most of these outcomes. You may need to combine more than one 
strategy to meet the specific learning goals you expect your students to achieve. 

An Emphasis on Student-Centered Instruction 

The chemistry curriculum developed by Vicente Talanquer and John Pollard, 
chemistry professors at the University of Arizona, encompasses several of the out-
comes listed above from the NRC STEM workshop. 
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Designing Learning

Shifting Instruction from What Chemists Know to 
How Chemists Think

An effort to redesign an undergraduate chem-

istry curriculum around findings about how stu-

dents learn began as a conversation over lunch, 

says University of Arizona professor John Pollard.a 

Around 2006, Pollard was chatting with his Arizona 

chemistry colleague Vicente Talanquer, and they 

discovered they shared similar frustrations with the 

lack of depth and focus on breadth in the traditional 

undergraduate chemistry curriculum. Talanquerb 

had become dissatisfied with the lack of intellectual 

demand in undergraduate courses and wanted to shift 

the focus “from presenting what chemists know to 

illustrating how chemists think.” Both professors saw 

a need to revamp a curriculum that was “fact-based 

and encyclopedic . . . focused too much on abstract 

concepts and algorithmic problem solving, and 

detached from the practices, ways of thinking, and 

applications of both chemistry research 

and chemistry education research” 

(Talanquer and Pollard, 2010, p. 43). 

As a chemistry education researcher, 

Talanquer was already familiar with 

the literature on learning. He and 

Pollard began thinking about how to 

transform the curriculum and adapt 

the Process Oriented Guided Inquiry 

Learning (POGIL) approach, in which 

students work in small groups, to their 

own large introductory courses with 

enrollments of roughly 300 students. 

“We started, little by little, changing 

the emphasis of the curriculum; we cre-

ated activities and pilot-tested them,” 

Talanquer explains. They obtained 

grants to implement their ideas from 

the National Science Foundation (NSF) and the State 

of Arizona and assessed the effects on student learn-

ing of the changes they were making. 

The curriculum they developed, called Chemical 

Thinking (2012), is intended to “promote deeper 

conceptual understanding of a minimum core of 

fundamental ideas instead of superficial coverage 

of multiple topics” and to connect ideas from one 

topic to another through a progression of learning 

experiences (Talanquer and Pollard, 2010, p. 43). 

Students “learn how to approach realistic problems 

from a chemical perspective, using the powerful and 

a Interview, April 30, 2013.
b Interview, April 3, 2013.

Students work in groups using a computer simulation to 
investigate the properties of gases in John Pollard’s gen-
eral chemistry class.
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productive models, techniques, and ways of thinking 

developed in the field” (p. 44).

Although Talanquer and Pollard still lecture for 

short periods, they have moved from presenting a 

video or a simulation of a chemical process to having 

students create their own simulations and models. 

Students often work in pairs on what Talanquer and 

Pollard call “Let’s Think” activities that require them 

to make observations, build models, make predic-

tions and decisions, and construct explanations. Here 

is a Let’s Think activity from a unit on predicting the 

physical properties of chemical compounds using 

their molecular structure (Talanquer and Pollard, 

2012):

Let’s Think—A Linear Molecule?

• Imagine for a second, that the water molecule 

was linear and not bent.

• How would this change the strength of the 

different contributions (i.e., dispersion, dipole-

dipole, and H-bonding) to the IMFs [intermolecu-

lar forces] between water molecules?

• What would be the impact of this change on (a) 

the physical properties of water, (b) Earth’s cli-

mate, and (c) life in our planet?

• Share and discuss your ideas with a classmate.

At the end of every learning module (the equiva-

lent of about one week), students are given an inter-

esting problem to solve, called “Let’s Apply,” which 

helps the instructor and the students themselves 

determine whether they have achieved the main 

performance outcome for that module. Based on 

a review of students’ work, “we can get a sense of 

whether we need to emphasize something or go back 

and talk about other things,” says Talanquer. Here 

is a Let’s Apply task from the module on analyzing 

molecular structure:

Let’s Apply—Water Repellent?

Some textiles are frequently treated with organo-

fluorines to make them more hydrophobic. A layer 

of the fluorine compound reduces the ability of the 

fibers to absorb water.

• Build a reasonable explanation to justify why 

some organofluorine compounds may reduce 

water absorption by textiles.

• Share and discuss your ideas with a classmate. Do 

not forget to clearly justify your reasoning.

Talanquer and Pollard also administer formal 

exams, which they have redesigned to align better 

with their instructional approaches. “All of our exams 

are topical,” says Talanquer. For example, the first 

unit of the course deals with how chemistry makes it 

possible to identify substances in one’s surroundings. 

One of the exams designed for this unit focused on 

the composition of Titan, a moon of Saturn. Students 

were given data about Titan and asked to answer 
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questions about the types of substances found on 

this moon’s surface and atmosphere. 

Carly Schnoebelen,c who took Pollard’s course 

as a freshman in 2009–2010 and became an under-

graduate preceptor in the course the next year, 

found the active learning approach “absolutely 

more effective” than the lecture- 

based science courses she took. 

“A lot of times in lecture stu-

dents memorize something for 

a test and immediately forget 

it,” she says. “But if you’re more 

active, you understand and 

remember it better.”

Talanquer and Pollard are 

also evaluating the impact of 

their instructional approaches. 

On a traditional standardized 

exam that includes a heavy dose 

of algorithmic problem solving, 

their students perform the same 

as those in a traditionally taught 

class, but on an assessment of 

conceptual understanding, their 

students do significantly better 

(Talanquer, 2012). In addition, 

survey data show that consid-

erably higher percentages of 

students taught with the rede-

signed curriculum find the course 

“challenging but rewarding,” 

report that they were interested 

to learn about the material in 

the course, express interest in 

doing a chemistry research proj-

ect, and agree that the teaching 

approach in the course moti-

vated them to learn (Talanquer, 

2012). Furthermore, says Talanquer, students who 

took an introductory course with the redesigned 

curriculum get better grades in advanced chemistry 

courses than those taught with a traditional curricu-

lum. “That has become a powerful tool for changing 

people’s minds,” he adds.

c Interview, April 25, 2013.

Students complete topical exams in which they are asked to integrate their 
knowledge and apply it to the analysis of a relevant system.
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Most of the strategies described in this chapter, like those used by Talanquer 
and Pollard, are student-centered. Student-centered approaches place less emphasis 
on the instructor transmitting factual information by lecturing and more emphasis 
on students building their own understanding with careful structuring and guidance 
from the instructor. As noted in the 2012 NRC report on DBER, these approaches 
include these characteristics drawn from evidence about how people learn:

•	 More	time	spent	engaging	students	in	active	learning	during	class

•	 Frequent	formative	assessment	of	students’	levels	of	conceptual	understanding

•	 Attention	to	students’	metacognitive	strategies

In this type of instruction, students are expected to be actively and cog-
nitively engaged in their coursework. Rather than being told what they should 
learn, students often do activities designed to help them discover key concepts or 
draw their own conclusions before the instructor explains a concept. In addition, 
students may be expected to acquire at least some of the basic knowledge for the 
course by doing assignments outside of class so they can come to class ready to 
apply and build on that knowledge. 

Instructors still play several vital roles in student-centered classrooms. 
Instructors carefully design activities to support students in developing the desired 
knowledge and skills. They structure the activities to provide “scaffolding” dur-
ing the learning process that builds on what students know and challenges them 
to gradually work beyond their current level. Instructors also assess students’ 
prior understanding and frequently check how students’ knowledge is progress-
ing throughout the course. And while students are doing activities, the instructor 
observes, listens, asks questions, and guides students when they get off track. An 
understanding of research on learning can help with all of these roles. 

Active learning is a critical element of virtually all of the research-based 
instructional strategies described in this chapter. Active learning engages students in 
answering and asking questions, thinking about and solving problems, and explain-
ing and reflecting on what they are learning instead of just sitting and listening.

Some student-centered approaches differ radically from traditional lecture-
based instruction. Observers of a classroom that uses formal cooperative learning, 
such as the problem-based learning approach or the Student-Centered Active 
Learning Environment with Upside-down Pedagogies (SCALE-UP) model, discussed 
later in this chapter and in Chapter 5, may wonder where the lecture went. Students 
work in small groups throughout most of the class period, tackle challenging and 
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authentic problems, or do hands-on activities. The instructor circulates among the 
student groups, providing guidance and pausing the action only briefly to explain 
something to the whole class.

The “flipped classroom” approach, a term much in vogue, describes instruc-
tional designs in which students are responsible for learning most of the basic 
course content through out-of-class reading, research, or pre-recorded video 
lectures in order to free up class time for problem solving and other substantive 
activities. While a flipped classroom approach can be a dramatic departure from 
traditional instruction, this depends on how it is implemented. Flipped classroom 
models vary in the extent to which they use student-centered approaches or rely 
on lectures (albeit, prerecorded) to convey information.

In any case, you can implement active learning without devoting the entire 
class to cooperative work, or flipping the classroom, or eliminating your lectures. 
Less sweeping approaches can be effective, as explained in the next section.

Making Lectures More Interactive

DBER provides a strong base of evidence in multiple disciplines of the value of 
making lectures more interactive. Several research-based strategies intersperse lec-
ture with shorter student-centered activities, such as interactive exercises or student 
discussions about probing questions intended to spur deeper thinking. Karl Smith 
(2000) has employed an approach in which he organizes a class by alternating 
between short, 10- to 12-minute lectures and even briefer, 3- to 4-minute oppor-
tunities for student discussion, “bookending” these activities with an introduction 
and summary. This is just one example. Other research-based methods, discussed 
below, use varying amounts of lecture and different types of interactive exercises. 

Think-Pair-Share

Think-Pair-Share is an informal type of collaborative learning that can be imple-
mented relatively easily in a lecture or a lab of any size in a fairly short time. 
This strategy engages every student in talking out loud about her or his ideas but 
requires less formal monitoring from the instructor than is recommended when 
students work in groups for longer periods. 

The idea of Think-Pair-Share is an old one (Lyman, 1981), and its proce-
dures have been refined over the years (Johnson, Johnson, and Smith, 1991). The 
instructor follows these basic steps (Allen and Tanner, 2002):
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1. Pose a question during class, often one with many possible answers. 

2.  Give all students one or two minutes to THINK about their individual answer 
by having them jot down their ideas on a piece of paper.

3.  Give all students a chance to discuss their answer and ideas with a neighbor in 
a PAIR or a small group. (This may take a few to several minutes depending 
on the complexity of the question.)

4.  Invite pairs to SHARE what they discussed with the whole class.

5. Wrap up with a summary that emphasizes the main learning points.

The following examples illustrate how Think-Pair-Share questions can vary 
in topic, complexity, length of time required to answer, and presentation format:

Biology: Watch the video clip about the Human Genome Project and the 
designer baby. Work in pairs to answer the following questions: (1) What is 
the basis of making a designer baby? Think about the biology of DNA, genes, 
and traits. (2) What are the advantages and disadvantages of having a designer 
baby? (3) Do you agree or disagree with the idea of a designer baby? Why? 
(Chen and Ray, n.d.)

Geosciences: Look at this graph of satellite measurements of ozone con-
centration above Antarctica from 1979–1992. Put yourself in the mind of a 
scientist seeing this data for the first time. What complexities, patterns, or 
trends would be important to develop a theory for how this pattern has been 
generated? (Hancock, 2010)

Astronomy: Rigel is much more luminous than Sirius B. Rigel and Sirius 
B have the same temperature. Which star has the greatest surface area?: (a) 
Rigel, (b) Sirius B, (c) They have the same surface area, or (d) There is insuf-
ficient information to answer this question. (Forestell et al., 2008)

While students are discussing the question(s), the instructor can walk around 
the room and listen in on their conversations. This enables the instructor to assess 
what students do and do not yet understand, identify misconceptions, and note 
how students explain ideas to their peers. After the pairs’ discussion, the instruc-
tor can acknowledge the good ideas heard and perhaps invite students who used 
insightful ways of explaining a concept or correcting a misconception to share 
their thoughts with the whole class. 
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The use of Think-Pair-Share and similar types of informal groupings has 
been associated with a variety of desirable outcomes, including improved achieve-
ment, critical thinking, and higher-level reasoning; better understanding of others’ 
perspectives; and positive attitudes about their fellow students, instructors, and the 
subject matter at hand (Johnson, Johnson, and Smith, 2007).

Peer Instruction and ConcepTests

If you have ever given a traditional lecture, you have probably experienced that 
moment when you scan the rows of students—some listening attentively, some 
taking notes robotically, others yawning, whispering, or surreptitiously texting—
and wonder, How much of this are they really getting? If you try to check stu-
dents’ comprehension by asking a question (hopefully something more pointed 
than the generic Any questions?), a motivated few will respond. As for the rest, 
you still do not know how well they understand.

One of the most influential, widely used, and time-tested strategies for mak-
ing lectures more interactive builds on Think-Pair-Share but adds a more formal 
process for using carefully crafted questions to shed light on students’ conceptual 
understanding. That strategy is Peer Instruction, developed by Harvard University 
physics professor Eric Mazur. As explained in Chapter 1, Mazur was motivated 
to change his teaching after recognizing that many of his students did not truly 
understand core concepts in physics. 

In Peer Instruction, the instructor gives a short presentation focused on a 
particular topic and then asks all students in the class a multiple-choice question, or 
ConcepTest, designed to reveal common student misunderstandings about a central 
concept related to that topic. Students are given one minute to arrive at an individual 
answer and report their responses to the instructor; often students respond with 
clickers, but this can also be done with colored cards or other means. For the next 
few minutes, as the instructor circulates and listens, students discuss their answers 
and their reasoning with their peers in adjacent seats and try to convince each other 
why their answer is correct. At the end of the peer discussions, students are again 
polled for their answers, which often have changed based on the discussion. The 
instructor reviews the correct answer and addresses questions that arose during dis-
cussion, and then moves on to the next topic (Crouch and Mazur, 2001). To make 
time for the ConcepTests, students are expected to complete a reading assignment on 
the topic covered before class.

Since first introducing Peer Instruction, Mazur and his colleague Catherine 
Crouch have taken ideas from different sources to refine the approach. For example, 

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Designing Instruction 99

before students come to class, they must do warm-up exercises in the form of Web-
based, open-ended questions about their reading assignments. Tutorials (explained later 
in this chapter) and group problem-solving activities have been incorporated into a 
weekly discussion section that supplements the course. Evaluations of Peer Instruction 
show improvements in students’ understanding of the course material as measured by 
their performance on the ConcepTests and on two standardized tests: the Force 
Concept Inventory and the Mechanics Baseline Tests (Crouch and Mazur, 2001).

For many instructors, one of the most appealing aspects of Peer Instruction 
is that it can be done with large courses in a lecture auditorium. “This is a great 
way for people to add an interactive component in inadequate spaces,” says 
Mazur.2 “Not many people may have the opportunity to redesign both the space 
and the course.” The case study in Chapter 2 of David McConnell’s geosciences 
course at North Carolina State University describes an effective way to imple-
ment ConcepTests with peer interaction in a large enrollment course; hundreds 
of ConcepTests in geosciences are available online (Science Education Resource 
Center, n.d.). Peer Instruction has been adapted in biology (Knight and Wood, 
2005), chemistry, and other disciplines, and in a range of instructional settings and 
class sizes. Peer Instruction is also an attractive option because it can be incorpo-
rated into a standard lecture.

It is important, however, that any adaptations maintain the crucial element 
of peer interaction. Simply asking students to respond to clicker questions without 
this element loses the benefits of having students articulate a rationale for their 
answer, listen to their peers’ reasoning, and try to reach consensus. “At times, it 
seems that students are able to explain concepts to one another more effectively 
than are their teachers,” writes Mazur (1997, p. 13). This is likely because stu-
dents who understand the concept “have only recently mastered the idea and are 
still aware of the difficulties involved in grasping that concept. Consequently, they 
know precisely what to emphasize in their explanations.”

Designing good ConcepTest questions takes some thought. Crouch and 
Mazur (2001) recommend that the questions focus on important concepts, include 
incorrect answers based on common student misunderstandings, and be chal-
lenging enough that between 35 percent and 70 percent of the students answer 
correctly before the peer discussion (Mazur, 1997). Although multiple-choice ques-
tions are the easiest type to administer in a large class, ConcepTests can also take 
the form of open-ended questions or quantitative problems, or the students them-
selves can generate the answer choices that the entire class then votes on.

2 Interview, April 13, 2013.
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Here is an example of a ConcepTest question from Mazur (1997):

Beth Simon,3 a computer science and engineering instructor at the University 
of California, San Diego, organizes her 80-minute classes around a series of four 
to six multiple-choice clicker questions, administered using Mazur’s model of indi-
vidual answers, peer discussion, and a final vote. Students are expected to learn 
basic content before they come to class through reading assignments and prere-
corded lectures, and they take a quiz on this homework at the beginning of each 
class. Designing clicker questions that target potential difficulties is a critical part 
of the instructor’s role. “It’s kind of like being a sports coach. If you hire a tennis 
coach for your kid, you don’t want them to just assign the kids to play a game 
of tennis. Instead, they have them do little drills with particular things that they 
know are problematic. I think of my clicker questions as the exact same thing,” 
says Simon.

“People say, where’s the lecture? I do have some ‘lectures,’ but they gener-
ally come in response to questions,” Simon explains. After completing a clicker 
question, for example, Simon might show a slide summarizing the most important 
things that students were expected to learn from that question. Or she might go 
into a deeper explanation of a topic that was not well explained in the textbook 
or do a demonstration of a process the students just studied.

3 Interview, August 20, 2013.

Imagine holding two identical bricks under water. Brick A is just beneath the surface 
of the water, while brick B is at a greater depth. The force needed to hold brick B in 
place is: 

1. larger than

2. the same as

3. smaller than 

the force required to hold brick A in place.

Correct answer: 2

a samPLe conceptest questiOn On 
archimedes’ PrinciPLe Of BuOyancy
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Ongoing adjustments to lectures based on formative feedback

Some instructors adjust the content of their lectures based on the homework that 
students submit before class or on formative assessments they do in class. These 
strategies are informed by findings from research about the need for instruction to 
build on students’ prior knowledge.

In Just-in-Time Teaching (JiTT), the most familiar of these methods, stu-
dents do homework in the form of written responses to questions about reading 
assignments or solutions to problems, and then they submit their work on dead-
line via the Web, in time for the instructor to review it before the next class. The 
instructor can then modify the next lecture to clarify common misunderstandings 
or accommodate students’ interests (Novak, 1999). A moderate amount of evi-
dence suggests that JiTT is effective in teaching some physics concepts (Formica, 
Easley, and Spraker, 2010), is associated with positive attitudes about introductory 
geology (for example, Luo, 2008), and improves students’ preparation for class 
and study habits in biology (Marrs and Novak, 2004). In its emphasis on learn-
ing certain material before class, JiTT might be seen as a precursor to the flipped 
classroom model.

In an approach called Just-in-Time-Teaching with Interactive Learning 
(JiTTIL), Stephen Krause and his engineering colleagues at Arizona State 
University and elsewhere have expanded on this basic idea by adding interactive 
classroom exercises and various forms of fast and frequent feedback (Krause, 
Kelly, and Baker, 2012b). In Krause’s classes that use the JiTTIL approach, stu-
dents spend much of the class time working in small groups at round tables on 
activities based on real-world situations. In one such activity, students select from 
a list of options the best materials to use to construct various components of a 
bicycle, based on their understanding of the properties desired in a particular com-
ponent. To improve students’ ability to transfer their learning to new contexts, 
certain activities include an “extension” question that challenges students to apply 
what they just learned to a new situation. In the bicycle example, the extension 
activity asks students to come up with substitute materials other than the ones 
listed for each bicycle component.

The Materials Concept Inventory, a standardized assessment in engineering 
developed by Krause and his Arizona State colleagues, provides information about 
students’ conceptual knowledge at the beginning of a course. Day-to-day feedback 
comes from the “muddiest point” reflections described in Chapter 3 and from 
homework problems that emphasize the key concepts for the topic being studied. 
Immediate feedback comes from in-class ConcepTests, administered through the 
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Web-based Concept Warehouse tool, and this information can be used to make 
on-the-spot adjustments in instruction.

These different types of formative assessments reflect the fact that students’ 
prior knowledge changes as they progress through a course. “When you first 
walk into a class, it’s your prior academic experience and life experience. But 
then after you’ve been in the class for a while, it’s all the knowledge you’ve 
acquired in class,” says Krause.4 “Then there’s the previous day’s prior knowledge, 
which is critical, especially if there’s a progression of three to five classes for a 
particular topic.” 

Evaluations of students taught with the JiTTIL pedagogy show greater gains 
in conceptual understanding than those in traditionally taught classes, as measured 
by the Materials Concept Inventory. The percentage of students who persist in the 

4 Interview, July 9, 2013.

Students work in small groups to tackle real-world problems in an activity aimed at applying and 
extending newly acquired knowledge.

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Designing Instruction 103

course after the second week has also increased from 85 percent to 95 percent in 
the JiTTIL classes, and the withdrawal rate of female students has decreased from 
40 percent to 10 percent (Krause, Kelly, and Baker, 2012b).

The most recent iteration of this pedagogy developed by Krause and other 
colleagues uses an even wider range of cyber-enabled tools to generate rapid and 
frequent feedback about student learning and includes more active learning exer-
cises (Krause et al., 2013b).

Alternating lectures with interactive exercises 

Although a few students may engage in meaningful conceptual reorganization 
during a lecture, the lecture mode of instruction is a fundamentally passive one. 
Interactive approaches are much more effective at promoting the mental pro-
cesses involved in constructing new knowledge. Recognizing this, many skilled 
instructors have progressed from lecturing for the whole class period to alternat-
ing shorter lecture segments with various types of exercises that promote student 
interaction. 

Clicker questions and other forms of ConcepTests are one way to do this, 
as are the Interactive Lecture Demonstrations described in the Sokoloff example 
in Chapter 3. Some instructors integrate group problem solving, “mini-labs,” or 
other types of hands-on activities into their lectures. Often students work collab-
oratively on these activities, a form of instruction explored later in this chapter. 
According to a study of an approach to teaching introductory geology that alter-
nated lectures with mini-lab activities, students who did a mini-lab with petrified 
wood and discussed their observations in online discussion groups showed statisti-
cally greater gains than did students in two control groups (Clary and Wandersee, 
2007).

Mark Leckie,5 a geosciences professor at the University of Massachusetts 
Amherst, describes his 75-minute oceanography classes as “part lecture, part stu-
dent active learning.” Every class includes a 15- to 20-minute collaborative activ-
ity, based on a set of exercises he developed with his colleague Richard Yuretich. 
(See Chapter 1 for examples of their exercises.) “In-class activities can be effec-
tively used to ‘set the hook,’ to get students interested in what you have to teach, 
to challenge misconceptions, to initiate discussion of a new topic, to provide rein-
forcement of material presented in your lecture, to assess student understanding, 
or to practice critical thinking and problem-solving skills,” writes Leckie (n.d.).

5 Interview, March 22, 2013.
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Student-to-Student Interaction 

Drawing from research on the benefits of learning through social interactions, 
many forms of student-centered instruction—including some described above—
incorporate activities in which students work together in groups. In well-designed 
activities of this type, students learn from interacting with each other; they build 
on one another’s knowledge, ask questions and provide explanations, and come 
up with ideas that might not occur to an individual working alone. These activities 
can also help students develop the kinds of teamwork, decision-making, and inter-
personal skills that are integral to the practice of science and engineering. These 
elements require students, both individually and collectively, to engage in the kind 
of thinking that leads to deep learning, to articulate their thinking, and to reflect 
on feedback from others in a way that causes them to reexamine and extend their 
thinking. Thus, while the social aspects of working in groups are important, the 
cognitive aspects of this process are also important.

Cooperative learning is a highly structured approach to learning through 
student-to-student interactions with a strong base of evidence of its effectiveness 
(see, for example, Smith, 2011). In a well-structured cooperative learning environ-
ment, students work together in small groups to accomplish a common goal. The 
activities foster interdependence by requiring the cooperation of all members of 
the group and hold both the individuals and the collective group accountable for 
successfully completing the work.

Collaborative learning is a more generic form of learning through peer 
interactions. Collaborative learning assumes that students learn best by construct-
ing knowledge within a social context (see Chapter 3) and encourages students to 
coalesce into a “learning community.”  While collaborative learning, like coopera-
tive learning, is intended to foster interdependence among students, it is less struc-
tured than cooperative learning and does not necessarily combine individual and 
collective accountability (Smith, 2011).

Research has shown that activities in which students collaborate with 
each other can be more effective than traditional instruction and can improve 
students’ retention of content knowledge, according to several studies refer-
enced in Chapter 6 of the 2012 NRC report on DBER and other literature. But 
results depend greatly on the care with which these activities are implemented. 
Collaborative approaches are not inherently effective and can be poorly imple-
mented. The evidence is not conclusive about the conditions under which these 
strategies work.
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Group activities often involve answering questions, solving problems, or 
conducting investigations. These activities can be as brief as 10 or 15 minutes or 
can last an entire class period or even longer. They can be integrated into a lecture 
format or can serve as the predominant form of instruction. While many instruc-
tors assert that they cannot do collaborative activities because their classes are too 
large, the experiences of expert practitioners prove otherwise. In large classes, the 
groups typically consist of students seated next to each other. In smaller classes, 
instructors use a variety of options to group students. Some assign students to 
groups to achieve a mix of personalities, abilities, or other characteristics, while 
other instructors let students form their own groups. Some instructors switch the 
group composition periodically to ensure that students get to know different peo-
ple, while others keep the same groups to encourage bonding. 

Grading group activities is tricky. Individual grades are critical to ensure that 
each student learns; in addition, Smith suggests that basing a small portion of a stu-
dent’s grade on group performance can be beneficial if done carefully (Smith, 1998). 

Some common approaches to such student-to-student interaction as coop-
erative learning and collaborative learning are described below.

The jigsaw technique

In the “cooperative jigsaw” approach first described by Aronson and colleagues 
(1978) and refined later by other practitioners, each student member of a coopera-
tive learning group “is responsible for learning a portion of the material and con-
scientiously teaching it to the rest of the group” (Smith, 2000, p. 32). The instruc-
tor chooses the material, structures the groups, provides guidance about student 
roles, monitors their functioning, and helps students summarize, synthesize, and 
integrate the material. Faculty who have used this technique find that it can foster 
students’ interdependence and help them learn conceptual material. “Although it 
takes preparation and time to set up the jigsaw, students usually learn more mate-
rial and remember it longer,” Smith concludes (p. 32).

Barbara Tewksbury, a Hamilton College professor, often uses the jigsaw 
technique in her geosciences classes. Over the years, this technique has been the 
most popular cooperative learning strategy among participants in the On the 
Cutting Edge workshops in course design offered by Tewksbury and colleagues. 
As the example below demonstrates, the jigsaw technique emphasizes both indi-
vidual accountability and achievement of group goals.
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Putting Together the Pieces of a Geosciences Puzzle

In the early 1990s, Hamilton College professor 

Barbara Tewksburya was considering ways to place 

more responsibility on students for learning the con-

tent in her geosciences courses. She came up with a 

plan to have individual teams learn a portion of the 

material about a particular topic and then reconfig-

ure into new groups and share what they had 

learned—an approach she later realized had already 

been developed by others and dubbed 

the jigsaw technique. “I had no idea it 

had been formally invented and named 

in 1978 by Aronson,” she says. “But it 

was one of these situations where I had 

a pedagogical problem to solve and 

thought, ah, this would be a good way 

to solve it. And it turned out I wasn’t the 

only one who had done that,” she says, 

adding that this “Lone Ranger” mentali-

ty was typical of geosciences faculty at 

that time, before geosciences education 

research had coalesced as an area of 

scholarship. (Today, she adds, instructors 

have no need to reinvent the wheel with 

all of the resources available.)

In Tewksbury’s course on geology 

and human events in North Africa and 

the Middle East, one of the topics stu-

dents study is the impact of climate 

changes on the development of Egyptian civilization 

around 3000 B.C. She uses the jigsaw technique as a 

way for students to analyze geological data on sedi-

ment accumulation in the basins of the Sahara in 

order to determine prehistoric changes in rainfall.

To prepare for the in-class jigsaw, students do 

homework assignments that help them understand 

the extremely arid climate of the modern Sahara. 

These assignments include looking at Google images 

of the Sahara. Students also read historical accounts 

of traverses across the Sahara, a report from a British 

army expedition trapped in the desert, and descrip-

tions of the modern salt mines operating in Mali.

When the students arrive in class, they are divided 

into four teams of roughly four people per team. 

Every team receives a set of published data on the 

sediments in a particular paleolake; each of the four 

lakes is located in a different part of the Sahara and 

has a distinctive stratigraphic record. Their task as a 

team is to analyze the sediment record and figure 
a Except where noted, the information in this case study comes from 

an interview with Barbara Tewksbury, March 28, 2013.

The White Desert near Farafra Oasis, Egypt.
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out when the lake first appeared, when it dried up, 

and how the rainfall changed over thousands of 

years. “By the time the team is done analyzing, 

everybody has to be prepared to tell somebody else 

what they learned about their particular data. They 

have to be able to paint a picture—here’s what I think 

is going on, and here’s the evidence,” Tewksbury 

explains.

At that point, she creates new groups composed 

of a member from each of the former teams. Each 

member of the new group shares the findings from 

the previous team’s analysis of one particular lake. 

“They each teach each other what their data sug-

gest,” says Tewksbury. The new groups then do a two-

part assignment: first, to determine what they can say 

about the timing and amount of rainfall changes in 

the Sahara as a whole based on sediment data from 

four lakes; and second, to analyze additional data 

about worldwide climate change and predict what 

will happen in the Sahara with future global climate 

change. “Of course, their intuition is that if it warms 

up, it’s going to get drier, but the geologic record 

shows just the opposite: when it gets hotter, it rains 

more in the Sahara. So it ties back into the modern 

world,” she says. In later class meetings, the students 

study other aspects of the impact of climate and geo-

logical events in order to understand why Egyptian 

civilization developed when it did. 

“It’s called a jigsaw because everybody has a 

piece of the puzzle,” Tewksbury explains. “Each 

team has one stratigraphic column, so that means 

that four people in that team have the same jigsaw 

puzzle piece.” When the groups are reconfigured, 

all four puzzle pieces are represented by each new 

member contributing one piece. As the students 

teach the members of their new group about what 

they learned, “that’s equivalent to putting the piece 

down on the table.” The final group assignment—to 

look across all four pieces and arrive at conclusions 

about Sahara rainfall trends and their implications 

for global climate change—“puts the whole picture 

together.” To instill individual accountability, each 

student must do a major analysis of the timing of 

the rise of Egyptian civilization that incorporates the 

earlier paleolakes analysis and other data.

This approach of having students reach their own 

conclusions based on data provides them with a much 

better learning experience than if she were to lecture 

on the topic, says Tewksbury. “They’re perfectly capa-

ble of drawing the conclusions themselves.”

It took Tewksbury time and professional develop-

ment to arrive at an understanding of effective strat-

egies for learning. Early in her career, she taught 

as she had been taught—by lecturing. “I had never 

heard of the word pedagogy,” she says. Her “trans-

formative” moment came in the late 1980s, she says, 

when she became involved as a content expert in 

a workshop on active learning and other strategies 

for middle and high school teachers. “I think I prob-

ably learned more about pedagogy and had my eyes 

opened a lot wider by what I learned from the Earth 

science teachers than they did from me. . . . That got 

me thinking for the very first time about what I was 

trying to accomplish in my classes,” she says.
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This example of a jigsaw in a geosciences class includes several elements 
associated with improvements in student motivation and learning:

•	 Students	actively	construct	conceptual	knowledge	by	analyzing	data,	seeing	
how it fits into a larger framework, and reaching conclusions.

•	 Students	take	control	of	their	learning	by	doing	advance	reading,	studying	a	
variety of information, and explaining what they learned to their peers.

•	 The	interactive	element	provides	students	with	an	incentive	to	do	the	work	so	
they will not let down their peers or themselves.

•	 Students	use	the	tools	and	practices	of	geology,	much	as	a	professional	scientist	
would, by analyzing maps and data.

•	 The	activity	has	relevance	to	the	real-world	problem	of	global	climate	change.

Natalie Yeo,6 who was a student at the Community College of Rhode Island 
in 2013, participated in jigsaws and other cooperative learning approaches in 
a geology class with professor Karen Kortz. She describes the jigsaw groups as 
“kind of a mini–think tank because you’re all trying to bolster the same idea.” 
The variety of small group work in Kortz’s classes keeps students constantly 
engaged, she says. “Sometimes I leave a lab and say, ‘What a think marathon—my 
brain hurts, in a good way.’”

Group work on problems, experiments, and projects

In other types of cooperative or collaborative learning, students work in groups to 
solve problems, conduct investigations or experiments, or carry out projects. Some 
of these strategies involve more extensive changes in classroom organization and 
instructional practices than a short activity incorporated into a lecture would.

Process Oriented Guided Inquiry Learning (POGIL) began in college 
chemistry departments but has since been adopted by instructors in a variety of 
disciplines in numerous postsecondary institutions and high schools. Students in 
a POGIL classroom learn through a guided inquiry process in which they are pre-
sented with data or information, followed by leading questions designed to guide 
them in formulating their own conclusions (Process Oriented Guided Inquiry 
Learning, 2014a). Students work in small groups as the instructor observes and 
facilitates, stepping in as needed to address questions and provide guidance.

6 Interview, April 10, 2013.
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The following high school POGIL activity shows how the guided inquiry 
process works (Process Oriented Guided Inquiry Learning, 2014b):

In a biology classroom that uses the PoGIL “guided inquiry” approach, students explore this question: What are 
the factors that regulate the rate at which enzymes catalyze reactions? Students read a paragraph explaining 
how enzymes affect their daily lives and why the preceding question matters. In the specific activity, students 
look at the optimal conditions for two different enzymes: lipase, which breaks down lipids in the small intestine, 
and pepsin, which breaks down proteins in the stomach. They are presented with an initial model consisting of 
(a) a simple diagram showing that lipase breaks down triglycerides into glycerol and fatty acids and that pep-
sin breaks down large polypeptides into smaller polypeptides and amino acids, and (b) a graph of the effect of 
ph on enzyme activity. Students study the model and compare data in order to answer a series of questions of 
increasing complexity, including questions that require them to explain an answer in detail, justify their reason-
ing, and add a line to the graph. The final question in the series requires them to use their knowledge of protein 
structure to explain in detail the effect of exposing an enzyme to a pH outside of its optimal range. Include the 
effect on both enzyme structure and function.

This activity continues with a second model consisting of three graphs showing the effects of various factors on 
the function of the enzyme amylase in the body. Students work through another series of questions about that 
model. The activity also includes “extension questions,” which require deeper thinking and might be used for 
homework or as an extra activity for groups that move quickly.

Learning aBOut enzymes thrOugh guided inquiry 

Model and graph 
provided to students 
in a POGIL guided 
inquiry on enzymes.
SOURCE: Flinn 
Scientific, Inc., 2014.
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Within the basic POGIL framework, instructors use a variety of strategies to 
manage the groups and help students learn. Instructors might suspend the group 
work at various points to allow groups to report their answers to the whole class, 
and activities generally conclude with a whole-class discussion. At times, instruc-
tors may need to give a mini-lecture to the whole class or to an individual group 
to clarify an area of confusion or reinforce a vital point. Instructors may also set 
aside time for students to reflect on their learning and process skills. The strategies 
used will depend on what transpires during each class. “The principle is to have 
students do as much thinking and working as possible. No day is a typical day,” 
says Rick Moog, a Franklin & Marshall College chemistry professor and execu-
tive director of The POGIL Project. Formative assessment is a central part of the 
POGIL process, as explained in Chapter 5. 

Although POGIL has been used most extensively in smaller classes, it 
can also be adapted for large classes—for example, by framing a recitation sec-
tion around POGIL activities or having students use clickers to give feedback to 
provide responses to questions based on POGIL activities (Amaral et al., 2005). 
Numerous resources in a range of disciplines—curriculum, instructional guidance, 
professional development workshops, and more—are available for instructors who 
want to use the POGIL pedagogy (see www.pogil.org).

Studies of the effectiveness of POGIL at a range of institutions and for a 
variety of courses provide evidence that this approach can improve achievement 
and reduce attrition as compared with courses taught through traditional meth-
ods (for lists of specific studies, see https://pogil.org/about/effectiveness). Other 
research has found improvements in test scores for general chemistry students 
when POGIL is combined with Peer-Led Team Learning, the approach described 
in Chapter 1 in which trained undergraduates lead supplemental problem-solving 
sessions (Lewis and Lewis, 2005).

Cooperative problem solving, an instructional approach that draws from 
research on cooperative learning, was originally developed for physics as a way 
to encourage students to develop expertise in problem solving while discouraging 
their tendency to use novice strategies (Heller and Heller, 2010). Working in small 
groups, students use a specially designed strategy to solve context-rich problems. 
These are problems rooted in real situations that would be difficult to solve by 
applying a few equations and plugging in numbers, seeking the recognizable pat-
terns found in many traditional textbook problems, or looking for physics vocab-
ulary cues. Instead, these problems are best solved by analyzing the situation, per-
haps with the help of a visual representation, and logically constructing a path to 
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a solution. These problems often require students to consider what they know and 
do not know and what assumptions they need to make.

Here is an example of a context-rich problem in one-dimensional kinematics:

You have a summer job as the technical assistant to the director of an adven-
ture movie. The script calls for a large package to be dropped onto the bed of 
a fast moving pick-up truck from a helicopter that is hovering above the road. 
The helicopter is 235 feet above the road, and the bed of the truck is 3 feet 
above the road. The truck is traveling down the road at 40 miles/hour. You 
must determine when to tell the helicopter to drop the package so it lands in 
the truck. (Heller and Heller, 2010, p. 242)

A typical 50-minute class organized around cooperative problem solving 
might look something like this: The instructor begins by articulating the con-
cepts to be learned during that class session. For the next 35 minutes, students 
work in groups to solve the problem as the instructor observes and listens, 
diagnosing students’ difficulties and occasionally interacting with groups that 
need help. At the end of the appointed time, one member from each group is 
randomly selected to put part of their solution on the board, with license to 
ask other members of the group for help. Students in other groups examine the 
solutions on the board to see how they parallel or differ from their own group’s 
result. The instructor then leads a class discussion of the possible solutions but 
does not give students a paper with the complete correct solution until the end 
of class (Heller and Heller, 2010, pp. 1–2).

Cooperative problem solving can be used as the major focus of a course, as 
in the example above, or to make smaller recitation or discussion sections more 
interactive.

Findings from a study in chemistry also indicated that cooperative problem 
solving improved students’ problem-solving abilities by about 10 percent, and that 
this improvement was retained when students returned to individual problem-
solving activities (Cooper et al., 2008). 

In problem-based learning (PBL), students learn disciplinary knowledge by 
working through problems that mirror real-world situations, most commonly in 
groups but occasionally individually. At the core of PBL is the notion of the “ill-
structured” question, which reflects the complex, messy, and tentative nature of 
many of the problems facing science and society that have no simple, formulaic 
“right” solutions. Groups are presented with contextual situations and asked to 
define the problem, decide what skills and resources are necessary to investigate 
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the problem, and then pose possible solutions (Duch, Groh, and Allen, 2001). 
To solve this type of ill-structured problem, students must engage in inquiry, 
information-gathering, and reflection. PBL activities can take up most of the 
teaching and learning time in a classroom or can be combined with a lecture. 

Although the most striking thing about the SCALE-UP (Student-Centered 
Active Learning Environment with Upside-down Pedagogies) model is its redesign 
of the physical classroom space (described in Chapter 5), it is also a powerful 
example of how student collaboration can serve as the primary mode of instruc-

tion. In a SCALE-UP classroom, the 
lecture and lab components of a course 
are combined. Students learn some of the 
basic content through readings and home-
work before and after class. This arrange-
ment makes it possible even for students 
in very large enrollment courses to spend 
most of their class time working in small 
groups on rich activities.

The main learning occurs through 
interactions with peers under the guidance 
of the instructor and through classroom 

discussions among the students and with the instructor. Students do hands-on 
activities, problems, simulations, and experiments that challenge them to think 
deeply. Brief intervals of lecture are mostly limited to providing motivation and 
linking the collaborative activities to the bigger course content. 

As one type of SCALE-UP activity, students do 10- to 15-minute experi-
ments in groups using a “predict-observe-explain” model. For example, groups 
are given the task of rolling a racquetball through a curved path between a pair 
of concentric quarter-circle arcs drawn on a piece of paper. Some students tip the 
paper or spin or blow on the ball. The instructor asks them why they need to do 
this (making references to Newton’s second law), with the goal of getting them 
to understand they are applying a force to the ball to change the direction of its 
motion. Once they understand, they are asked to specify the direction of the force. 
Through Socratic dialogue, the instructor eventually gets students to see that the 
force is always directed toward the center of the concentric arcs. Students recog-
nize this as a centripetal force and then do a task in which they approximate the 
magnitude of the force from the mass of the ball and estimate its speed (Beichner 
et al., 2007). 

“Strategies used will depend on what transpires 

during each class. The principle is to have 

students do as much thinking and working as 

possible. No day is a typical day.”

—�Rick�Moog,�
Franklin�&�Marshall�College
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Other SCALE-UP activities require students to think through a problem 
without making measurements. An example: How far does a bowling ball travel 
down the lane before it stops skidding and is only rolling? This difficult problem 
requires a great deal of estimation, but it provides students with insights about 
frictional force. When they have developed an answer, they can check it against a 
simulation of this scenario.

According to Robin Wright,7 who teaches a SCALE-UP biology course at 
the University of Minnesota, an overarching theme of this approach to teaching 
is “to have students doing biology, not learning about biology, and to have that 
‘doing’ happen in the classroom where we can watch and help and coach them.”

Studies of the SCALE-UP model have found that participating students have 
better scores on problem-solving exams and ConcepTests, slightly better attitudes 
about science, and less attrition than students in traditional courses (Beichner et 
al., 2007; Gaffney et al., 2008). Failure rates among women and students from 
underrepresented groups have also been substantially reduced. 

Mackenzie Tilley,8 an engineering major at North Carolina State who took 
Robert Beichner’s SCALE-UP physics course, benefited from this type of instruc-
tion in several ways. “What’s great about the group work is that if you have a 
question, you don’t have to wait for the professor to finish talking,” she says. 
“You just turn to your partner and say, hey, how did you figure this out? Most of 
the time your partner will understand what you don’t understand, or you’ll under-
stand when your partner or group members don’t.” In addition, she says, “the 
activities all worked in a way that clearly showed you the differences between 
certain principles. . . . You could distinguish what was going on and why it was 
going on that way.”

SCALE-UP is just one example of an approach that combines the lecture and 
lab sessions of a course into a single, longer block of time to facilitate group inves-
tigations and projects. Some of these approaches include laboratory experiences 
aligned with scientific practices in which, for example, students record observa-
tions, develop and test explanations, refine existing models, and build and refine 
their own models of a scientific process by experimenting. 

Another such approach is Modeling Instruction, developed by Eric Brewe 
and colleagues in the physics department at Florida International University.

7 Interview, April 12, 2013.
8 Interview, March 27, 2013.
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Using Models as Physicists Do

Florida International University (FIU), a large, pub-

lic research university with a majority Hispanic 

enrollment, graduates more Hispanic holders of 

bachelor’s degrees than any other institution in 

the United States. In an effort to increase the par-

ticipation of Hispanic students in physics courses 

and improve learning for all students, Eric Brewe 

and other faculty members in the physics educa-

tion research group at FIU have designed and 

implemented a version of Modeling Instruction, an 

approach first explored by David Hestenes (1987) 

at Arizona State for whom Brewe was a graduate 

assistant. The Modeling Instruction approach used 

by Brewe and his colleagues combines active stu-

dent engagement, cooperative grouping, activities 

to foster conceptual understanding, and experience 

with the authentic practices of the discipline—fea-

tures that can support the learning of students 

underrepresented in science, according to partici-

pating faculty (Brewe, Kramer, 

and O’Brien, 2009).

In the physics classes taught 

with the modeling method, 

students construct and validate 

models that allow them to 

explain, describe, and predict 

outcomes, much as scientists 

do. “If we think science is 

about building models, then 

we have to focus attention on 

getting students into authentic 

practices,” says Eric Brewe,a 

who was instrumental in 

designing the modeling curric-

ulum. The “cookbook” method 

of doing lab experiments fails 

to help students see the con-

nection between their experi-

ment and the theory behind it, 

he asserts. Instead of thinking about whether their 

approach to solving a problem is a useful model, 

students fixate on whether they arrived at the right 

answer. In Modeling Instruction, explains Brewe, 

“students think about what goes into a model. . . . 

We’re careful to get students to understand how 

to use representations to make predictions or draw 

a Except where noted, the information in this case study comes from 

an interview with Eric Brewe, April 16, 2013.

Eric Brewe engages in model building with his class at FIU.
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conclusions. A graph is only as good as the informa-

tion you can draw out of it.”

During his classes, which meet three times a 

week for two hours at a time, Modeling Instruction 

students work in small groups in a studio-format 

classroom with whiteboards and tables instead of 

desks. The longer class period has made it possible 

to integrate the laboratory and 

lecture components of the course, 

which mirrors the practices of sci-

entists. “No reasonable scientist 

says, ‘It’s our day to do lab’—they 

do investigations when it’s appro-

priate,” says Brewe. The activities 

and lab experiments are designed 

to encourage model building. 

The groups share their ideas on 

portable whiteboards and come 

together for discussions, with the 

instructor moderating. 

Stephanie Castañeda, a stu-

dent who took two semesters 

of Brewe’s course in 2012–2013, 

recalls a kinematics experiment. 

The students set up their equations and then tested 

whether their calculations were correct by rolling 

a ball down a ramp and placing a cup where they 

predicted the ball would hit the floor. “We basi-

cally learned that the model we had learned in class 

applied to real life,” she says.

Other aspects of the course also attempt to 

replicate authentic practices. Students are assessed 

on their use of scientific apparati. Unlike the tra-

ditional approach of assigning many homework 

problems that are variations on the same thing, the 

homework in the courses taught with the model-

ing approach includes fewer problems that require 

deeper understanding. “We give homework every 

day, but just one problem that has to be done thor-

oughly and explained in words,” Brewe notes.

Studies of Modeling Instruction indicate that 

students taught through this method outperform 

those taught in lecture-format classes, with ben-

efits for Hispanic and white students and for male 

and female students (Brewe et al., 2010). Student 

attitudes about physics, as measured by a standard-

ized survey instrument, have also improved (Brewe 

et al., 2013). In addition, students in Modeling 

Instruction sections report 10 times the number of 

ties among themselves than students in lecture sec-

tions. Brewe, Kramer, and O’Brien (2009) see this as 

evidence that students in Modeling Instruction form 

richer and more deeply connected learning commu-

nities, which further contribute to learning gains.
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Supplementing Instruction with Tutorials

Tutorials can serve as a ready-made tool for instructors who want to supplement 
their lectures with carefully sequenced, research-based learning exercises that stu-
dents can do in small groups or independently. The widely influential Tutorials 
in Introductory Physics (McDermott and Shaffer, 2002) highlights tutorials cre-
ated by Lillian McDermott,9 Peter Shaffer, and the physics education group at 
the University of Washington that are a prototype for research-based tutorials 
designed to promote the kind of active intellectual engagement necessary to devel-
op a functional understanding of physics concepts. Tutorials are often used in a 
recitation or discussion section in which students work in small groups, but they 
can also be incorporated into a lecture or assigned as homework.

The genesis of the physics tutorials, says McDermott, was her realization 
that even graduate students in physics had difficulties in understanding key phys-
ics concepts. “They were much more sophisticated, so they could get by with 
memorizing formulas; they could get by with knowing how to do things without 
necessarily understanding them. If you asked questions about understanding, they 
turned out to have the same problems as the other students.” This led McDermott 
to begin documenting common student difficulties and researching the impact of 
instructional strategies to confront them. 

Typically, tutorials target critical concepts and are designed to have students 
“elicit, confront, and resolve” common difficulties in learning, says McDermott. The 
questions on the tutorial worksheets are structured to help lead students through the 
steps of reasoning necessary to develop and apply basic concepts. 

One of the Washington tutorials, for example, uses a simple optical system 
consisting of a light source, a mask with a small triangular hole, and a screen to 
help students understand and apply two basic principles from geometrical optics: 
light travels in straight lines, and light rays from every point on an object travel 
outward in all directions. The tutorial first asks students, working in small groups, 
to predict the images that will appear on the screen from different types of light-
bulbs when the size and shape of the aperture changes. After the students have 
made predictions and explained their reasoning to one another, they observe what 
actually happens and try to resolve any discrepancies with their predictions. They 
are then asked to predict and explain up-down and left-right inversions of images 
produced by asymmetric sources. The point is to help students understand that the 
size and shape of the source, the size and shape of the aperture, and the distances 

9 Interview, April 18, 2013.
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involved can all have an effect on the image (Heron 
and McDermott, 1998). 

The initial question is framed so that many 
students will make an incorrect prediction, says 
Paula Heron,10 a professor in the physics depart-
ment. When they actually try the experiment, 
such as turning on the lightbulb or changing the 
shape of the aperture, the results are not what 
they expected. “That’s an opportunity to take 
advantage of that surprise, or confusion, or dis-
may, whatever the emotion is,” says Heron. “It’s 
a moment when you’re likely to get strong intel-
lectual engagement. By letting them see how their 
thinking led to one prediction and how a different 
way of thinking leads to a correct prediction, you 
can get them to not only see what the correct thing 
is, but give them an opportunity to reflect on the 
patterns of thought or beliefs they had, or the way 
that they were approaching the problem, that were 
incorrect or unproductive.”

Numerous studies have demonstrated that 
the University of Washington tutorials significantly 
improve students’ conceptual understanding and 
their more general scientific reasoning (see a review 
by Docktor and Mestre, 2011). These tutorials do 

require fairly extensive facilitation by teaching assistants. 
Researchers and faculty have developed similar tutorials in astronomy, biol-

ogy, geosciences, and other disciplines (see Chapter 2 for more information about 
the geosciences tutorials designed by Karen Kortz and Jessica Smay). 

Science and Engineering Practices and Authentic Experiences

Think back to why you went into science or engineering. You likely became fasci-
nated by something you saw or did that opened your mind to bigger ideas, such as 
your first view through a microscope of the amoebas that lived in a water puddle 

10 Interview, April 12, 2013.

(a) Students were asked to sketch what they would see 
on the screen. (b) Correct answers.
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or your realization that so much of the world around you could be explained by 
the principles of physics. But you probably also found satisfaction in practicing 
science or engineering—for example, by collecting and analyzing data, using the 
“tools of the trade,” or designing a device or technology that can make our lives 
or our world better. 

For students to be competent in science and engineering, they need more 
than knowledge of the content of a discipline. They also need to understand the 
practices, tools, and ways of thinking in that discipline—and how these can be 
applied to solve real problems. Although most students in science or engineering 
courses will not pursue careers in these fields, all of them can benefit from under-
standing the process of science and how it can be used to evaluate and make deci-
sions about issues facing society.

Research at the K–12 level has shown that with well-designed curricula and 
instruction, students can become more competent in the practice of science at the 
same time they learn content at a deeper level (National Research Council, 2007). 
Some instructional strategies at the undergraduate level combine these goals. Using 
the practices of a profession and working on authentic problems also makes learn-
ing more relevant in a way that many students find motivating. These approaches 
may have students work on authentic problems or activities, analyze published 
data, use tools commonly used in the practice of a discipline, and participate in 
research experiences, as illustrated by the following examples.

In the SCALE-UP Foundations of Biology course for majors at the 
University of Minnesota, the lab and lecture components are integrated into 
thrice-weekly sessions of almost two hours each. As part of the course, students 
do a 5-week and a 10-week team project that explores an authentic problem of 
social value that they identify themselves, says Wright, one of the instructors. Past 
projects have dealt with the impact of climate change on coral reefs; the biologi-
cal effects of an oil spill, Alzheimer’s disease, or cancer; and even the design of 
camouflage clothing. Students apply their knowledge of genetics and evolution to 
propose solutions, says Wright. 

As the culminating experience of the class, students present and discuss their 
proposals in a class poster session, just as biologists would. “We try in every way 
to represent the authentic work of the discipline,” says Wright.

A unique undergraduate engineering program in the Iron Range mining 
region of northern Minnesota uses authentic engineering design projects to devel-
op students’ understanding of core competencies in engineering and professional 
engineering practices. 
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Designing Learning

Through the Iron Range Engineering program, students 

learn both the technical knowledge and the profession-

al practices of engineering by carrying out engineering 

design projects (Minnesota State University, Mankato, 

2013). The program is a partnership between Itasca 

Community College in Grand Rapids, Minnesota, and 

Minnesota State University (MNSU), Mankato. Most of 

the participants are community college graduates who 

are completing the upper-division portion of an engi-

neering bachelor’s degree.

The majority of students’ design projects are 

sponsored by the mining, milling, and manufacturing 

industries in Minnesota’s Iron Range, says Rebecca 

Bates,a an engineering professor at MNSU, Mankato, 

although some students do entrepreneurial projects 

or work with faculty on a research project. One stu-

dent project, for example, examined the problem of 

heat loss and transfer in a paper mill. This loss affects 

the quality of the paper produced because the paper 

must go through phases of dampness and dryness. 

The student team analyzed changes in the tempera-

tures and airflow in the plant and made recommen-

dations for improving insulation, air movement, and 

other factors. 

Rather than attending lecture-based classes, stu-

dents learn by conducting their design projects, par-

ticipating in seminars and conversations with faculty 

and external experts, receiving feedback on their 

projects, and engaging in self-study and peer learn-

ing. Some of the required credits are related to engi-

neering knowledge about areas such as digital logic 

and thermodynamics. Others are related to profes-

sional skills, such as teamwork, ethics, individual com-

munication, and time-management skills—“all of the 

things we connect with professionalism,” says Bates. 

In the proposal stage, students must develop 

both a work plan for their project and a learning 

plan that outlines their learning objectives for pro-

fessional skills and technical knowledge. The plan 

also describes the methods students will pursue to 

meet those learning objectives and the means that 

will be used to assess and reflect on their learning. 

Students present evidence that they have learned 

the requisite knowledge and skills to the faculty, 

who review the evidence and assess students’ com-

petency through oral and written exams. 

Students’ written reflections on what and how 

they are learning are an important part of the evi-

dence used to assess their work. “When they start, 

they hate doing this because it’s more work,” says 

Bates. “They have produced a finished assignment 

and gotten the right answer, and then they say, 

‘You want me to write about how I got it?’” But, 

she adds, these reflections often lead to improve-

ments in their projects, their learning processes, and 

their retention of content.

Prospective Engineers Learn Technical and 
Professional Competencies Through Authentic Projects

a Except where noted, the information in this case study comes from 

an interview with Rebecca Bates, July 8, 2013.
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Students in Christopher Swan’s11 civil and environmental engineering and 
geotechnical engineering courses at Tufts University learn about engineering prac-
tices through projects with a community service angle. Working in small groups, 
students have tackled projects with environmental implications: for example, 
evaluating what happens when soils in a waste site are heated to high tempera-
tures, as occurs in sites remediated with incineration. During the course of six to 
eight weeks, the students develop a research process and conduct a study of such 
questions as whether the resulting soil can be used as clean soil and how it differs 
from uncontaminated soil from the same site. The work of one student group was 
published as a symposium paper, says Swan. Students “get turned on by a research 
project—it may spark a deeper interest in engineering,” he says. 

Swan also works with students participating in service learning engineering 
projects in developing nations through Engineers Without Borders. In one ongo-
ing project, students work with a village in Uganda to determine the most feasible 
way to continuously pump drinking water from a local source.

Conclusion

The approaches described in this chapter are intended to give science and engi-
neering faculty a flavor of how research on how people learn can inform instruc-
tional practices in undergraduate education. Many other strategies backed by 
evidence of effectiveness, and many sources of information and support, await 
instructors who wish to explore these ideas in their courses. If you take the next 
step, you will be joining a community of practitioners engaged in learning, experi-
menting, and sharing results. 

Resources and Further Reading

Discipline-Based Education Research: Understanding and Improving Learning in 

Undergraduate Science and Engineering (National Research Council, 2012) 

 Chapter 6: Instructional Strategies

Pedagogy in Action Web portal of the Science Education Resource Center (SERC) 

http://serc.carleton.edu/sp/index.html

Process Oriented Guided Inquiry Learning (POGIL) 

www.pogil.org

11 Interview, August 27, 2013.
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5Assessing and Adapting

When Jessica Smay1 took a position teaching geosciences and astronomy at San 
Jose City College in California in 2006, she was already persuaded of the value of 
interactive instruction. In her previous teaching job at South Suburban College, a 
community college in Illinois, she had attended a Center for Astronomy Education 
workshop and had started implementing ConcepTests. She had also begun to 
develop lecture tutorials in geosciences with her colleague Karen Kortz and was 
using them in her classes. With her move to a new community college with a high-
ly diverse student body, Smay wanted to fine-tune some of her teaching strategies. 

One approach Smay used to determine how well her students were learn-
ing was simply to listen to students’ reasoning as they discussed a clicker ques-
tion with a partner or worked in small groups on a tutorial. Smay would “walk 
around the classroom and see how the students were talking about or answering 
the questions—their thought processes,” she says. If a student seemed confused, 
“I would say, ‘How did you get this answer?’ and they would talk me through it.” 
Based on these discussions, Smay realized that in some cases she was expecting her 
students to “make too big of a leap” in their progression toward more accurate 
understanding, so she would revise a learning activity to provide students with 
more scaffolding. Some of the student misconceptions that emerged during these 
discussions also helped her to design better ConcepTests.

In a student-centered undergraduate classroom, many of the learning activi-
ties themselves are a form of assessment that provide instructors with richer infor-
mation about students’ understanding than they could obtain from traditional 
assessments and lecture-based instruction. While this is just one of several sources 
of assessment data in student-centered classes, it can be a valuable one, according 

1 Interview, May 21, 2013.
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to Edward Price,2 a physics professor at California State University San Marcos. 
“Very early in my experience as an instructor, I would often wonder what students 
were thinking, what they were getting from what we were doing in class. Other 
than just the ‘nodding head’ index of how many of them were asleep, you don’t 
really know in a large lecture class.” When Price began using ConcepTests, he 
found that the answers students gave to these questions and the discussions they 
had about them provided him with the immediate feedback he craved.

As you gain experience with research-based instruction, you will likely find that 
the same traditional tests—whether end-of-chapter textbook quizzes or the questions 
typically found on midterms or finals—do not adequately measure the kinds of con-
ceptual understanding you want your students to develop. Student-centered approach-
es to teaching and learning call for different methods of assessment. 

Student-centered instruction may also necessitate new ways of using technol-
ogy. While technologies, ranging from clickers to interactive simulations of scientific 
processes, open up additional possibilities for instruction, their effectiveness hinges on 
how well they are implemented and whether they are aligned with sound pedagogy.

This chapter addresses three issues that often arise in the early stages of 
designing an effective, research-based approach to teaching undergraduate science 
and engineering.3 The first is the appropriate use of assessment, which is an essen-
tial part of research-based instruction. The second is the effective use of technol-
ogy, which has become commonplace in science and engineering classrooms. A 
third issue, the redesign of classroom spaces to support active learning, is by no 
means a prerequisite; many instructors have implemented research-based strategies 
quite well in whatever learning spaces are available, from large traditional lecture 
halls to smaller rooms with fixed desks. This issue is included here to show what 
can be done when changing the learning space is an option.

2 Interview, August 23, 2013.
3 Much of the information in this chapter is drawn from the 2012 National Research Council report on 

discipline-based education research; see, in particular, Chapter 4 of that report for more information about as-
sessment of conceptual understanding; and Chapter 6 for more about technology and redesign of learning spaces. 

In a student-centered undergraduate classroom, many of the learning activities themselves 

are a form of assessment that provide instructors with richer information about students’ 

understanding than they could obtain from traditional assessments and lecture-based instruction.
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Assessment and Course Evaluation

In a research-based science or engineering classroom, assessment serves several 
critical purposes for both instructors and students that go beyond the need to 
determine course grades. The most immediate purpose for instructors, and one 
that will help you with implementing the ideas in this book, is to obtain frequent 
feedback about what students know, how well they are learning, and where they 
are having difficulties. You can then use this feedback to modify your teaching 
to enhance student learning. The literature on assessment often refers to this as 
formative assessment. Formative assessments also serve an important purpose for 
students by providing them with information they can use to gauge their own 
learning and adjust how they study. 

Summative assessments, which evaluate students’ performance against a 
standard or benchmark at the end of a unit, in midterm, or at the end of a semes-
ter, continue to have a place in research-based instruction. They can tell you how 
students have progressed in their learning and can be used to determine students’ 
grades. In addition, summative assessments can help you evaluate the effectiveness 
of your course design and determine which aspects to adjust in future iterations of 
the course.

Roles of assessment in a research-based course

Effective formative assessments conducted during the course of classroom instruc-
tion can make students’ thinking “visible” to the instructor and the students 
themselves, notes the National Research Council (NRC) report Knowing What 
Students Know: The Science and Design of Educational Assessment (National 
Research Council, 2001, p. 4). They can reveal students’ preconceptions and help 
both instructors and students monitor students’ progress from a naïve to a more 
expert-like understanding. In a research-based classroom, formative assessments 
are not quizzes that students can ace by memorizing material the night before; 
rather, they should provide students with opportunities to revise and improve their 
thinking and help teachers identify problems with learning (National Research 
Council, 2001). 

Rick Moog, a chemistry professor at Franklin & Marshall College, came 
to understand the various roles of assessment in the 1990s, when he began devel-
oping the group learning activities that would later evolve into Process Oriented 
Guided Inquiry Learning (POGIL).
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Designing Learning

assessMent in an aCtivitY-Based ClassrooM

But How Did You Arrive at That Answer?

Rick Moog,a the executive director of The POGIL 

Project (see Chapter 4 for a description), had already 

begun experimenting with ways to make his lectures 

more interactive when he attended a workshop on 

student-centered learning and assessment. After the 

workshop, he was determined to move away from 

lecturing in his general chemistry class and have 

students learn by doing group activities. And this, 

he realized, would require a different approach to 

assessment. “Historically, at least in my experience, 

instruction in science and math has really empha-

sized being able to generate correct answers to cer-

tain kinds of questions,” he says. He attributes this 

to the nature of exams and the traditional approach 

to instruction—“which is to tell students what you 

want them to tell you back.” But in a classroom that 

stresses process skills, critical thinking, problem solv-

ing, group work, and self-assessment, he realized he 

needed an assessment approach that was compatible 

with these goals. Moog explains:

Most people, if you provide them simultane-

ously with formative feedback and evaluative 

feedback, pretty much ignore the formative 

feedback and focus only on summative feed-

back. For example, if a student hands in a lab 

report and you write all these comments on it 

about things they need to improve and how 

they could improve them, and then you write 

B+ at the top, many students only look at the 

B+. They either are or are not satisfied, but 

regardless, they put it in their book bag, and 

the next lab report you get from them has all 

the same issues. . . . If you want your students 

to actually get better at something, you need 

to find ways to provide them with construc-

tive formative assessment that is independent 

of summative assessment.
a Except where noted, the information in this case study comes from 

an interview with Richard Moog, May 1, 2013.

Rick Moog in his POGIL chemistry classroom.
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Moog says this insight changed his approach 

to assessment. In POGIL classrooms, he explains, 

how a student arrives at an answer is at least as 

important as generating the correct answer. In his 

tests, he includes some traditional questions, such 

as asking students to calculate the pH of a particu-

lar solution. But he also includes questions that ask 

students to mark whether a particular statement is 

true or false and explain their reasoning. Students 

receive no points for a correct true or false answer; 

instead, credit is based solely on their explanation 

of their reasoning. In these explanations, students 

are expected to discuss what information they used 

to arrive at the answer and how they analyzed the 

statement. It’s not uncommon, he says, for students 

to write out their reasoning and then go back and 

cross out or erase their original true or false answer 

and replace it with the opposite one.

In addition, Moog notes, the activities that stu-

dents do in his POGIL classes are themselves a type 

of formative assessment. He starts each 80-minute 

class with a 5-minute quiz to check how well stu-

dents understand the material they studied in the 

last class, after which he reviews any points that are 

unclear. Students then work in small groups on a 

learning activity while the instructor facilitates. To 

explore the concept of atomic number, for example, 

students analyze diagrams of atoms that identify 

the element and show the number and location of 

the protons, neutrons, and electrons in each atom. 

Students then answer a series of questions that 

guide them toward recognizing that all of the atoms 

with the same number of protons are identified 

as the same element—and that this number cor-

responds with the number on the periodic table for 

that element (Moog et al., 2006). Time is set aside 

at the end of each activity for students to reflect on 

and summarize what they have learned. Throughout 

this process of group work, debate, discussion, and 

reflection, both the students and the instructor 

receive feedback that helps them gauge students’ 

level of understanding.
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As the Moog example shows, such research-based activities as group 
project work and students’ writings and reflections function as formative 
assessment as well as learning exercises. And as the Smay example at the begin-
ning of the chapter illustrates, instructors can get rapid formative feedback 
simply by listening to student discussions during group work, such as the Peer 
Instruction component of a clicker question or a Think-Pair-Share activity done 
without clickers. With this type of formative feedback, instructors can adjust 
their teaching on the spot to clarify misunderstandings or address student ques-
tions. A study of geosciences classes that used ConcepTests and Peer Instruction 
to provide immediate feedback found a substantial improvement in students’ 
scores on the Geoscience Concept Inventory (McConnell et al., 2006). A similar 
approach that used Peer Instruction with clicker questions in four introductory 
computer science courses reduced the student failure rate by 67 percent (Porter, 
Bailey-Lee, and Simon, 2013). 

Something as low-tech as a whiteboard can be a useful formative assessment 
tool, says Eric Brewe,4 a physics instructor at Florida International University 
(FIU). By walking around and looking at students’ collaborative work on white-
boards, the instructor can quickly see how the groups are doing. “Without even 
talking to them, you can see what they’re thinking. And sometimes you look at a 
whiteboard and see you need to step in and guide them in a different direction,” 
he explains.

The importance of alignment

Various studies and guides to instructional design emphasize the importance of 
considering assessment in conjunction with content (or curriculum) and instruction 
(or pedagogy) (see, for example, Streveler, Smith, and Pilotte, 2012; Wiggins and 
McTighe, 2005). Aligning these three essential components of content, assessment, 
and instruction can serve as the backbone for designing or redesigning a course. The 
first step in the alignment process, write Streveler, Smith, and Pilotte, is to develop 
learning goals for what students should know and be able to do, which they see as 
“the activity that links content with assessment” (2012, p. 15). The next step, they 
propose, is to determine what constitutes acceptable evidence that students have met 
the learning goals—the assessment element—in the form of both summative and 
formative assessments. The final step is to decide on instructional strategies that will 
support the kind of learning embodied in the learning goals.

4 Interview, April 16, 2013.

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Assessing and Adapting 127

The NRC report Knowing What Students Know recommends that assess-
ment be grounded in a scientifically credible model of how students learn—in par-
ticular, how they represent knowledge and develop expertise in a domain, such as 
a particular science discipline or engineering (National Research Council, 2001). 
This model can guide the choice of assessment tasks that will prompt students to 
say, do, or create something that demonstrates important knowledge and skills.

Instructors often include questions on their assessments that elicit the kinds 
of conceptual understanding and thinking skills they want students to develop in 

their classes. “If you believe it’s impor-
tant for students to learn concepts in 
an introductory course, then you bet-
ter also test them on that,” says David 
Sokoloff,5 a physics professor and 
discipline-based education research 
(DBER) scholar at the University of 
Oregon. “You don’t often test them 
on concepts by giving them problems 
straight out of the textbook. You have 
to include conceptual questions on the 
test you use to grade them.” Students 
get so accustomed to solving problems 
by memorizing algorithms that if a 
professor puts a question on the exam 
that deviates only slightly from the 
homework problems, “students will 

write that you were unfair because the problems on the exam were different,” he 
notes. Sokoloff uses a combination of open-ended questions and multiple-choice 
“conceptual evaluations” with several incorrect “distractor” responses based on 
research about common student misunderstandings. 

In his physics classes at FIU, Eric Brewe6 also espouses the principle that 
“assessment should reflect what you’re teaching.” In addition to including ques-
tions about content that prospective physics majors would be expected to learn, 
he assesses how students use and interpret models or representational tools. And 
because he teaches an integrated laboratory and lecture course, he also asks exam 
questions that require students to use some type of lab apparatus. 

5 Interview, July 10, 2013.
6 Interview, April 16, 2013.
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Methods of assessment in research-based courses

A wide range of assessment methods are compatible with research-based 
approaches to teaching and learning. You don’t need to design your own assess-
ments; many research-validated instruments or items are readily available through 
resource centers, universities, professional organizations, and other sources. In 
deciding which assessment methods to use, you should consider how well the 
assessment aligns with your learning goals (as discussed above), which specific 
aspects of learning and teaching you are trying to measure, and how you intend to 
use the results. Assessment methods will vary depending on purpose. 

Because different types of assessment have various strengths and weak-
nesses, researchers suggest using multiple forms of assessment, rather than rely-
ing on a single form, to obtain the richest information about students’ learning 
(National Research Council, 2001). For example, if you are using a validated 
multiple-choice instrument to measure conceptual knowledge, you might 
supplement that with an assessment that requires students to write about and 
reflect on their learning to probe other aspects of their understanding and to 
encourage metacognition.

Steven Pollock and his colleagues in the physics education research group at 
the University of Colorado Boulder have employed different assessment methods 
at different stages of transforming several upper-division physics courses (Pollock 
et al., 2011). In the course design stage, they use student observations and surveys, 
analyses of student work, and interviews with previous instructors of the courses 
to investigate common student difficulties and determine what to teach. For for-
mative classroom assessments, they use clicker questions and tutorials to pinpoint 
and address student difficulties. At the end of the course, they use a standard vali-
dated post-test and faculty interviews to assess student learning and evaluate the 
impact of the changes. 

The sections that follow describe some of the most common assessment 
methods used in research-based courses.

Assessments of conceptual understanding

Improving students’ conceptual understanding is a primary goal of research-based 
practice. Several research-validated tools have been developed to assess students’ 
initial level of understanding and to measure their learning after instruction. Two 
common types are concept inventories and ConcepTests.
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Concept inventories assess students’ understanding of the core concepts 
of a discipline and are often administered as pre- and post-tests. Results of these 
inventories can also be used to compare learning gains across different sections or 
courses. Typically these inventories use a multiple-choice format, but they differ 
from traditional multiple-choice tests in that the questions and answers—including 
the distractor responses—have been developed through research on common stu-
dent misunderstandings and erroneous ideas. 

The widely used Force Concept Inventory (FCI) in physics is an early exam-
ple of this type of assessment (Hestenes, Wells, and Swackhamer, 1992). The FCI 
consists of multiple-choice questions about the concept of force, which is central 
to understanding Newtonian mechanics, and many of the incorrect responses 
(distractors) are based on commonsense beliefs about these topics. Concept inven-
tories have also been developed for other science disciplines and for engineering. 
These inventories can be used in large or small classes and with a range of stu-
dents, which makes them useful for various types of comparative research. 

The inventories vary in terms of their sophistication and validation meth-
ods, and the best ones have been validated in many instructional contexts. Like 
all multiple-choice tests, concept inventories address a relatively coarse level of 
knowledge and provide no guarantee that a student who answers such a ques-
tion understands the concept, as noted in Chapter 4 of the 2012 NRC report on 
DBER. Thus, users should be attentive to the specific purposes for which a partic-
ular inventory has been designed, and to use the right assessment tool for the job.

ConcepTests, discussed in Chapters 2 and 4, are short formative assessments 
of a single concept.

Student writing as formative assessment 

Many science and engineering instructors use short writing assignments to assess 
students’ understanding and to develop their metacognitive skills. The reading 
reflections and the “muddiest points” reflections described in Chapter 3 are two 
examples. Other possibilities include writing “prompts” that require students 
to articulate their thinking in depth about a thought-provoking question or 
apply what they have learned to a real-world situation; and writing “one-minute 
papers” in which students identify the most important thing they learned and a 
point that remains unclear to them. These and other types of writing assignments 
can be done in a few minutes and can reveal different information about student 
learning than a multiple-choice question would. 
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Ed Prather7 of the Center for Astronomy Education at the University of 
Arizona is a proponent of short, in-class writing assignments as a way to intel-
lectually engage students and gather highly discriminating information that 
instructors can use to revise their teaching. In some cases, he says, instructors 
who thought their teaching was going well based on student responses to clicker 
questions are “in shock about how difficult it seems to be for their students to 
articulate a complete and coherent answer” to a writing prompt on the topic of 
the clicker question. Here are a few examples of prompts for five-minute writing 
assignments that Prather uses in his classes and offers in his professional develop-
ment workshops on interactive learning (Prather, 2010):

•	 Explain	how	light	from	the	Sun	and	light	from	Earth’s	surface	interact	with	the	
atmosphere to produce the Greenhouse Effect.

•	 What	three	science	discoveries	made	during	the	past	150	years	have	made	the	
greatest impact on mankind’s prosperity and quality of life? Explain the rea-
soning for your choices.

•	 What	about	the	enterprise	of	science	makes	it	different	than	business?

7 Interview, April 29, 2013.
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Erin Dolan,8 a biology professor at the University of Georgia, often requires 
students to write about case studies of realistic situations in her biochemistry 
classes. “If you ask [students] to write something and they have to think about 
what they’ve written, they often recognize when they don’t understand some-
thing,” she explains, and they will ask for help to resolve their misunderstanding. 
For example, Dolan provides students with data from a case study of a patient 
with a biochemically based disorder and asks the students to explain in writing 
why the patient is experiencing particular symptoms, what might be causing them, 
and how they used the data to reach their conclusion. Her exams include similar 
types of open-ended questions based on case studies. 

The time required to grade writing assignments and essay questions can 
be a deterrent to using them in large classes. Some instructors have relied on 
calibrated peer grading as a way to overcome this obstacle, particularly for 
low-stakes assessments in introductory courses; grading each other’s writ-
ten responses can also be a learning experience for students (see, for example, 
Freeman and Parks, 2010). 

Assessments of group work 

Because students often work in groups in research-based classes, some instruc-
tors have incorporated a group dimension into their assessments. These 
approaches require students to direct their collaborative skills toward an end 
result that “counts”—just as professionals collaborate on work products—and 
enables instructors to assess collaborative skills as well as individual knowledge. 
As students work together on assessment questions or problems, they must 
defend their reasoning and listen to others, so the assessment itself becomes a 
group learning activity. 

Group assessment can be challenging. Smith (1998) and many others recom-
mend including assessments of individual as well as group performance, even in 
a cooperative learning environment. In addition, grading assessments on a curve, 
in which students are graded relative to the performance of others and grades are 
assigned to fit into a predetermined distribution, does not align well with the spirit 
of cooperative learning.

Instructors have developed various approaches for combining group and 
individual forms of assessment in the same course. A popular one is the “two-
stage” exam, which students first do individually and then redo collaboratively. 

8 Interview, July 2, 2013.
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Two-stage exams are relatively easy to implement, can benefit learning, and are 
consistent with collaborative approaches to learning (Yuretich et al., 2001). 

Mark Leckie and Richard Yuretich were early innovators of the two-stage 
exam approach in their geosciences courses at the University of Massachusetts 
Amherst (see Box 5.1). 

how does an instructor balance the need for individually graded performance with the philosophy of coop-
erative learning? Geosciences professors Mark Leckie and Richard Yureticha at uMass Amherst have come 
up with a method that Leckie describes as “very, very successful” and Yuretich calls the “number one” most 
effective piece of their course. Since the late 1990s, the instructors, who teach an oceanography course built 
on findings from research, have administered two-stage exams (Yuretich et al., 2001). These exams, which 
consist of about 25 multiple-choice ques-
tions, are given after each unit, or five 
times during the semester, in addition to a 
comprehensive final exam. (See Chapter 1 
for a description of Yuretich’s approach to 
pedagogy.)

The procedure goes like this: The students 
take the exam twice during a 75-minute 
class. The first time they take it individu-
ally. Then they turn in their answer sheets 
but keep the exam itself. The students are 
issued new answer sheets, and they retake 
the same exam “open book, open notes, 
and talking with their neighbors,” says 
Leckie. “The whole room erupts in conversation. It’s really kind of satisfying to watch them engage with each 
other. If you think about it, it becomes an active learning environment where they’re discussing and debat-
ing and trying to convince each other of what the right answer is.” While the few students who might be 
reluctant to “give away” their answers to others are not required to talk during this phase, most students 

BOX 5.1  twO-stage eXams—assessments that Produce Learning

a Except where noted, the information in this case study comes from interviews with Mark Leckie, March 22, 2013, and Richard 

Yuretich, April 4, 2013.
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Other assessment methods

Many other assessment techniques are compatible with research-based approaches to 
teaching and learning. The examples that follow illustrate just some of the possibilities.

In her biology classes at Michigan State University, Diane Ebert-May9 bases 
her exam questions on daily learning objectives. The exams are aligned with the 
types of activities students do in class, such as analyzing real data, developing 

9 Interview, April 17, 2013.

welcome the opportunity. “I’ll never forget the first time we did it; people were exiting the room and thank-
ing you for an exam,” says Leckie.

Seventy-five percent of a student’s grade is based on the individual part of the exam, and 25 percent on the 
group part. To encourage collaboration and open discussion during the group phase of the exam, a score on 
the group part is not counted if it lowers a student’s grade (Yuretich et al., 2001). The scoring is designed to 
be a “win-win,” Leckie explains. Typically, the group score bumps up a student’s grade a bit. “People learn 
that they can’t not study for a test and take it the second time and get 100 percent,” says Leckie. 

By engaging students in active learning and critical thinking during the exam, the cooperative format has 
“increased the value of the exams as a learning experience,” according to a study by Yuretich and his col-
leagues (2001, p. 115). This study included comments from students to illustrate how students prepare for 
the exam and negotiate their answers during the group part (p. 116):

• “In one case, studying involved simulating the group process of the exam in the home: ‘I study with . . . 
five other people . . . we get in a big group and discuss it because we’re going to be doing that in class 
anyway, and I benefit from that.’” 

• “Students stated that they will change their answer on the group part of the exam ‘usually because of 
peer pressure, but sometimes someone will give an explanation that sounds correct since they back it up 
with a scientific explanation.’”

• “one student’s group ‘[went] over each question, and it’s never just the answer is A, it’s always: well, no, 
I disagree, why is it A?’”

When Leckie and Yuretich give presentations around the country, they realize how the idea of a coop-
erative exam has caught on elsewhere. “I’ve always been interested to hear a junior faculty member 
describing for me this really fascinating two-stage exam she’s tried,” says Leckie. “It’s fun to hear it 
come back to you.”
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models, and structuring arguments based on evidence. One question intended to 
assess students’ understanding of the dynamics of the carbon cycle—the sequence of 
events by which carbon is exchanged among Earth’s biosphere, geosphere, hydro-
sphere, and atmosphere—presents students with the following scenario (Ebert-May, 
Batzli, and Lim, 2003):

Grandma Johnson had very sentimental feelings toward Johnson Canyon, 
Utah, where she and her late husband had honeymooned long ago. Because 
of these feelings, when she died she requested to be buried under a creosote 
bush in the canyon. Describe below the path of a carbon atom from Grandma 
Johnson’s remains, to inside the leg muscle of a coyote. Be as detailed as you 
can be about the various molecular forms that the carbon atom might be in as 
it travels from Grandma Johnson to the coyote. NOTE: The coyote does not 
dig up and consume any part of Grandma Johnson’s remains.

To answer the question correctly, students must “trace carbon from organic 
sources in Grandma Johnson, through cellular respiration by decomposers and into 
the atmosphere as carbon dioxide, into plants via photosynthesis and biosynthesis, 
to herbivores via digestion and biosynthesis that eat the plants, and finally to the 
coyote, which consumes an herbivore” (D’Avanzo et al., n.d.). The question is also 
useful for identifying students’ misconceptions about carbon cycling in an ecosphere.

Robin Wright10 and her University of Minnesota colleagues who teach 
active learning biology courses based on the Student-Centered Active Learning 
Environment with Upside-down Pedagogies (SCALE-UP) model (see Chapter 4) 
“try in every way to represent the authentic work of the discipline” in their class-
es, and this extends to assessment. The “culminating experience” for each class, 
says Wright, is a poster session in which students present and discuss their team 
projects, which they have worked on for several weeks. In this type of authen-
tic assessment, students demonstrate their mastery of essential knowledge and 
skills by performing a task of the sort that scientists do in their professional life. 
Students in Wright’s active learning courses also do take-home exams that con-
sist of just a few essay questions. Students can raise their grade on these exams 
by doing a reflection piece in which they analyze their strengths and weaknesses, 
consider the sources of information they used to answer questions, and develop a 
strategy for improvement. 

In chemistry, researchers have developed a Metacognitive Activities 
Inventory (MCAI) to assess students’ use of metacognitive strategies in problem 

10 Interview, April 12, 2013.
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solving (Sandi-Urena et al., 2011). Data from this type of assessment can be 
used to determine interventions that are attuned to students’ metacognitive level. 

In addition to assessing academic learning and cognitive processes, some 
instructors also assess the affective domain—students’ attitudes, beliefs, and 
expectations—which can influence their motivation to study science or engineering 
and their performance in these disciplines. An awareness of these characteristics 
can help instructors adjust their teaching to improve student learning, reduce attri-
tion, and keep students in the science, technology, engineering, and mathematics 
(STEM) pipeline (McConnell and van der Hoeven Kraft, 2011). Several validated 
instruments are available to measure aspects of the affective domain. 

Kaatje Kraft,11 formerly a geology instructor at Arizona’s Mesa 
Community College who currently teaches at Whatcom Community College 
in Washington, is one of more than a dozen instructors across the country who 
are participating in the Geoscience Affective Research NETwork (GARNET), 
a National Science Foundation (NSF)-funded effort to study the attitudes and 
motivation of students in introductory geology classes as a way to improve their 
learning. Kraft shares individualized pre- and post-responses from the GARNET 
assessments with her students and encourages them to use these data to reflect 
on how their motivation, self-regulation, and related characteristics affect their 
learning.

You should not feel limited by these examples. Many science and engineer-
ing instructors have adapted ideas from the general literature on assessment, such 
as the numerous techniques for classroom formative assessment suggested by 
Angelo and Cross (1993) and the general principles articulated in Knowing What 
Students Know (National Research Council, 2001). Additional assessment ideas 
are available in the 2012 NRC report on DBER and from professional networks 
and curriculum websites, such as On the Cutting Edge. The most important con-
siderations are to choose assessments that are aligned with learning objectives and 
that engage authentic scientific or engineering thinking. 

Evaluating the impact of instructional changes 

The main reason for adopting research-based instructional practices is to improve 
students’ learning and academic success. To determine whether you are meeting 
this goal, you need to assess the impact of any changes you are making, just as 
you would in a research study in your discipline. As discussed in Chapter 2, 

11 Interview, June 13, 2013.
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evaluating your teaching does not require you to do formal DBER studies, but it 
does mean analyzing some type of assessment data over time.

This type of evaluation of your courses can serve several purposes. It can 
indicate how well the reforms you have undertaken are working and reveal areas 
for future adjustments. It can help convince your department head and col-
leagues that your approaches are more effective than traditional instruction. It 
can provide evidence you can share with your students to explain why you are 
asking them to do certain things and how they are benefiting. And perhaps most 
importantly, it can convince you that the effort you’ve invested in reforming 
your teaching is worthwhile.

When John Belcher12 began the Technology-Enabled Active Learning 
(TEAL) project in his physics classes at the Massachusetts Institute of 
Technology (MIT), he had already seen earlier teaching innovations come and 
go—in some cases because they lacked sufficient evidence to demonstrate their 
effectiveness to colleagues and to students who complained about the changes. 
Belcher recognized that having good assessment data could help increase the 
staying power of an innovation like TEAL, which uses media-rich technology to 
help students visualize and hypothesize about conceptual models of electromag-
netic phenomena (Dori and Belcher, 2005). Students in TEAL classes conduct 
desktop experiments and engage in other types of active learning in a specially 
designed studio space. 

As part of the TEAL project, which began in 2000, Belcher and his colleague 
Yehudit Judy Dori, who was then on sabbatical from Technion–Israel Institute of 
Technology, developed pre- and post-tests to measure students’ conceptual under-
standing and determine the effectiveness of the visualizations and experiments. The 
TEAL students showed significantly higher gains in conceptual understanding of the 
subject matter than their peers in a control group (Dori and Belcher, 2005). 

12 Interview, July 9, 2013.

“You need to know what the results of your current practices are in terms of 

student learning, and you need to be able to compare them with what your 

reformed practices are. That was crucial to us. Otherwise it’s all anecdote.”

—�John�Belcher,��
Massachusetts�Institute�of�Technology
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These assessment data were instrumental to TEAL’s survival, says Belcher. 
When TEAL first made the transition in 2003 from a small-scale pilot to a large-
scale project affecting nearly 600 introductory students per semester, the shift 
caused some organizational upheaval, and additional faculty had to be trained. 
“We got a lot of pushback from students,” says Belcher. “If I hadn’t had a lot of 
quantitative numbers in terms of assessment, I think we would have died that first 
year. Someone would say, ‘They don’t like it,’ and I would say, ‘I know they don’t 
like it, but they’re learning twice as much.’ And I had reasonable proof that this 
was the case; it wasn’t just my anecdotal feeling. I think that carried us through 
the first couple of years.”  

Belcher advises other practitioners who are undertaking major revisions in 
teaching to emphasize assessment in the early years. “You need to know what 
the results of your current practices are in terms of student learning, and you 
need to be able to compare them with what your reformed practices are. That 
was crucial to us. Otherwise it’s all anecdote—it would be my anecdote against 
other people’s anecdote[s].”

Many of the assessments described earlier in this chapter can be used to 
evaluate the impact of instruction as well as to assess individual students’ learning. 
For example, an instructor might compare the post-tests of a group of students 
taught through a research-based approach with a control group of traditionally 
taught students.  

Finally, as the 2012 NRC report on DBER emphasizes, DBER is a young 
and growing field. Some instructors who begin by assessing the impact of instruc-
tional reforms in their own classrooms may find this a stimulating area of scholar-
ship and may choose to develop their expertise by not only using DBER, but also 
conducting DBER. Those who are so inclined will find many opportunities for 
contributions from new scholars.

Using Technology Effectively

Technologies for teaching and learning have particular relevance to science and 
engineering education. Becoming adept at using the technological tools of a disci-
pline is part of the practice of science and engineering. In addition, technologies 
for learning, when used well, can advance research-based instruction through 
their capacity to engage students, facilitate interaction, and enable students to use 
hands-on approaches to explore scientific phenomena. Many technological tools 
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have been expressly developed or adapted to suit the needs of research-based 
instruction. These range from the relatively simple, like clickers, to the more 
sophisticated, like interactive computer-based simulations. 

The 2012 NRC report on DBER concludes that technologies for learning 
hold promise for improving undergraduate science and engineering but with this 
important proviso:

Research on the use of various learning technologies suggests that technology 
can enhance students’ learning, retention of knowledge, and attitudes about 
science learning. However, the presence of learning technologies alone does 
not improve outcomes. Instead, those outcomes appear to depend on how the 
technology is used. (p. 137)

Findings from research and advice from experienced practitioners about 
effective and ineffective uses of technologies can guide instructors’ decisions about 
when and how to use these tools. 

Learning goals drive technology choices

Before deciding whether and how to use technology in a course and which tech-
nologies to use, you need a clear set of learning goals and good assessments. 
You can then consider how technology can assist in meeting these goals and 
measuring students’ progress. This point became clear to Edward Price, a phys-
ics professor at California State University San Marcos (CSUSM) as he experi-
mented with a variety of technologies for teaching and learning physics.
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Designing Learning

Clickers, whiteboards, videos, simulations, tablet PCs, 

and photo-sharing websites—Edward Pricea has tried 

these technologies and others in his physics classes 

at CSUSM. In the process, he has come to understand 

how various technologies affect classroom interac-

tions and which tools work best with his teaching 

approach and student learning objectives.

“You have to have your own pedagogical goals 

and other goals for engaging the students, and that 

should drive your use of technology; it shouldn’t be 

the other way around,” says Price. “If you have some 

cool, neat toy it has to serve some purpose.”  

With this basic principle in mind, Price has 

changed how he uses technology over time. Price 

and several colleagues have developed a research-

based, active learning curriculum called Learning 

Physics for larger enrollment classes taught in lecture 

halls (Price et al., 2013a). The curriculum incorporates 

videos of experiments and hands-on activities that 

students can perform in groups on small, lecture-hall 

desks. The pedagogy is designed to enable students 

to develop a deep understanding of such concepts 

as the conservation of energy and Newton’s laws, as 

well as an understanding of important aspects of sci-

entific thinking and the nature of science.

An earlier version of this curriculum used videos 

of experiments shot on the CSUSM campus but did 

not include a hands-on component. In many ways, 

the videos were successful, says Price. They took less 

time than hands-on experiments and they had some 

powerful features, such as allowing instructors to 

put two processes side by side to facilitate direct 

comparisons or to use a time-lapse feature for pro-

cesses that took a long time. “But at the end of the 

day, doing experiments is an important practice in 

science. We wanted students to have an opportunity 

to do that for themselves,” he says. 

In later versions of the curriculum, students 

watch videos of experiments for about half of the 

class period and do hands-on experiments for the 

other half. Videos are used for experiments that are 

not practical to do in a large class, such as those that 

require expensive or complicated equipment or take 

up too much time or desk space. Hands-on experi-

ments are used to teach concepts that students can 

study with inexpensive materials in a reasonable 

time and to give them practice in interpreting obser-

vations. 

Students conduct the experiments, which take 

from 5 to 15 minutes, in groups of three or four. For 

example, as part of a unit on magnetism, students 

float various materials on a styrofoam disk in a bowl 

of water and see if a magnet reacts to them and 

whether the interactions are different for a rubbed 

and an unrubbed magnet. To aid students in setting 

up the experiments properly without wasting time, 

the instructors provide short videos or photos of 

what the setup should look like. 

Clickers also play a role in Price’s classes. After 

students have watched a video or a simulation, they 

discuss the outcome with a neighbor, and then they 

vote on their conclusions with clickers. When stu-

dents conduct an experiment, they answer clicker 

questions as a way to establish a consensus about 

their results. “That kind of mirrors how things 

work in science, where you establish a consen-

sus,” says Price. “Students appreciate that because 

“Don’t Erase That Whiteboard” and Other Lessons 
from Teaching with Technology

a Except where noted, the information in this case study comes from 

an interview with Edward Price, August 23, 2013.
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they have some uncertainty 

about whether the outcome 

observed is the one we intend-

ed them to see. The whole-

class vote and discussion gives 

them a lot more confidence in 

doing the experiments.”

Students in Price’s courses 

often use whiteboards to 

brainstorm, solve problems, 

and present results to the rest 

of the class (Price et al., 2011). 

The low-tech whiteboard has 

several features that make it 

a suitable collaborative work-

space. “It’s big, it’s very approachable, it’s easy to 

start with—I joke that the whiteboard always boots 

up,” says Price. The work that students display on 

whiteboards is a valuable record of their thinking, 

but this record is lost when the whiteboard is erased. 

Price and his colleagues hit upon a technological 

solution to this problem, which they tried out in an 

introductory physics course for biology majors. Using 

wireless-enabled digital cameras, they created an 

archive of students’ work on the photo-sharing web-

site Flickr.com. With Flickr, images can be organized 

into hierarchical collections that match the course 

structure. Flickr also supports tags and comments, 

which enable students, instructors, or learning assis-

tants to discuss or ask questions about an image 

(Price et al., 2011). 

“The availability of the photo archive changed 

the class culture in an unintended but productive 

way,” write the researchers (Price et al., 2011, p. 

427). “Before Flickr was used, whiteboards were 

seldom corrected during the class discussions. Errors 

were pointed out, but there was typically no rea-

son to mark them, especially since the whiteboards 

would be erased when the class moved on to a 

new topic.” After the whiteboards were archived 

on Flickr, however, students began correcting their 

whiteboards in class so that the photo would pre-

serve an accurate solution. Whether this behavior 

stemmed from a desire to have a useful and clear 

photo archive or from an effort to avoid embarrass-

ment, the act of photographing the whiteboards 

“initiated a final round of instructor feedback and 

student revision that presumably helps students con-

solidate their understandings.” This process of stu-

dents correcting their solutions is another example 

of how technology can restructure a classroom.

In some of their courses, Price and his colleagues 

have used tablet computers and Ubiquitous Presenter 

software as an alternative to whiteboards (Price et al., 

2011). With these technologies, students can write on 

the tablet screen as they would on a whiteboard and 

then send their work to the instructor, who can pre-

view, project, and annotate submissions from any of 

the groups in the class. The instructor can also create 

and write on lecture slides. The student submissions, 

instructor slides, and annotations are automatically 

archived and can be reviewed on a website. Students 

have made extensive use of this Web archive, and 

in an end-of-semester survey, 75 percent of students 

reported that access to other students’ work was use-
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ful or very useful (Price et al., 2011). The instructors 

note, however, that these benefits must be weighed 

against the expense and technological complexity of 

the approach and the small size of the tablet screen 

compared with a whiteboard.

Learning is a social process, says Price, and intro-

ducing new technology or changing the technology 

can impact that social process. The experience with 

the photo archive of students’ whiteboard work illus-

trates this. He suggests that instructors think beyond 

what a particular technology enables them to do and 

also consider “How is it going to restructure the roles 

of the different people in the classroom? How is it 

going to change the social interactions?” 

In Price’s classroom, one technology that has 

transformed the students’ and instructor’s roles is 

Calibrated Peer Review (CPR), a Web-based tool 

developed at the University of California, Los 

Angeles, that enables students to learn and apply a 

structured process for evaluating their own and their 

peers’ written work. In a class of 100 students, it is 

difficult for the instructor to read and grade writing 

assignments with any frequency. But with CPR, Price 

can assign homework in which students must write 

explanations of the scientific 

phenomena they have stud-

ied in class. Students write a 

response to a prompt in the 

CPR system. Then they use 

instructor-prepared questions 

to evaluate sample responses 

and receive feedback on their 

evaluations, which allows 

them to “calibrate” their eval-

uation skills. Students then 

score their peers’ work. “As 

the instructor, my role shifts 

to developing these materials 

but with less of an emphasis 

on grading them,” he explains. “The students’ role 

changes dramatically. They’re put in the position of 

having to become expert enough to evaluate other 

people’s work. It’s a really different kind of expecta-

tion.” Price and his colleagues have independently 

analyzed the validity of the CPR tool as used with the 

Learning Physics curriculum and found that students’ 

scores for their peers’ essays correlate very closely 

with the instructors’ own expert evaluations of the 

same work (Price et al., 2013b). 

According to an evaluation by Price and col-

leagues (2013a), students taught with the Learning 

Physics curriculum learned significant physics content 

and developed more expert-like views about science 

and learning science. Their performance on a concep-

tual content assessment was similar to that of com-

parison students taught with an inquiry-based curricu-

lum developed for smaller enrollment classes that met 

for more hours per week. Moreover, Learning Physics 

students outperformed the comparison group on an 

end-of-semester written explanation.

Example of Flickr whiteboard photo archive.
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If you want to gradually integrate learning technologies into your courses, 
you might take some of these tips from Price’s experience:

•	 Basic	technologies	like	clickers—or	even	a	whiteboard—have	a	place	in	a	
research-based, high-tech classroom.

•	 Just	because	a	technology	is	new	or	visually	impressive	does	not	mean	it	will	
serve the purpose of increasing student interaction.

•	 Some	technologies	may	prove	to	be	more	successful	than	others	in	achieving	
your teaching and learning goals. If a certain technology turns out to be less 
effective than you hoped, you can abandon it, revise its application, or try 
something else.

•	 Technologies	can	change	how	students	interact	with	each	other	and	with	the	
content of your course.

•	 After	you	gain	experience	with	various	technologies,	you	may	see	possibilities	
for adapting new technologies to meet specific learning needs in your course.

•	 You	need	to	weigh	the	costs	of	a	technology	against	its	benefits	for	student	
learning. Technologies that are expensive, time-consuming, or complicated to 
use may not be worth the cost or effort.

Clickers

Using clicker questions is often the first step that instructors take toward a more 
interactive style of teaching. But “a clicker is a technology, not a pedagogy,” as 
pointed out by Alex Rudolph,13 a physics and astronomy professor at California 
State Polytechnic University, Pomona, and an experienced clicker user. 

Clickers in and of themselves do not transform learning. Their efficacy 
depends on how they are used. Many instructors who maintain that they are 
implementing research-based strategies because they have integrated some clicker 
questions into their lectures are omitting important elements, such as peer discus-
sion or sufficiently challenging questions.

When used properly, clickers have certain advantages. They make it possible 
for instructors to obtain rapid feedback for themselves and their students. They 
allow instructors to collect an answer to a question from every student and hold 

13 Interview, August 20, 2013.
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each student accountable for participating. They can tell instructors when students 
are disengaged or confused and why this has happened, and can help instructors 
immediately fix the situation. Good clicker questions can generate more discussion 
and questions from a much wider range of students than occur in a traditional 
lecture. When clickers are implemented correctly, students are more engaged and 
learn much more of the content covered. Students will overwhelmingly support 
their use and say they help their learning (Wieman et al., 2008).

“The most compelling evidence on clicker use shows that learning gains are 
associated only with applications that challenge students conceptually and incor-
porate socially mediated learning techniques” concludes the 2012 NRC report on 
DBER (p. 124). Examples include posing formative assessment questions at higher 
cognitive levels and having students discuss their responses in groups before the 
correct answer is revealed. 

A guide on effective clicker use developed by the Science Education Initiative 
at the University of Colorado Boulder and the University of British Columbia con-
tains numerous suggestions, including the advice paraphrased below (Wieman et 
al., 2008, p. 2).

•	 Have	a	clear	idea	of	the	goals	to	be	achieved	with	clickers,	and	design	ques-
tions to improve student engagement and interactions with each other and the 
instructor. 

•	 Focus	questions	on	particularly	important	concepts.	Use	questions	that	have	
multiple plausible answers and will reveal student confusion and generate spir-
ited discussion. 

•	 Take	care	that	clicker	questions	are	not	too	easy.	Students	learn	more	from	
challenging questions and often learn the most from questions they get wrong. 

•	 Give	students	time	to	think	about	the	clicker	question	on	their	own	and	then	
discuss with their peers. 

•	 Listen	in	on	the	student	discussions	about	clicker	questions	in	order	to	under-
stand how students think, and address student misconceptions on the spot.

Jacob Smith,14 a student at Cal Poly Pomona, was exposed to clickers for 
the first time in Rudolph’s physics class. The clicker questions and ensuing dis-
cussions “had the whole class engaged,” he says. “I learned different ways [that] 

14 Interview, August 23, 2013.
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people’s thought processes worked—how they would develop their idea and why 
they believed it was correct.” Formulating an explanation to convince another 
student who disagreed with him “helped me engage my mind to better grasp each 
concept,” he adds. 

Research by Michelle Smith and colleagues (2009) has found that the peer 
discussion process enhances students’ understanding even when none of the stu-
dents in a group initially knows the correct answer. A representative comment 
from a student in the study by Smith and colleagues clarifies how this works: 
“Often when talking through the questions, the group can figure out the ques-

tions without originally knowing the answer, and the answer 
almost always sticks better that way because we talked through 
it instead of just hearing the answer.” In addition, the authors 
note, students develop communication and metacognitive skills 
when they have to explain their reasoning to a peer.

Conversations around clicker questions can cause stu-
dents to confront their misconceptions and realize they have 
to adjust their thinking, says Derek Bruff,15 director of the 
Center for Teaching at Vanderbilt University. “That idea of 
collective cognitive dissonance is exciting,” he adds. A com-
mon faculty error is to use clicker questions that are too easy, 
he points out; all that does is “ensure at some minimal level 
the students were awake.” Another common failing occurs 
when a large percentage of students answer incorrectly and 

the instructor quickly gives the correct answer and moves on; a better approach 
is to give students time to discuss and rethink their answers, and then to follow 
up with additional clarifications if necessary. 

Simulations, animations, and interactive demonstrations

Other popular learning technologies used in science and engineering courses 
include simulations, animations, and interactive demonstrations. These tools 
can help students visualize, represent, and understand scientific phenomena or 
engineering design problems. While more research is needed on their educational 
efficacy and the conditions under which they are effective, expert practitioners 
around the country have studied and used these tools and found them to be valu-
able teaching and learning aids. 

15 Interview, April 29, 2013.

You need to weigh the costs 

of a technology against its 

benefits for student learning. 

Technologies that are 

expensive, time-consuming, or 

complicated to use may not be 

worth the cost or effort.
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One research-validated example of this type of tool is the suite of Interactive 
Lecture Demonstrations developed by David Sokoloff and Ron Thornton (dis-
cussed in Chapter 3). Another example is the collection of PhET (Physics 
Education Technology) simulations developed at the University of Colorado 
Boulder (see Box 5.2).

In chemistry, Michael Abraham and John Gelder (n.d.) at the University of 
Oklahoma have developed interactive Web-based simulations of molecular struc-
tures and processes, along with materials for using these simulations as part of an 
inquiry-based instructional approach. For example, students can use a Web-based 
simulation of Boyle’s law to observe the activity of molecules in a gas sample and 
collect data and answer questions about the relationship between gas pressure 
and volume. Abraham, Varghese, and Tang (2010) have also studied the influ-
ence of animated and static visualizations on conceptual understanding and found 
that two- and three-dimensional animations of molecular structures and processes 
appear to improve student learning of stereochemistry, which concerns the spatial 
arrangement of atoms within molecules. 

Numerous other simulations, animations, demonstrations, and videos are 
available for use in research-based science and engineering classrooms. Here are 
some issues to consider when using these types of tools:

•	 Interactive	simulations	are	flexible	enough	to	be	used	in	a	variety	of	class	set-
tings, but they are most effective when they are used in ways that encourage 
students to predict and discuss possible outcomes and propose “what if” sce-
narios, or that allow students to explore the simulation for themselves.

•	 Simulations	that	are	interactive are particularly well suited to research-based 
instruction because they enable students to develop and test their conceptual 
understanding by changing different variables. 

•	 Well-designed	simulations	have	some	advantages	over	real-life	experiments	
because they can be designed to help students see a phenomenon in the way 
that experts do. They can also require less class time, fewer materials, and less 
space to carry out.

•	 Simulations	and	interactive	demonstrations	can	be	ineffective	for	learning	if	an	
instructor’s demonstration omits opportunities for student predictions, discus-
sion, and suggestions, or if an instructor discourages student exploration by 
being too prescriptive about what to do.
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A student scrutinizes an image on a computer screen that simulates fluid running through a pipe. What will hap-
pen to the velocity of the fluid if a section of the pipe is constricted from 2 meters to 1 meter? using the mouse, 
the student narrows a section of the pipe and sees that the velocity of the flow increases through the narrower 
passage. She calculates the change in pressure between 
the 2-meter and the 1-meter diameter and writes down 
the answer. Now, what will happen if the density of the 
fluid is changed from that of water to that of honey?a

This is one of dozens of PhET simulations developed at 
Colorado. These interactive simulations enable students to 
make connections between real-life physical phenomena 
and the underlying scientific concepts. The PhET simula-
tions are based on research findings about how students 
learn in science disciplines and have been extensively test-
ed and evaluated for educational effectiveness, usability, 
and student engagement (university of Colorado Boulder, 
2013).

The first group of simulations was developed for physics, 
but simulations have since been added in other science disciplines and for the elementary through undergraduate 
levels. As of early 2014, 128 simulations were available for free on the Web. 

“An important goal for these simulations is to help students connect the science to the world around them. We try 
to embed it in the context of something familiar,” says. Kathy Perkins,b a Colorado physics professor who directs 
the PhET project. “Students can get engaged in scientist-like explorations to discover and build up the main con-
cepts behind a particular topic.” 

The PhET simulations include appealing graphics, and students can manipulate certain variables with the easy-to-use 
controls. The simulations encourage students to explore quantitative changes through measurement instruments such 
as rulers, stop-watches, voltmeters, and thermometers. “As the students work with the simulation, they can be asking 
their own questions, and the simulation will help them answer those questions by what it shows,” Perkins explains.

Another simulation allows users to build circuits involving lifelike resistors, lightbulbs, wires, batteries, and switches.c 
They can measure voltages and currents with realistic meters and see lightbulbs lighting up. unlike real-life experi-
ments, the PhET simulations show visual representations of the models that experts use to understand phenomena 
that are invisible to the naked eye—in this case, the flow of electrons around the circuit and how their velocity chang-
es in response to changes in the circuit (Wieman and Perkins, 2005). one of the common student misconceptions 
about circuits is that “students think that current is used up in the circuit—that it starts out large and gets used up, 
and there’s zero current at the end,” Perkins notes. “But showing the electrons flowing around helps to mitigate that 

BOX 5.2   students BuiLd cOncePtuaL understanding with  
a “sandBOX” Of cOmPuter-Based simuLatiOns

a See http://phet.colorado.edu/en/simulation/fluid-pressure-and-flow.
b Interview, June 18, 2013.
c See http://phet.colorado.edu/en/simulation/circuit-construction-kit-dc.

PhET simulation.
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difficulty because they can see that the current isn’t 
changing; they see the electrons are not slowing down, 
they are not losing them.”

This ability to replicate expert-like perception is one of 
the advantages that a carefully designed computer sim-
ulation has over a real-life experiment, write Wieman 
and Perkins (2005). In a simulation, certain important 
features of a scientific phenomenon can be enhanced 
while peripheral features that would distract students 
in a real experiment can be hidden; and time scales 
and other features can be adjusted to point students 
to the desired perception. In addition, using an exist-
ing simulation often takes less preparation time than 
assembling the materials for a traditional experiment. 

The simulations can be integrated into class instruction in various ways, says Perkins. She often recommends that 
instructors start by allowing students to explore the simulation on their own for a few minutes, which helps stu-
dents gain some familiarity with how it works and generate their own questions. Then the instructor can move into 
a guided activity with the simulation—“not telling students what to touch and do exactly, but asking open-ended 
questions where the simulation is providing the ‘sandbox’ in which to explore these questions,” Perkins says.

Integrating the simulations with interactive teaching techniques is preferable to simply using them as a visual 
demonstration during a lecture, in Perkins’s view. When the simulations are used in a lecture, Perkins suggests that 
instructors first have students predict the outcome and discuss their predictions before showing them the simula-
tion. This might be done through a clicker question, such as asking students to predict, vote on, and discuss what 
will happen to the brightness of one of the lightbulbs in a circuit if a certain switch is closed. After the instructor 
demonstrates the simulation, students can then propose changes in certain variables—for example, “‘What if you 
add another battery? What if you flip that battery around? What if those are in parallel instead of in series?’ I call 
that whole class inquiry,” says Perkins, “when you’re operating the simulation up front but the questions are coming 
from the students.” Alternatively, instructors in a large lecture class could use the simulations as tutorials that stu-
dents do on their own laptops or in groups.

In smaller classrooms, simulations can form the basis of collaborative student activities, says Perkins. For example, 
for the PhET simulation on projectile motion, the instructor might challenge the students to explore all the ways in 
which they can make the projectile go further. Simulations can also be used for pre-lab learning or in the labs them-
selves “At [the university of Colorado] we have circuit labs with the simulations and real-world equipment in the 
same lab, where students will be going back and forth.” 

Simulations can also be used ineffectively, Perkins cautions. “one of the things we see that really short circuits the 
learning from the simulations is when you give students really explicit directions about what to set up”—in other 
words, when they are used “in a cookbook style.”

Circuit simulation.
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Other computer- and Web-based technologies

Computers and Web-based technologies are essential to the practice of science and 
engineering, and their applications to undergraduate education in these disciplines 
are innumerable. The following examples highlight a few of the ways in which 
computer technologies are being used to enhance teaching and learning, facilitate 
student-teacher and peer-to-peer interaction, and encourage students to take great-
er responsibility for their own learning. 

Workshop Physics, a research-validated approach developed at Dickinson 
College by Priscilla Laws and her colleagues, teaches calculus-based introductory 
physics without formal lectures (Dickinson College, 2004). Instead, students learn 
collaboratively by conducting activities and observations entirely in the labora-
tory, using the latest computer technology. The process encourages students “to 
make predictions, discuss their predictions with each other, test their predictions 
by doing real activities, and then draw conclusions,” says Laws.16 In addition to 
directly observing real phenomena, students in Workshop Physics use computers 
to collect, graphically display, analyze, and model real data with greater speed and 
efficiency than they otherwise could. Recently, Laws and a group of colleagues 
have created and are evaluating Web-based, interactive video vignettes that dem-
onstrate physics topics like Newton’s third law.17 

In many undergraduate geosciences courses, students are using Google Earth 
to support hands-on projects, create maps and models, measure features, organize 
geospatial data, and accomplish many other purposes (Science Education Research 
Center, 2013). 

Some science and engineering instructors and students are using blogs, 
social media, and other common Web resources to promote student interaction 
and learning. John Pollard at the University of Arizona has created a YouTube 
“Chemical Thinking” channel on which he posts videos he made to explain gen-
eral chemistry concepts.18 Facebook groups are also an important part of Pollard’s 
class, says student Courtney Collingwood,19 who took the course in 2013. 
“People will post, and Pollard or Talanquer will answer. There’s a lot of opportu-
nity for help if people are willing to ask,” she says.

Students in Eric Brewe’s introductory modeling physics course at FIU 
decided to put together a course “textbook” in the form of a class wiki as a study 

16 Interview, July 30, 2013.
17 See http://ivv.rit.edu.
18 See http://www.youtube.com/user/CHEMXXl.
19 Interview, April 24, 2013.
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resource.20 Students took turns doing the wiki page for each class session, and 
other students could make comments, additions, and suggestions. 

Learning Spaces

Many instructors vacillate about adopting student-centered instruction because 
they are not sure it can be done in an auditorium with fixed seats or other stan-
dard classrooms designed for large enrollment courses. But this is more a problem 
of mindset than of physical constraints, as illustrated by the case study of Scott 
Freeman’s biology class in Chapter 1 and other examples in the preceding chap-
ters. Many DBER studies directly address the viability of using student-centered 
approaches in large classes, and the evidence emerging from these studies has been 
quite positive. In addition, clickers, computer-based simulations, and other tech-
nologies have been particularly useful in facilitating interaction in large courses, as 
the previous discussion makes clear. 

That said, some instructors, departments, and institutions have designed 
or redesigned learning spaces that are particularly suitable for interaction, 
group work, project-based learning, and other research-based approaches. 
These redesigns are typically accompanied by dramatic changes in instruction, 
including reductions in the amount of lecturing and the integration of lecture 
and laboratory courses. These models for redesigning learning spaces are par-
ticularly worth considering when an institution is planning a remodeling or new 
construction program. 

Early examples of redesigning learning spaces in conjunction with reforms 
in pedagogy include the Workshop Physics approach described above and 
Studio Physics, an integrated lecture/laboratory model developed at Rensselaer 
Polytechnic Institute in 1993. The best known example is the SCALE-UP 
approach, which as of 2013 was being implemented at 250 sites in the United 
States, including North Carolina State University, MIT, the University of 
Minnesota, Old Dominion University, and many other institutions. While the 
motive for redesigning the learning space in many of these sites was to promote 
more active learning in courses of 100 or more students, the approach has also 
been used in smaller settings of 50 students or fewer. The SCALE-UP model is 
described in Chapter 4; what follows in Box 5.3 is a discussion of how institutions 
adopting this approach have transformed the classroom environment.

20 Interview, April 16, 2013.
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At NC State, a pioneer of the SCALE-uP model, the 
redesigned classroom space is an obvious departure 
from the standard lecture hall. The room holds 
roughly 100 students. The students sit at 11 round 
tables arranged banquet-style, each large enough 
to accommodate 9 students working in teams of 
3. Everything about the room’s design—from the 
three networked laptops, whiteboards, and lab 
equipment on every table to the strategically placed 
larger whiteboards and computer screens that afford 
every student a view—is intended to maximize 
collaboration and hands-on work among students 
and interaction between students and faculty.

Robert Beichner,a an NC State physics professor who 
was frustrated with the stadium seating, wooden 
chairs, and wobbly paddle-shaped desks in his 
institution’s lecture halls, approached his depart-
ment head about designing an optimum space for 
the types of research-based strategies he wanted 
to use. he was told that if he could find matching 
funds, the department would provide the furniture. 
he obtained grant money from NSF and the u.S. 
Department of Education’s former Fund for the 
Improvement of Postsecondary Education (FIPSE) 
program and found a space on campus that could 
be remodeled. 

The transformed learning space sent an obvious sig-
nal to students that teaching and learning in SCALE-
uP classes would be different. “[Students] know 
how a lecture hall is supposed to be used—you 
essentially sit and write down notes,” says Beichner. 
“When you walk into a space that’s different, your 
expectations are violated.”

Beichner recognizes that institutional issues, includ-
ing funding constraints, competition for space allo-
cation, and scheduling, make this type of renovation 

BOX 5.3  fOrm fOLLOws functiOn in transfOrmed sPaces  
fOr interactive Learning

Phase II classroom seating 55 before renovation.

Phase II SCALE-UP classroom seating 54 after 
renovation.

Phase III classroom seating 99 students.
a Interview, March 26, 2013.
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difficult to undertake. If an institution is willing to commit to this approach, he recommends that the faculty involved 
be specific about what they want and closely monitor the remodeling process. often the people who do the work 
are not accustomed to faculty being particular about such details as the size of the tables or the placement of pro-
jection screens and ceiling lights, but these types of design features affect learning, Beichner says. 

At the university of Minnesota, another institution that has adopted or adapted the SCALE-uP approach, the biology 
department’s plan to transform a course using an active learning approach coincided with the office of Classroom 
Management’s plan to remodel a learning space. The biology department offered to combine one of its classrooms 
with an adjacent room controlled by Classroom Management in order to create a larger classroom patterned after 
NC State‘s SCALE-uP design, says Minnesota biology professor Robin Wright.b The result was the creation of the 
university’s first remodeled active learning classroom. The success of this first classroom helped to convince her uni-
versity to incorporate 17 additional active learning classrooms in a new campus building. 

In Minnesota’s active learning classrooms, “the space invites” student peer-to-peer discussion and innovative 
instructional approaches, says Wright. The feedback on the redesigned rooms has been positive among faculty mem-
bers who have taught there, she reports. “Generally, faculty said they never want to teach any other way.” 

SCALE-uP classrooms are also equipped with computer-based simulations and many other technological supports 
for project-based learning. And what does Beichner consider the most important technology in the room? “The 
round tables.” 

b Interview, April 12, 2013.

Robert Beichner believes his role in a SCALE-UP classroom is to listen to students and 
guide their thinking.
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While these types of redesigned classroom spaces can facilitate active learn-
ing, they are expensive and may not always be feasible. If the opportunity for 
remodeling or construction arises, then a department or institution should give 
thought to research on learning in their design. But if the opportunity is not 
there, a redesigned classroom is by no means necessary to realize the benefits of 
research-based instruction. As Colorado professor Steve Pollack21 notes, instruc-
tors can adopt “transformed pedagogy in old-fashioned classrooms.”

Conclusion

This chapter has offered ideas for appropriately assessing learning and teaching, 
using technology effectively, and redesigning classroom spaces when that option 
is available. These and other aspects of research-based instruction are likely to 
present challenges, but these challenges need not derail you. They can be tackled 
head-on, as discussed in Chapter 6.

Resources and Further Reading

Discipline-Based Education Research: Understanding and Improving Learning in 

Undergraduate Science and Engineering (National Research Council, 2012) 

 Chapter 6: Instructional Strategies

Interactive physics simulations 

http://phet.colorado.edu

Interactive video vignettes in physics 

http://ivv.rit.edu 

Knowing What Students Know: The Science and Design of Educational Assessment 

(National Research Council, 2001)

Student-Centered Active Learning Environment with Upside-down Pedagogies (SCALE-UP) 

http://scaleup.ncsu.edu

YouTube “Chemical Thinking” channel 

http://www.youtube.com/user/CHEMXXl

21 Interview, April 25, 2013.
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6Overcoming Challenges

In pursuing your scientific or engineering research you have undoubtedly encoun-
tered obstacles: an experiment or design that did not work as anticipated at first, a 
grant that fell through, a peer review that identified a problem in your methodol-
ogy. But surmounting these obstacles can sometimes lead to greater understanding, 
a stronger design, and better results.

The same is true with instructional design. Many leaders in research-based 
instruction readily admit that some of their early attempts were not as successful 
as they had hoped, and many faced challenges that rattled their resolve. As in sci-
entific research or engineering design, the best response to the inevitable stumble 
or obstacle is not to give up but to reflect on what you can do better, make adjust-
ments, and persist. 

“Be patient,” advises Alex Rudolph,1 a physics and astronomy professor 
at California State Polytechnic University, Pomona. “Don’t expect everything to 
work the first time out. Realize that these things take time to learn and do well. 
. . . Be willing to try something and get better at it, because if you do it a few 
times you almost always get better.” 

Just as many of your students need time, guidance, and encouragement to 
be successful with new ways of learning, you will need time, practice, and support 
to become more comfortable and competent with new ways of teaching, and even 
longer to become adept. Ed Prather,2 an astronomy professor at the University of 
Arizona, tells participants in his faculty development workshops that “while the 
first time out of the gate it might not be perfect, they’re making slow and steady 
progress toward a goal that is part of their profession.” Even instructors who have 
been using research-based approaches for several years continue to tweak their 

1 Interview, August 20, 2013.
2 Interview, April 29, 2013.
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courses to incorporate promising strategies, fine-tune their curriculum or teaching 
techniques, and address new challenges.

The advice in Chapter 2 to start small and revise your teaching gradually 
can help you gain confidence that the changes you are making are “effective, 
doable, and rewarding,” notes Cynthia Brame,3 assistant director of Vanderbilt 
University’s Center for Teaching. “[E]ven a partial change in this direction can 
lead to significantly increased learning gains,” conclude Knight and Wood (2005), 
and can help people adapt to challenges little by little. 

This chapter offers a view from the trenches about common challenges to imple-
menting research-based strategies and advice about how to address them. The sug-
gestions come from experienced practitioners who have encountered and surmounted 
bumps in their own roads and from scholars who have studied faculty innovation. 

Not all of the challenges discussed in this chapter can be fully resolved at 
the instructor level. Some require actions from department heads, institutional 
leaders, and others with broader influence. This chapter focuses on steps that can 
be taken at the individual level to advance research-based teaching and learning, 
while Chapter 7 describes what departments, institutions, and other entities can 
do to support these efforts.

Common Challenges to Broader Implementation

Studies of faculty adoption of instructional innovations and surveys of instruc-
tional practices in science and engineering have identified several factors that 
instructors often perceive as obstacles to using more research-based practices (for 
example, Henderson and Dancy, 2011; Jacobson, Davis, and Licklider, 1998; 
Knight and Wood, 2005):

•	 Time	involved	in	learning	about	new	strategies	and	redesigning	courses

•	 Concerns	about	ensuring	that	students	are	taught	important	content	

•	 Concerns	about	students’	reactions	to	an	unfamiliar	teaching	method	and	the	
impact on student course evaluations

•	 Concerns	that	a	different	strategy	will	not	work	as	well,	especially	if	it	impacts	
tenure

3 Interview, April 29, 2013.
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•	 Departmental	norms	about	teaching	methods	and	other	expectations	

•	 Class	size	and	classroom	facilities

•	 Course	scheduling	issues

Although some of these factors are more myth than reality, several can 
present genuine challenges. Henderson, Dancy, and Niewiadomska-Bugaj (2012) 
suggest that about one-third of the faculty who try at least one research-based 
strategy abandon their reform efforts, often when they are confronted with imple-
mentation challenges, such as student complaints, concerns about losing important 
content, or weaker than expected student outcomes. In addition, faculty members 
frequently modify a research-based strategy to suit their needs—a reasonable reac-
tion, but one that can compromise effectiveness if the modifications omit elements 
that are critical to the strategy’s success.

The good news is that real challenges can be overcome, particularly if 
departmental and institutional leaders can be brought on board to address chal-
lenges that cannot be dealt with by individuals alone. Of the faculty in multiple 
science disciplines at the University of British Columbia (UBC) who adopted 
research-based instructional strategies with the support of the Carl Wieman 
Science Education Initiative, only a tiny fraction—1 out of 70 individuals—quit 
using them, according to a study by Wieman, Deslauriers, and Gilley (2013). 
In addition, more than 90 percent of the faculty adopters in the UBC physics 
and geosciences departments, both of which had grants of five or more years to 
transform their undergraduate courses, started using research-based strategies in 
other courses when they had the opportunity, with minimal or no support from 
the Initiative. Sections taught using research-based instruction had better student 
attendance, higher student engagement, and greater learning gains than sections 
taught in traditional ways (Wieman, Deslauriers, and Gilley, 2013). The study 
authors speculate that the direct support provided to adopting faculty members by 
a trained science education specialist in their discipline was instrumental in help-
ing them persist through the initial stages of implementation, and that a support-
ive departmental environment was also a critical factor. 

While departmental and institutional support is desirable and helpful, 
the lack of this support is not an excuse for retaining the status quo. Individual 
instructors can still adopt and advocate for research-based strategies even with-
out the active involvement of their department or institution. Some well-known 
pioneers of research-based practices report that when they started out many years 
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ago, their department provided little to no encouragement for their efforts or took 
a neutral stance—or “tolerated” them as long as they brought in grant money, as 
one senior professor of physics at a state university noted. 

In fact, many of the programs, models, and strategies highlighted in this 
book began with one or a few instructors who were committed to improving their 
practice. While “lasting change is not created by lone visionaries” (Chasteen et al., 
2012, p. 75), individuals can plant a seed that blooms, propagates, and flourishes 
with the right sustenance from colleagues and institutional leaders. 

“The thing that transforms a department is not the department but the 
faculty in the department,” says Eric Brewe,4 a physics professor at Florida 
International University. “If I’m a department chair and I want to change the way 
my faculty teach, [I] have to support it—commit resources to it. But the research 
on institutional change says that once you get to 20 percent of an organization, 
you can start to see some momentum. In a department of, say, 30 faculty mem-
bers, that’s 6 people. That’s not too much to ask for.” This speaks to the need for 
instructors in the vanguard of reform to reach out to their colleagues in their own 
institution. 

4 Interview, April 16, 2013.
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The sections that follow examine the most common challenges that can be 
addressed by individuals—those relating to time, content, and student reactions—
and offer ideas for overcoming them. In addition, the chapter suggests ways in 
which instructors can expand their knowledge and skills in research-based prac-
tices so they are better prepared to face implementation challenges and to secure 
funding and other resources to support more ambitious reforms. A final section 
suggests ways in which individual instructors can help to create a departmental 
or an institutional culture that fosters research-based innovations in teaching and 
learning. Broader challenges that require actions from departments or institutions, 
such as those related to tenure, departmental expectations, class size, and schedul-
ing, are addressed in Chapter 7. 

Taking Time for Reform

Finding time to learn about research-based approaches and to redesign courses 
is one of the greatest challenges to implementation. Science and engineering 
faculty members work an average of 55 to 60 hours per week (Fairweather, 
2005). Although they may be interested in research findings about effective 
teaching and learning, most cannot afford to spend an unspecified amount 
of work time figuring out how to apply these findings to their own practices 
(Fairweather, 2008).

Faculty at research universities may be hesitant to take time away from their 
own research, especially if they’re seeking tenure, and from related tasks such 
as supervising graduate students and writing papers and proposals. As discussed 
more in Chapter 7, teaching is often viewed as a lesser priority, and one that is not 
promoted by the institutional reward structure. Instructors with heavy teaching 
loads may fear that redesigning their courses could mean they must spend even 
more time developing materials, preparing for class, meeting with students, and 
grading assignments and exams. At all types of institutions, faculty have other 
responsibilities that put additional demands on their time. 

It does take some time to become skilled at using new strategies and even 
more time to redesign a course. But there are ways you can reduce the time 
involved, allocate your time differently, or share the effort involved in transform-
ing instruction. Here are some suggestions from experienced practitioners and 
studies of course transformation:

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Reaching StudentsReaching Students158

•	 Use materials developed by others that have been shown to be effective. 
As noted in Chapter 2, research-validated curricula, assessments, and other 
instructional resources are available from a variety of sources. While you may 
want to adapt or add to these materials, starting with existing materials can 
save considerable time and effort.

•	 Do what you can with the time and resources available, and then expand. 
This complements the advice in Chapter 2 to start small. “Think about one 
new thing you can do during the class period, or one class session you can 
teach that’s structured a little bit differently,” suggests Derek Bruff,5 a senior 
lecturer and director of Vanderbilt’s Center for Teaching. Bruff gives the exam-
ple of an engineering professor who worked with the Center for Teaching over 
a few semesters and “added one layer after another to his teaching over time 
. . . making small changes along the way. After a few semesters, his teaching 
implements more [research-based] practices than it did before.”  

•	 Consider using your preparation time differently. To prepare for a student-
centered class, instructors may spend less time creating well-organized and 
engaging lectures but more time selecting and adapting good questions and 
activities tied to their learning goals. “It clearly takes effort to change your 
practices and engage in discussion and reflection,” says chemistry professor 
Vicente Talanquer6 of the University of Arizona. “If you are motivated, you’re 
using the time you take to prepare for classes in a different way.” In addition, 
while it does take extra time and effort to transform an existing course, design-
ing a new course around research-based approaches may not require signifi-
cantly more effort than preparing a semester’s worth of lectures. 

•	 Obtain support, where available, from education specialists, postdoctoral 
fellows, or similar positions. The Carl Wieman Science Education Initiative 
at UBC and a sister initiative at the University of Colorado Boulder provide 
science education specialists to help faculty with course transformation. At 
the University of Wisconsin–Madison, graduate student interns in the Delta 
Program in Research, Teaching, and Learning serve as “capacity building for 
faculty,” says Don Gillian-Daniel,7 the program’s associate director, by help-
ing faculty create research-based instructional materials. “For some faculty, it’s 
simply having new materials,” explains Gillian-Daniel. “For other faculty, it’s 

5 Interview, April 29, 2013.
6 Interview, April 3, 2013.
7 Interview, April 26, 2013.
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an opportunity to start a progressive revision of a course.” People trained in 
providing this type of instructional support not only can save faculty time, but 
also can be a source of new ideas and expertise.

•	 Share the effort with one or more interested colleagues. Several instructors 
interviewed for this book worked with one or more colleagues to redesign a 
course, and in some cases they decided to co-teach or team teach that course. 
Part of the UBC/Colorado Science Education Initiative involved doing away 
with the “glaring example of inefficiency [of] the large multi-section, multi-
instructor courses where all the instructors prepare independent lectures and 
exams” (Wieman, Perkins, and Gilbert, 2010).

•	 Use graduate assistants or undergraduate learning assistants to help with 
some of the logistical demands of research-based instruction. These types of 
assistants can assist with a range of the day-to-day tasks in student-centered 
courses: preparing materials, providing guidance to students as they work 
in groups, reviewing students’ reflective writing assignments, or managing a 
course wiki, to list just a few possibilities. 

•	 Consider your priorities for using the time you have. Often the real issue is 
not so much a lack of time to revise your teaching, but priorities for allocat-
ing time. Once they had gotten a taste of the possibilities, some instructors 
interviewed for this book made a point to set aside time to expand their initial 
efforts at research-based reform. Some have used sabbatical time or summers 
for this purpose. Priorities for using one’s time are also shaped by departmen-
tal and institutional incentives, so encouragement from these levels can help 
instructors feel they have the latitude to shift a portion of their time toward 
improving teaching and learning.

Some of these options may require approval or support at the institutional 
level, and some may be easier to do for instructors who are not seeking tenure. 
Thus, departmental and institutional support can be extremely helpful in reserv-
ing time for implementing research-based practices. When administrative leaders 
recognize the value of investing time in making significant course changes, faculty 
feel supported and the change process can proceed more quickly.
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Focusing on Important Content 

Some instructors fear that if they shift to more student-centered instructional 
approaches, their students will miss exposure to important content, including content 
they need to know to be prepared for upper-level courses. Nearly one-half (49 per-
cent) of the physics faculty surveyed by Dancy and Henderson (2012) cited concerns 
about “content coverage” as a factor that prevented them from using more research-
based strategies. Other instructors may worry that the content taught through stu-
dent-centered activities will be less rigorous than that covered in a traditional lecture. 

Scholars and practitioners with experience in research-based course rede-
sign point out that students are not well served by a curriculum in which they are 
exposed to many topics but gain mastery of none. What really matters is how much 

content students actually learn, not how much content 
an instructor presents in a lecture. “[R]ather than worry 
about cramming more material into an already bloated 
curriculum, it would be best to focus on teaching a few of 
the major concepts/principles well in order to help students 
see ‘the big picture,’” writes Jose Mestre (2008, p. 3). In a 
paper about insights on implementing small-group learn-
ing from successful practitioners, Cooper and colleagues 
(2000) noted that about two-thirds of the faculty members 

they interviewed said they covered fewer topics in class when they used group work 
“but that students learned and retained more of the ‘big ideas’ that they chose to 
address relative to using lecture formats” (p. 64).

In a related vein, not all of the material addressed in a typical lecture course 
is vital for students to learn. In the process of writing learning objectives for an 
engineering course, Jacobson, Davis, and Licklider “discovered that about 10 
percent of course material covered was not connected to a learning objective. We 
were also able to focus the course on a few key objectives that could be assessed 
and evaluated throughout the course” (1998, p. 2).

Moreover, using research-based, instructional strategies does not necessarily 
result in significant reductions in the content taught, as some instructors fear. As 
documented in a study by Deslauriers, Schelew, and Wieman (2011), an instructor 
using research-based methods in a section of a physics course covered the same 
amount of material in the same amount of time as an instructor using a strictly 
lecture-based approach, but students taught with research-based approaches 
showed dramatically higher gains in learning. 

What really matters is how 

much content students actually 

learn, not how much content an 

instructor presents in a lecture.
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There are steps you can consider to make sure that students learn the 
most important content in your discipline and are adequately prepared for sub-
sequent courses.

•	 Make students responsible for learning some content outside of class. What 
matters most is what students learn in an entire course, rather than what they 
learn through “in-class” and “out-of-class” activities. Some content can be cov-
ered by homework, reading, or study guides. This is what Knight and Wood 
(2005) did when they revamped an upper-division biology course to reduce 
lecture time and include more student interaction. Students were asked to take 
responsibility for learning some of the material by doing assigned readings 
(with quizzes to make sure they learned the reading material) and working in 
groups outside of class to complete homework problems and post their answers 
on the course website. Students in the interactive course had significantly high-
er learning gains and better conceptual understanding than a group that previ-
ously took the same course taught with a lecture-based method.

•	 Identify and focus on the most important content. If you begin the process of 
instructional change by setting learning goals, as recommended in Chapter 2, 
this will help determine the most essential topics and enduring ideas to be 
addressed in a course. Topics that are nice but not necessary to know can be 
omitted. When Mark Leckie8 and Richard Yuretich redesigned their oceanogra-
phy course to make it more interactive, “it forced us to really identify the abso-
lutely important things” that they wanted students to learn, says Leckie. This 
was a “refreshing” exercise that made it possible for them to devote class time 
to interactive learning, he adds.

•	 Focus on fewer topics in greater depth. Faculty are often concerned that this 
approach will be less rigorous than traditional lecture, but actually it is more 
so, says Vicente Talanquer, because the activities focus on developing students’ 
conceptual understanding. Students learn by going into depth on core concepts 
rather than by working their way through a list of many topics.

•	 Consult with colleagues to identify the topics students need to know to be 
prepared for subsequent courses. Instructors who teach introductory courses 
may hesitate to use a more student-centered approach because they fear their 
students will seem ill-prepared for upper-level courses in a discipline if they 
have not studied certain topics. But these expectations about topics may 

8 Interview, March 22, 2013.
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be based on longstanding tradition or the assumptions of individual faculty 
about what is important rather than on a real analysis of learning goals. If you 
engage your departmental colleagues in a discussion about which content is 
important—or, better yet, in a full-blown effort to identify broad learning goals 
across multiple courses—the result might be a shorter list than you imagined. 

Helping Students Embrace New Ways of Learning and Teaching  

What you are asking students to do in a research-based classroom is not necessar-
ily easy. At first, some students may be puzzled, uncomfortable, or even resistant 
when they realize they are expected to learn in unfamiliar ways or to prepare dif-
ferently and participate more actively in class. They can’t get by with just taking 
notes and cramming for exams. You may hear comments like these:

 You’re the expert—I’m paying a lot for you to teach me.

 Wouldn’t it be faster if you just told us?

 Why should I have to work with someone else who knows less than I do?

 Why do I have to do these grade-school-type activities? I’ve done well in my 
other classes by doing the homework, taking notes, and studying.

 This is biology, not English—why do I need to write something for each class?

 I’m shy; I don’t feel comfortable talking in a group.

 Why are you doing this to us?!

Many students have grown comfortable with being told facts to memo-
rize, and some pushback from students is understandable (Cummings, 2008). 
Sometimes the greatest resistance to change comes from the highest achiev-
ers or upper-division students, who have succeeded to date through traditional 
approaches (Silverthorn, 2006). 

At institutions where student course evaluations play a role in assessing 
and retaining instructors, instructors may fear that trying new approaches will 
lower their good evaluation results. A sense of perspective is necessary, however; 
often it is a minority of students who balk at new ways of teaching and learning. 
Faculty who spearheaded the research-based transformation of numerous courses 
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at Colorado found that ratings on student course evaluations before and after 
the course transformations “remained essentially the same for the same instruc-
tors independent of the pedagogy used,” with two exceptions that appeared to 
be related to “poor planning and/or technology bugs rather than resistance to 
the pedagogy” (Wieman, Perkins, and Gilbert, 2010, p. 14). Some studies (for 
example, Hativa, 1995; Silverthorn, 2006) have documented improvements in 
student course evaluations after the adoption of research-based teaching practices. 
At North Carolina State University, students who took a first-semester physics 

class taught using the Student-Centered 
Active Learning Environment with Upside-
down Pedagogies (SCALE-UP) model (see 
Chapter 4) universally selected the SCALE-
UP version, rather than the lecture version, 
for their second-semester physics course. 
In focus groups, students who had taken 
the lecture version for their first semester 
and SCALE-UP in their second semester 
reported that they were learning at a deep-
er conceptual level in the SCALE-UP class, 
a point that is corroborated by evidence of 
gains in learning (Beichner, 2008). 

Seidel and Tanner (2013) reviewed 
research literature on student resistance to 
active learning and concluded resistance is 
often less a reaction to the pedagogy than 

to negative instructor behaviors in the classroom, such as sarcasm, absenteeism 
or tardiness, and unresponsiveness or apathy to students. Seidel and Tanner also 
posit that a faculty member’s own barriers to embracing innovative instruction 
may find a parallel in students’ attitudes. Priscilla Laws,9 a Dickinson College 
professor who was an early user of a workshop approach to teaching physics, cau-
tions that any amount of resistance from students “can give disgruntled faculty an 
excuse to drop what they didn’t want to do in the first place.” 

Still, student resistance can be a real issue even when the instructor has a 
positive attitude about new approaches to teaching. In upper-level biology courses 
that were redesigned by Knight and Wood (2005), many students at first disliked 
and distrusted the interactive approach and the group activities. After additional 

9 Interview, July 30, 2013.
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exposure, however, most students became comfortable with the unfamiliar format 
and ultimately reported that it helped their learning. 

Seasoned practitioners and researchers suggest several strategies that instruc-
tors can use to create positive student attitudes about research-based strategies:

•	 Make clear from the first day why these teaching strategies are effective, and 
be explicit about how they benefit students, and what is expected of students. 
“It’s really critical that you explain to students why you’re doing what 
you’re doing and acknowledge how it may differ from their expectations,” 
says Edward Price,10 a physics professor at California State University San 
Marcos. “They must see you are convinced that they will learn more . . . and 
must see that you have a specific rationale.” Robin Wright,11 a biology pro-
fessor at the University of Minnesota, emphasizes the importance of making 
students feel as if they have teamed with the instructor to foster their own 
learning. The first day of a course, Wright leads her students in a discussion 
of the roles and responsibilities of students and instructors and how they dif-
fer from what students are accustomed to. She explicitly acknowledges that 
they may be uncomfortable at first. Suggestions for setting a positive tone 
for a student-centered classroom on the first day of class can be accessed 
through the Starting Points module on the Science Education Resource 
Center (SERC) website (http://serc.carleton.edu/introgeo/firstday/index.html).

•	 Show students evidence of how research-based strategies will help them learn 
and prepare for their future life. Some instructors share evidence with their 
students of increased learning among students in research-based classes. Karl 
Wirth,12 a geosciences professor at Macalester College, shows students lists of 
the skills that employers want and how those correlate with the activities they 
will do in his class. Stephen Krause,13 an engineering professor at Arizona State 
University, displays a graphic that compares the work environments of “yes-
terday’s engineer” and “tomorrow’s engineer” and correlates the former with 
teacher-centered instruction and the latter with student-centered learning.

•	 Use a variety of interesting learning activities. “[D]ifferent teaching approach-
es and activities are likely to resonate in different ways with different stu-
dents,” write Seidel and Tanner (2013, p. 592). They suggest that varying the 

10 Interview, August 23, 2013.
11 Interview, April 12, 2013.
12 Interview, July 8, 2013.
13 Interview, July 9, 2013.
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teaching approaches used throughout a course may “provide points of access 
to positive classroom experiences for diverse populations.”

•	 Encourage word-of-mouth among upper-level students who have already 
taken the course. Many instructors interviewed for this book talked about the 
power of the student grapevine in convincing other students to enroll in courses 
that use research-based approaches. After a few years of teaching a SCALE-
UP biology course, Wright noticed that students who had previously taken the 
course were succeeding in upper-division courses, including courses taught in a 
more traditional way. Eventually, she says, the upper-division students tell the 
lower-division students, “You’re going to work your butt off, you’re going to be 
really frustrated sometimes, but it’s really worth it because it will prepare you 
well for what you’re going to do next.” Undergraduate learning assistants and 
graduate teaching assistants who have helped to facilitate student-centered class-
es can also spread the word about the benefits of this approach.

•	 Listen to students’ concerns and make changes to address legitimate ones. 
The first few semesters of teaching more interactively may be somewhat rough. 
Virtually all of the instructors interviewed for this book continued to refine 
their approaches after their initial effort to introduce a research-based strategy. 
While some pushback from students may stem from their lack of familiar-
ity with new teaching strategies, other student criticisms may be legitimate 
responses to aspects of a class that could be improved. Price reports that “the 
reaction from students has been generally positive, and as we have listened to 
them and refined what we’re doing, it’s become more positive.”

•	 Make sure that grading and other policies are fair. In classes that involve 
extensive collaborative work, some students may resent having a portion of 
their grade depend on the contributions of others, especially if their team 
includes a weak or lazy student. As discussed in Chapter 5, it is important to 
assign students an individual grade even in a collaborative learning environ-
ment, and to ensure that a grade for group performance does not unduly penal-
ize a student (Smith, 1998). Seidel and Tanner (2013) suggest that instructors 
provide students with clear and explicit criteria, or rubrics, for how their work 
will be evaluated before they start a task.

Professor Dee Silverthorn at the University of Texas (UT) uses a combina-
tion of strategies to help students adapt to the interactive strategies used in her 
physiology class.
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Designing Learning

On the first day of Dee Silverthorn’sa upper-division 

physiology course at the University of Texas (UT), she 

informs her students this will be a different kind of 

class. “You spend a lot of your career at UT going to 

class, taking notes, going home and rewriting notes, 

and then memorizing them,” Silverthorn tells her 200-

plus students, most of whom are majoring in biology 

or health care fields like nursing, pre-med, or physical 

therapy. “And then you get a test that’s short-answer, 

multiple-choice, and there’s going to be enough con-

tent on the test that you’re going to be able to recall 

what you’ve memorized. This class is not like that. On 

the test you’re going to get a piece of paper—one 

page with three lines of text at the top—and the rest 

of the page is blank. For the rest of your life no one is 

going to be telling you what need to know. . . . You’ve 

got to have the information stored and organized [in 

your brain] and be able to retrieve it flexibly.”

“And the students don’t believe me,” says 

Silverthorn, who has been teaching since 1986. In 

the weeks that follow, students come to realize that 

their professor meant what she said. She spends 

minimal time lecturing, and many of her slides con-

sist of figures and graphs. Students are expected to 

learn basic facts, such as definitions or functions of 

major bodily systems, outside of class by doing read-

ing assignments. She makes sure they do the assign-

ments by requiring them to take online, open-book 

quizzes on the readings that must be completed 

before class starts and that factor into their grade. 

A portion of their grade is also determined by their 

attendance in class. 

In class, students answer clicker questions that 

target common misconceptions and then find anoth-

er student with a different answer and do a Think-

Pair-Share exercise, as Silverthorn wanders through 

the large lecture hall with a cordless microphone. 

“It’s really loud and noisy and a lot of fun,” she says. 

Then the students vote again on the correct answer.

Students also work on more demanding prob-

lems in class. After studying normal and abnormal 

electrocardiograms (ECGs), for example, students are 

given one of six different abnormal ECGs to analyze. 

Working in teams, they try to determine the heart 

rate and rhythm, label all the waves, compare their 

abnormal ECG with a normal ECG, and decide what 

physiological problem caused the abnormality. “The 

more you can make it practical, the more you teach 

them to think critically in context,” says Silverthorn. 

She once received an email from a student who 

attended a Johns Hopkins University summer program 

and was excited that he knew more than the Hopkins 

medical students in the program, she reports.

The exams generally consist of an essay ques-

tion, including some that require students to make 

concept maps. For example, students might be given 

a question about a clinical scenario: somebody 

gets lost in the desert and becomes dehydrated. 

Students must map the physiological responses that 

the person’s body goes through as it tries to adapt 

to a decrease in blood volume and water volume 

and an increase in osmolarity. “I tell them the tests 

are a teaching tool as well as an evaluation tool,” 

says Silverthorn. She informs her students that “I’m 

pushing you out of your comfort zone, but if you’re 

not challenged, you don’t know where you need to 

improve.” 

a Except where noted, the information in this case study comes from 

an interview with Dee Silverthorn, June 25, 2013.

 
Acclimating Students to an Interactive Biology Class
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Most students accept the reality of the course 

structure and begin to adapt, writes Silverthorn 

(2006). At this point, she says, the instructor needs 

to be ready to help by encouraging students and 

giving them alternative ways of approaching the 

course, such as new study strategies. Once students’ 

attempts to adapt meet with some success, most 

regain their confidence. “Often these students have 

to redefine what ‘success’ means. Before this class, 

success was making an A on an exam. Now success 

is measured against progress (‘I’m doing better than 

I was’) and is related to mastery of the material,” 

writes Silverthorn (2006). 

Despite her efforts to prepare students from 

the beginning about how the class operates and 

why she teaches as she does, some students have 

difficulty adapting. After the first test, when some 

students are disappointed in their grades, she talks 

to the class again about the rationale and evidence 

for interactive teaching and learning. “You have to 

keep telling them over and over what you’re doing 

and why and that it’s okay.” High achievers in 

particular, including pre-med majors, may become 

frustrated when they suddenly are not doing as 

well as they expect in a class that requires them to 

learn in a different way. Many 

students have not learned to 

study for understanding, she 

points out.

Silverthorn’s advice to 

other instructors who are 

implementing research-based 

strategies is to challenge stu-

dents but be fair about it. 

Instructors need to examine 

why students develop miscon-

ceptions and how they can 

address them. While many stu-

dents later say that this physi-

ology course was one of the 

hardest undergraduate classes 

they took, they also give it 

good evaluations. “Students 

can appreciate being pushed 

as long as they know it won’t 

hurt their grade,” she says.

It took Silverthorn several semesters of observa-

tion and experimentation to develop her teaching 

strategy. Even now, she continues to tweak aspects 

of the course. “Teaching is an interactive process,” 

she says, “and I believe that when we stop trying to 

improve our teaching, it is time to retire.”
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Developing the Expertise to Meet Challenges

The ability to handle challenges generally improves as instructors gain more expe-
rience and knowledge of practices based on discipline-based education research 
(DBER) and related research. In addition, many instructors have collaborated with 
more experienced colleagues and participated in faculty development—not solely 
to get started, but also to get better. These modes of self-improvement are not just 
for novices at research-based teaching and learning; they can also benefit instruc-
tors who are well under way with implementation and want to learn new strate-
gies or master approaches they have already tried.

“Effective teaching needs to be seen as a scholarly pursuit that takes place 
in collaboration with departmental colleagues, faculty in other departments in the 
sciences and engineering, and more broadly across disciplines,” notes a National 
Research Council (NRC) report on improving undergraduate science, technology, 
engineering, and mathematics (STEM) teaching (2003, p. 31). “Faculty can learn 
much by working with colleagues both on and beyond the campus.”  For exam-
ple, the report notes, colleagues can help improve the effectiveness of teaching by 
directly observing each other’s instruction, analyzing course content and materials, 
discussing problems they encounter, and other means. 

The learning communities discussed in Chapter 2 not only can support fac-
ulty’s initial forays into research-based instruction, but also can offer advice on 
dealing with challenges that arise during implementation (Vergara et al., 2013).

Another way to find and give collegial support for research-based approach-
es is by observing the classrooms of other instructors who are implementing these 
strategies or by inviting colleagues to observe your own classes and offer feedback. 
Some instructors do two-way observations and critiques of each other in real time. 
Instructors have also videotaped their classes and arranged for trusted people to 
give them feedback on their own time.

Becoming a skilled user of research-based approaches often requires fol-
lowing up an initial workshop with more in-depth faculty development. Steve 
Pollock at Colorado went through such a progression. He received his first 
exposure to using ConcepTests with colored cards (a low-tech predecessor to 
clickers) from a colleague in the physics department in the 1990s. He began 
reading more of the physics education research literature. Next he took a course 
in theories of learning from Valerie Otero, a faculty member in the School of 
Education at his university. “This awakened me to the research base, and I sub-
mitted an application to the Carnegie teaching scholars program” run by the 
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Carnegie Academy for the Scholarship of Teaching and Learning. That experi-
ence consisted of two one-month learning opportunities during consecutive sum-
mers, with work in between on an individual implementation project. Later on, 
after receiving tenure, Pollock spent two months of his sabbatical visiting insti-
tutions that were leaders in physics education research (PER). “I really tried to 
observe as much as I could about what PER groups were doing. I came back and 
I started implementing it in my classroom and engaging in a more serious level 
of research,” he says. 

While it is not necessary to delve as deeply into the scholarship as Pollock 
has, it is helpful to continue taking advantage of faculty development opportunities 
after an initial exposure, particularly ones that are taught using the same methods 
of active learning, group work, and intellectually rich activities that you are seeking 
to use with your students (Felder and Brent, 2010). Chapter 7 describes additional 
short- to longer-term professional development options offered by individual institu-
tions, professional societies, foundations, and other entities. 

In the “situated apprenticeship” workshops offered by Prather, director of 
the Center for Astronomy Education, participants receive feedback as they prac-
tice implementing research-based strategies in a simulated classroom environment. 
In this way, faculty gain a better understanding of the kinds of challenges that 
they and their students will face in a more interactive classroom. 
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Designing Learning

In the workshops offered by the Center for 

Astronomy Education, instructors struggle in real 

time with the implementation issues they’re likely 

to have with using active learning strategies in their 

own classrooms. During the workshops, they are sur-

rounded by other faculty whose role is to observe, 

question, critique, and “highlight when things are 

going awry,” says Ed Prather,a who leads the work-

shop, directs the Center, and serves as an astronomy 

professor at the University of Arizona. The “situated 

apprenticeship” model developed for these 2-day, 

16-hour “boot camp” workshops uses a mock class 

environment in which participants take turns playing 

the roles of instructor, students, and friendly critics. 

The goal is to promote real change in instructional 

practices and skills by evoking and examining par-

ticipants’ ideas about implementation of a particular 

instructional strategy. 

In one version of the workshop, participants gain 

experience with developing and using Think-Pair-

Share questions. In a plenary session, participants first 

critique questions provided by workshop leaders. Next 

they develop their own questions in collaborative 

groups. To guide the development process, partici-

pants are prompted to consider these questions:

•	 What discipline topics could an Astro 101 student 

realistically understand at a deep conceptual 

level?

•	 What would a student need to say to you to con-

vince you that he or she had a deep understand-

ing of the topic?

•	 What are students’ common conceptual or rea-

soning difficulties about the topic?

•	 What are the essential discipline ideas that illus-

trate or define the topic?

•	 What question would serve as a vehicle to pro-

mote a rich discussion among your students 

about the topic that would address the difficul-

ties students have?

Each group then takes a turn practicing imple-

mentation of its question while the rest of the 

participants assume the roles of students in a mock 

class, a colleague who critiques the implementation, 

or critiquers of the Think-Pair-Share question itself. 

This process enables participants to see firsthand 

the kinds of errors that instructors commonly make 

when they implement a strategy like Think-Pair-

Share. For example, some instructors reveal the cor-

rect answer to the “students,” as well as the percent-

age of students who chose that answer, before the 

students have had a chance to discuss and debate 

their answers with one another. “Providing students 

with this information before they talk to each other 

and before they are encouraged to defend the rea-

soning behind their vote has the potential to take 

the intellectual responsibility off the students and 

turn the pedagogical value of TPS [Think-Pair-Share] 

into a thought-less migration toward the most 

popular vote” (Prather and Brissenden, 2008). In this 

situation, the workshop leaders have found that a 

powerful way to instigate an immediate, lively dis-

cussion among students is to use a verbal prompt 

such as “turn to your neighbor and convince them 

you are right, and if you have the same answer, that 

a Except where noted, the information in this case study comes from 

an interview with Edward Prather, April 26, 2013.

PraCtiCing researCh-Based strategies in a WorkshoP 
environMent

Instructors as Active Learners
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does not mean you are right, so be sure to explain 

your reasoning.”

“One thing that is quite clear is that a profes-

sional development environment has to be as well-

informed and intellectually rich as you would hope 

your classroom would be,” says Prather. The mock 

classroom exercises and peer feedback are intended 

to foster change in implementation knowledge and 

skills by creating a situation in which participants 

encounter cognitive dissonance, much as students 

would in a research-based learning environment.

The current workshop design “came out of this 

moment when I was disenchanted with what I knew 

was happening in the workshop, in much the same 

way that a faculty member has to become really 

dissatisfied with what they see in their classroom,” 

Prather explains. In the earlier iteration of the work-

shop, Prather used a more traditional approach of 

telling participants about the implementation issues 

they were likely to encounter—which was “essential-

ly a glorified lecture environment about interactive 

teaching,” he says.

Participants who have attended other workshops 

on Think-Pair-Share report that after attending the 

Center for Astronomy Education workshops, “they 

feel much more confident in their ability to success-

fully implement this instructional strategy in their 

own classes” and “are better able to fully articulate 

the underlying pedagogical reasons for its use” 

(Prather and Brissenden, 2008). 

In another version of the workshop, participants 

practice implementing tutorials. The participants are 

divided into teams of three and are told to do the 

tutorial but to “write all your answers as if you’re 

only as good at astronomy as a good 101 student,” 

Prather explains. Participants are also asked to write 

in the margins what they would ask a student who 

is stuck on that question. “If you can’t write out an 

answer in Astro 101–speak about these topics or 

envision what [students] might be struggling with 

when they get to that question and what you would 

ask, then you’re not ready to use it in the class-

room,” he adds.

In a follow-up activity, participants who did not 

do that particular tutorial play the role of students 

doing the tutorial for the first time and ask ques-

tions of the instructor based on what they think 

students would struggle with. The workshop leaders 

then analyze whether the questions the “students” 

asked are legitimate issues that students would have 

trouble with. 

The length and intensity of the workshops are 

critical, says Prather. It takes a while for faculty to be 

“willing to let their guard down enough to be hon-

est with each other; it can’t happen in a one-hour 

workshop,” says Prather.

Since its inception in 2004, the Center for 

Astronomy Education has provided comprehen-

sive, multi-day professional development to more 

than 2,200 astronomy and space science instructors, 

post-docs, graduate students, and other profession-

als. The workshops are jointly funded by NASA’s 

Jet Propulsion Laboratory and the National Science 

Foundation (NSF).
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A Word About Funding and Other Resources 

Implementing a research-based approach involves both actual and opportunity 
costs. While many instructors have developed research-based strategies and mate-
rials without any dedicated time or funding or other supports such as release time, 
it is obviously easier to do this with resources. 

Once you have taken initial steps to implement research-based strategies, 
funding or in-kind resources can provide the impetus to go deeper into redesign-
ing a course or to expand into additional courses. Many people highlighted in 
this book applied for and received grants or fellowships to subsidize some of the 
time and other costs involved in studying research-based strategies, designing or 
redesigning courses, developing materials, purchasing learning technologies, and 
pursuing other activities associated with instructional reform. 

In some cases, grants, release time, or other types of resources may be avail-
able from one’s own institution. In many cases, instructors have sought external 
support. NSF has been and continues to be a notable source of funding for reform 
of science education. Other sources include disciplinary societies, professional asso-
ciations, foundations, or other government agencies. Chapter 7 gives some examples 
of the types of support that are available from institutional and external sources.

Taking Individual Steps to Influence Peers and Departments

The attitudes of one’s peers and the culture of a department can facilitate or impede 
efforts to implement research-based strategies. Based on interviews with faculty 
about constraints on their use of STEM innovations, Henderson and Dancy (2011) 
conclude that it is easier for instructors to use research-based methods if other mem-
bers of their department are also doing so, but it is much more difficult if traditional 
methods are the norm. While research evidence about increased student learning can 
be persuasive, colleagues often have a major influence on whether instructors use 
an instructional innovation: two-thirds of the faculty surveyed by Henderson and 
Dancy reported learning about an innovation through a colleague.

Based on her current work on innovative strategies in materials science engi-
neering courses, Cindy Waters14 asserts that instructors are more likely to see the 
value of changing their teaching if others in their faculty peer group also value 
that effort. Moreover, she notes, the faculty who continue a research-based inno-

14 Interview, September 3, 2013.
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vation once they have started are often those who “feel that someone who is their 
superior has acknowledged its value.” 

Although a department typically cannot be turned around by an individual 
instructor, there are things individuals can do to build support for research-based 
practices and to contribute to changes in their department’s culture.

•	 Start building an informal community around research-based practice. 
Having a critical mass of faculty in a department that can demonstrate positive 
results may be enough to spur wider change and convince a department or an 
institution to provide funding, programs, or other supports to foster and sus-
tain research-based approaches.

•	 Share evidence about the effectiveness of instructional improvement efforts. 
Collecting evidence of the impact of your efforts is an important part of 
research-based teaching and learning and can help to persuade some other 
instructors of its value. David Sokoloff,15 a professor at the University of 
Oregon who leads workshops on physics education, acknowledges that while 
it is not always easy to convince other faculty to consider research-based 
approaches, the evidence is a natural starting point. “There’s so much evidence 
out there that traditional strategies don’t work. And so if you have people who 
have an open mind and are willing to listen to that, eventually you get them to 
do it. . . . If you see the research results and are kind of hit over the head with 
them, the best thing is for somebody to go back from a workshop and test it 
with their own students.” 

•	 Recognize that evidence may not be enough. As the 2012 NRC report on 
DBER makes clear, evidence alone has been insufficient to spur widespread 
changes in teaching and learning practices. During presentations about his 
physics SCALE-UP program at NC State, Robert Beichner16 has encountered 
some faculty who are skeptical about findings from cognitive science research 
in general. “A faculty member may say, ‘After you get done with games, when 
do you actually teach?’” When confronted with that attitude, Beichner suggests 
that users of research-based approaches “show them things your students can 
do that their students can’t.”

•	 Invite colleagues to observe your class. One way for your colleagues to see 
what students in a research-based environment can do is to observe, or even 

15 Interview, July 10, 2013.
16 Interview, March 26, 2013.
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volunteer in, a class. “Faculty members typically have misunderstandings about 
research-based innovations,” says Waters. 

•	 Talk to your department chair and other academic leaders about major 
changes you plan to make. Some instructors are afraid that if they try some-
thing new it could lead to a rocky semester or two, which could be particularly 
problematic for faculty who have not yet gotten tenure. Barbara Tewksbury,17 
a geosciences professor at Hamilton College, advises instructors in this situa-
tion to “address the issue up front” and explain to your department chair, and 
perhaps to a division head or academic dean, what you are planning to do and 
why. “The response you get will guide how much risk you want to take.” 

Conclusion 

This chapter has focused on “bottom-up” approaches that you can pursue indi-
vidually or with colleagues to address common challenges to implementing 
research-based practices. The suggestions in this chapter may assuage some of 
your concerns about finding time to improve instruction, covering important con-
tent, and managing student reactions, and may help you gain expertise to meet 
other challenges. 

But, as the 2012 NRC report on DBER emphasizes, efforts to promote research-
based practices are most effective when they are also reinforced by “top-down” 
actions to address the complex factors that affect instructors’ work. Chapter 7 pro-
vides several examples of ways in which departments, institutions, and other entities 
can initiate broader reforms to improve the effectiveness of undergraduate teaching 
and learning in science and engineering.

Resources and Further Reading

Discipline-Based Education Research: Understanding and Improving Learning in 

Undergraduate Science and Engineering (National Research Council, 2012) 

  Chapter 8: Translating Research into Teaching Practice: The Influence of Discipline-

Based Education Research on Undergraduate Science and Engineering Instruction

17 Interview, March 28, 2013.
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7Creating Broader Contexts That Support 
    Research-Based Teaching and Learning

When Cathy Manduca1 arrived at Carleton College in 2001 to direct the Science 
Education Resource Center (SERC), a national network for professional develop-
ment, curriculum, research on learning, and community building, she found a 
strong faculty engaged in understanding teaching and learning. A decade earlier in 
her career, she had taught geology at Carleton on a temporary appointment, and 
so she already knew about the institution’s history of supporting research-based 
instruction and faculty development. Carleton also has its own center for teaching 
and learning aimed at improving instruction across the entire curriculum. In short, 
at Carleton, Manduca found “a campus-based example of the same kinds of activ-
ities that we’re engaged in on a national level” through SERC. 

“[C]hanges in teaching require an environment that is supportive of change, 
as well as a culture that engages in learning about teaching” writes Manduca 
(2008). While external funding can breed these kinds of cultures, it is not suf-
ficient. “Cultural change has to come not just from the top and not just from the 
bottom, but from all directions,” she adds. 

The National Research Council (NRC) report on discipline-based educa-
tion research (DBER) confirms this point: “Faculty members’ teaching decisions 
depend on the interplay of individual beliefs and values, which have been shaped 
by their previous education and training, and the norms and values of the contexts 
in which they work. These contexts include the department, the institution, and 
external forces beyond the institution” (National Research Council, 2012, p. 177). 

If you are a current or aspiring instructor, you are probably already aware 
of how departmental or institutional factors can encourage and sustain—or 
hinder—your pursuit of research-based practices in undergraduate science and 
engineering courses. If you work in a context that lacks explicit support for these 

1 Interview, May 13, 2013.
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practices, it may be tempting to forego the effort to change how you teach. But 
departmental or institutional norms are not static; support for research-based 
teaching and learning can be cultivated over time. 

If you have a leadership role in a department, an institution, or some other 
influential stakeholder group, you have an exciting opportunity to support and 
encourage the wider use of research-based practices—and increase student learn-
ing in the process.

Top-down and bottom-up strategies can be mutually reinforcing. The success 
of instructors in implementing research-based practices depends to some extent on 
the policies of their departments and institutions. At the same time, the success of 

departments and institutions in effecting 
change depends in part on a sincere com-
mitment from their faculty. Departmental 
and institutional support can help to cre-
ate a culture that values and encourages 
research-based teaching and learning, 
which in turn provides an incentive for 
more instructors to get involved.

A variety of external organizations 
also provide pedagogical, professional, 
and financial support for reforming sci-
ence and engineering education. These 
include disciplinary societies, education 
associations, resource networks, founda-
tions, government agencies, and others.

This chapter describes several 
ways in which departments, institutions, and external organizations can promote 
research-based approaches to teaching and learning. The information is drawn from 
Chapter 7 of the 2012 NRC report on DBER, particularly the section titled “Putting 
Reform Efforts into Context”; from papers commissioned by the NRC and other 
research; and from interviews with practitioners who have implemented research-
based reforms in their departments or institutions or on a regional or national scale. 

If you are a science or an engineering instructor, department head, or institu-
tional leader, you’ll find ideas in this chapter for creating a culture at your campus 
that nurtures effective teaching and learning. You will also find possible sources of 
professional development, curricula, collegial networks, funding, and other sup-
port for reform. 
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Creating Departmental and Institutional Cultures That Support Change 

“Faculty members are situated within contexts that exert considerable influence 
on how they think about their work, how they approach teaching, what they 
value, why they select particular teaching approaches, how they assess the relative 
value and impact of their teaching choices, and how they assess effort spent on 
teaching in relationship to effort on other activities,” writes Ann Austin (2011, 
p. 2), a Michigan State University professor who has studied faculty development, 
instructional reform, and organizational change. Various elements of these con-
texts, such as institutional leadership, departmental peers, and reward systems, 
can interact in different ways to encourage—or discourage—research-based teach-
ing practices (Austin, 2011; Fairweather, 2008). Thus, efforts to promote change 
should take into account the multiple departmental and institutional factors that 
influence instruction (National Research Council, 2012, p. 184). 

Indeed, a lack of attention to the larger institutional context is one reason 
why research-based practices in undergraduate science and engineering education 
have not produced more widespread change, despite evidence of their effective-
ness (Fairweather, 2008). Faculty at research institutions may resist adopting 
more effective teaching strategies, writes James Fairweather, “in part because they 
perceive that the teaching process is at odds with the research process, and that 
research is more interesting and more valued.” Thus, efforts to promote change 
must acknowledge that reform takes place in a social context that “typically 
rewards research more than teaching and asks faculty members simultaneously to 
be productive in research, teaching, and service” (Fairweather, 2008, p. 26).

Faculty at public undergraduate institutions and community colleges may 
face a different set of contextual factors that affect their implementation of 
research-based instructional strategies. Examples include heavy teaching loads that 
may impinge on the time available to redesign courses, a lack of teaching assis-
tants to help manage more interactive classrooms, or limited access to on-campus 
professional development and expertise in innovative instruction.

Any sustained attempt to foster research-based teaching and learning must 
focus on creating a supportive culture in key departments and the institution as a 
whole. Culture is not easy to define, but it is shaped by such characteristics as the 
values and beliefs about teaching of leaders and faculty members, the dominant 
teaching style, the emphasis placed on teaching versus other priorities, and the 
willingness of leaders and faculty members to engage in discussions and interac-
tions around teaching and learning (Austin, 2011).
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The departmental context

The context with the most direct impact on instructional practices is the depart-
ment. “The department is the important unit of change at the university,” says 
Kathy Perkins,2 who has studied institutional change through the University of 
Colorado Boulder’s Science Education Initiative (SEI). “They’re the ones that are 
really connected and cohesive and are tied to how instruction happens in actual 
courses. So if you can facilitate the department as a whole in thinking about 
undergrad science education and improving understanding of student learning, 
that can be really effective.”

Departments play a pivotal role because they “sit at the intersection of 
institutional and disciplinary influences” (Manduca, 2008, p. 9). While depart-
ments are a critical part of the institutional administrative structure, they are also 
responsible for maintaining and advancing the knowledge, practices, and culture 
of their discipline. In addition, instructors are more often swayed to change their 
teaching practices by colleagues in their own department and discipline than by 
general evidence about the effectiveness of research-based approaches (Wieman, 
Perkins, and Gilbert, 2010).

Decisions made at the departmental level may influence, either overtly 
or inadvertently, how instructors teach and whether they adopt research-based 
approaches. For example, departments typically determine what content is taught 
in their discipline, how courses are sequenced, and what requirements must be 
met by majors. They also decide how many courses and which courses an instruc-
tor teaches and how teaching assistants are used. Furthermore, departments may 
have some say in how instructors are evaluated and recommended for tenure and 
whether they have opportunities to attend professional development.

Efforts to change departmental culture are most effective when they involve 
the greater part of a department’s faculty—which might number in the dozens at 
a large research university—and affect a majority of its undergraduate courses. 
This is what Colorado and UBC have sought to accomplish through their SEIs. 
This initiative has benefited from a high level of funding, beyond what is available 
to many struggling institutions, but it has also yielded processes, materials, and 
lessons about reform that can be helpful to other institutions, regardless of their 
financial situations. 

2 Interview, June 18, 2013.
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Designing Learning

the sCienCe eduCation initiative

Departmental Support for Instructional Change

Fourteen departments at Colorado and UBC have 

undertaken efforts to transform their undergradu-

ate science courses using evidence from research 

through the SEI, begun in 2005 by Carl Wieman, 

a Nobel Prize recipient in physics and former pro-

fessor at both institutions who is now at Stanford 

University. Rather than trying to change the teach-

ing practices of isolated individuals, the SEI focuses 

on departments as critical units of change that 

decide what and how to teach and can influence 

large numbers of faculty. “If you can facilitate 

departments as a whole in thinking about under-

grad science education and improving student 

learning, that can be really effective,” says Kathy 

Perkins,a who succeeded Wieman as director of the 

SEI at Colorado. 

As a first step, the SEI invited departments to 

submit competitive proposals for grants to improve 

all of their core undergraduate courses for majors 

and non-majors. Each department received up to 

$1 million at Colorado and $2 million at UBC—

“sufficient funds to attract serious attention” and 

to create an incentive for departments and faculty 

at large research-oriented institutions to focus on 

teaching (Wieman, Perkins, and Gilbert, 2010, p. 2). 

“So the department as a whole had to decide if 

this is something that they wanted to engage in,” 

says Perkins. “Instead of being top-down, ‘you must 

do this,’ the SEI was structured as, ‘if you want to 

engage in this, we’ll give you resources to do it.’” 

The grants, she explains, funded improvements 

in three areas aligned with research on effective 

teaching and learning: (1) identifying what students 

should learn by setting learning goals, (2) assessing 

what students are learning through interviewing stu-

dents and giving assessments tied to learning goals, 

and (3) identifying and implementing instructional 

approaches to improve learning. The proposals also 

had to address how the changes being envisioned in 

instruction, materials, and assessment would be dis-

seminated and sustained. Departments were encour-

aged to make changes course by course rather than 

trying to redesign an entire curriculum at once. 

Colorado’s investment of $5 million funded seven 

departmental grantees at various levels (Chasteen 

et al., 2012; Wieman, Perkins, and Gilbert, 2010). 

UBC provided $10 million, which has gone to seven 

departments. All of the departments that received 

grants have used a large portion of their money 

to hire science teaching fellows—post-docs in the 

department who understand both the content and 

the pedagogy—typically with a Ph.D. in the disci-

pline and training in science education and cognitive 

science. These fellows collaborate with individu-

als or small groups of faculty to transform courses 

and, in the process, transform the faculty members’ 

approach to teaching. 

This model of using fellows has worked well 

according to the SEI leaders, and some departments 

have made them permanent positions (Wieman, 

Perkins, and Gilbert, 2010, p. 5). Collaborations 

between the fellows and the faculty have been most 

successful when a department chair or leader first 

obtained a commitment to the process from the faculty 

member and established clear roles and expectations. 

As a result of the SEI, more than 100 faculty 

members at Colorado have changed their teaching 

practices, and more than 10,000 students each year a Interview, June 18, 2013.
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are taught in courses that have been transformed to 

incorporate research-based practices, notes Perkins. 

The numbers from UBC are even larger, notes 

Wieman.b In a 2010 survey of faculty in the par-

ticipating departments, 62 percent of respondents 

reported that they had developed learning goals 

and used them to guide their teaching practice, 

56 percent reported using information on student 

thinking and/or attitudes, and 47 percent reported 

using pre- and post-measures of learning (Wieman, 

Perkins, and Gilbert, 2010). At UBC, 99 percent of the 

faculty who have changed to research-based teach-

ing methods as a result of the SEI report that they 

are continuing to use those new methods (Wieman, 

Deslauriers, and Gilley, 2013). 

The initiative has also helped to shift the culture 

in the physics department at Colorado, says physics 

professor Noah Finkelstein.c “The culture has been 

one of saying, ‘I’m not simply teaching, I’m engag-

ing in a professional and scholarly activity of educa-

tion.’” The impact has been similar in many of the 

other SEI departments, notes Wieman.d

The efforts of the physics department at 

Colorado to introduce research-based strategies 

into what had been a traditionally taught, junior-

level course in electricity and magnetism illustrate 

the synergy that can occur when committed instruc-

tors receive support from their department and 

institution. With assistance from a science teaching 

fellow, faculty members established explicit learn-

ing goals for the course, developed and refined 

course materials that addressed known student mis-

conceptions, and adopted interactive instructional 

strategies such as ConcepTests and small-group 

tutorials. They also documented student outcomes 

and studied the course transformation process 

(Chasteen et al., 2012).

At both universities, several factors have been 

significant in sustaining the transformed courses 

and successfully transferring the reforms across 

multiple instructors (Chasteen et al., 2012; Wieman, 

personal communicatione):

• A supportive department, as evidenced by 

financial and staff resources, the involvement of 

groups of faculty in setting learning goals, the 

support of the chair and associate chair, and the 

presence of faculty involved in DBER

• A team-teaching approach that pairs faculty 

who have experience in redesigning courses with 

instructors who do not have such a background

• The provision of dedicated staff, including sci-

ence teaching fellows and undergraduate learn-

ing assistants

• The creation of a one-credit “co-seminar” in 

which students work on tutorials that reinforce 

what they are learning in the main course

• An archive of course materialsf

The formal funding period for the SEI ended 

in 2013, but Perkins expects several of its activi-

ties to continue at Colorado through the Center 

on STEM Learning, established in December 2012 

to coordinate more than 75 science, technology, 

engineering, and mathematics (STEM) improvement 

efforts across campus and disseminate information, 

research, and resources. At least some teaching 

fellow positions are likely to be maintained, says 

Perkins, but perhaps in a different form depending 

on the available funding.

b Email from Carl Wieman, March 20, 2014.
c Interview, April 23, 2013.
d Email from Carl Wieman, March 20, 2014.

e Email from Carl Wieman, March 20, 2014.
f See http://www.colorado.edu/sei/fac-resources/index.html; http://

www.cwsei.ubc.ca/EOYevent.html.
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Several lessons and observations about transforming courses and changing 
departmental culture have emerged from the SEI experience as a whole (Wieman, 
Perkins, and Gilbert, 2010):

•	 Implementing new research-based teaching approaches has increased student 
learning. In cases where comparable measures of student learning were adminis-
tered in the course before the transformation and after, students performed better 
in the transformed course. In the Colorado course in electricity and magnetism, 
for example, students in the transformed course had higher average scores on an 
assessment in electrostatics than students in a traditionally taught semester of the 
course. This kind of data is not always available, however, because in many cases 
faculty changed their assessments to better match their learning goals or did not 
have detailed assessment data from before the transformation.

•	 Focusing on the department as the unit of change is a sound approach. The 
most successful and dramatic improvements in teaching have occurred when 
the whole department has made reform a departmental priority.

•	 Providing incentives and rewards increases faculty buy-in. Departments have 
provided various incentives, such as giving faculty involved in course transfor-
mation release time; offering extra support from a teaching assistant, research 
assistant, or post-doc; and providing faculty with course materials developed 
by science teaching fellows. Participating faculty also mentioned two implicit 
rewards that have increased their commitment to the initiative: greater student 
engagement and opportunities to think about and discuss teaching as a schol-
arly activity with their colleagues.

•	 Providing research and data on the effectiveness of new instructional approach-
es is seldom enough to change teaching practices among skeptical faculty. 
Faculty members tend to be more convinced by data from their own courses and 
observing and talking with their colleagues than by general findings from DBER. 

•	 Change takes time and effort. Developing learning goals, for example, was 
more difficult than the SEI leaders expected. It required faculty to reorient their 
view of education from one that emphasizes the delivery of content to one that 
helps students acquire important competencies.

•	 Barriers to change persist. Resistance to using shared course materials among 
some instructors of large, multi-section courses is one such barrier. Another is the 
unproductive belief that “students these days” are deficient and that shifting to 
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more student-centered forms of instruction is tantamount to lowering standards. 
Contrary to common thinking, resistance from students has not proved to be a 
barrier to course transformation at these institutions.

The SEI experience at Colorado and UBC reinforces the effectiveness of 
focusing on departments as units for change and engaging faculty in discussions 
about learning goals. It also suggests that making changes course by course is 
more feasible than trying to reform an entire curriculum. The efforts of indi-
vidual faculty to redesign courses can proceed more quickly and effectively with 

a repository of shared course materials and the 
assistance of a fellow or similar individual who 
has knowledge of teaching and learning in a par-
ticular discipline. Collecting evidence about the 
impact of reforms on teaching practices, as well 
as on student achievement, is also quite valuable.

Research also indicates that department 
chairs and deans have a critical influence on 
instructional practices in positive or negative ways. 
For example, chairs can signal the relative prior-
ity placed on teaching excellence and can shape 
how faculty members view their responsibilities, 
demands, and work priorities. Early career fac-
ulty members, in particular, look to their chairs 

for signs about institutional priorities in order to make choices among competing 
expectations (Rice, Sorcinelli, and Austin, 2000). Departmental leaders who sup-
port reform can help bring around faculty who are unlikely to adopt research-
based strategies on their own (Fairweather, 2008). 

Ann Austin (2011) suggests several actions that department heads and deans 
can take to help create cultures that value and reward excellent teaching:

•	 Regularly	discuss	the	relationship	of	student	learning	to	institutional	missions	
and the relationship of teaching excellence to student learning 

•	 Initiate	opportunities	for	collegial	conversations	about	research-based	teaching	

•	 Allow	instructors	time	for	innovation

•	 Provide	specific	support	for	professional	development	on	teaching	and	learning,	
coupled with incentives for faculty members to participate

“The department is the important unit 

of change at the university. They’re 

the ones that are really connected 

and cohesive and are tied to how 

instruction happens in actual courses.”

—�Kathy�Perkins,��
University�of�Colorado�Boulder
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The institutional context

The colleges and universities in which departments are situated also have an 
impact on issues that affect teaching and learning. These institutions set poli-
cies for tenure, promotion, and evaluation. Institutional priorities affect the 
time and effort instructors devote to teaching versus research or other activities. 
Institutional leaders can create a climate that supports and rewards excellence in 
teaching—or reinforces negative incentives. Institutions can provide resources for 
professional development on effective teaching, create incentives to reform teach-
ing, and construct or remodel campus facilities to make them well suited to inter-
active teaching and learning (Manduca, 2008). 

The joint efforts of faculty, university staff, and university leaders to 
introduce and expand problem-based learning (PBL) and other innovative prac-
tices at the University of Delaware shows how change can flourish in a hospi-
table institutional climate.
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Designing Learning

Science faculty at the University of Delaware were 

among the early adopters in the 1990s of problem-

based learning (PBL), an instructional model in 

which students tackle complex, challenging prob-

lems and work collaboratively to resolve them. (See 

Chapters 2 and 4 for more about PBL.) Since then, 

the university has developed an institution-wide 

system of faculty development and other supports 

for research-based instruction.

Creating a community of faculty to improve 
teaching and learning

Deborah Allen,a who directs the university’s Center for 

Teaching and Assessment of Learning, was one of the 

first faculty members at her institution to embrace PBL 

when she was a biology professor. She credits Barbara 

Duch, a consultant to an earlier iteration of the center 

that Allen now heads, with helping to build a com-

munity among the individual faculty, scattered across 

different science departments, who shared a concern 

about the effectiveness of traditional methods of 

instruction. Duch had a gift for “knowing what our 

comfort zone was, and then just pushing us gently a 

little bit outside of that,” says Allen. 

With support from the center, this group of facul-

ty developed courses, wrote PBL curriculum, assessed 

the effectiveness of their teaching strategies, and con-

ducted research on student learning in the sciences. 

They met weekly for informal conversations about 

teaching and learning and served as a support group 

for each other. “I could not have survived without 

that group of people I could go to,” says Allen. 

Another outgrowth of this multidisciplinary 

collaboration was the development of a “Science 

Semester” curriculum for education majors. The 

university agreed to combine the required cluster 

of courses in life sciences, earth science, and physics 

for these students into a 12-credit interdisciplinary 

course, which students took exclusively for an entire 

semester. The PBL curriculum consisted of units that 

explored interdisciplinary topics, anchored by prob-

lems that students would work on for as long as a 

month. One unit, which Allen helped to develop, 

was called Kids, Cancer, and Chemicals. During this 

segment of the course, students studied a possible 

“cancer cluster” in a New Jersey community that was 

home to a chemical manufacturer. As part of the 

unit, students researched the chemistry of ground-

water, studied the movement of chemicals through 

different types of soil, and analyzed epidemiology 

data, among other activities. 

Faculty collaboration continues to be a vital force 

in encouraging instructional reform in the sciences 

at the University of Delaware. In biology, for exam-

ple, faculty who may be reluctant to embrace new 

research-based modes of teaching are invited to serve 

as group facilitators in classrooms that use collabora-

tive learning. “That was very effective because the stu-

dents in a sense acted as the advocates,” says Allen.

As newer faculty members have come on board 

with additional strategies for improving instruction, 

the university has become less “monomaniacal” 

about PBL, Allen explains. A high percentage of fac-

ulty use some type of collaborative learning at least 

some of the time, but they feel as if they have more 

options than just PBL. 
a Except where noted, the information in this case study comes from 

an interview with Deborah Allen, April 11, 2014.

faCultY advoCates and universitY adMinistrators CoMe 
together to suPPort instruCtional innovation at delaWare

Meeting in the Middle
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Institutional support for instructional reform

The passion of this group of early reformers helped 

to persuade the university administration to support 

their efforts. Faculty who were interested in PBL sub-

mitted and won a National Science Foundation (NSF) 

grant. “I think that’s what got our administration’s 

attention,” says Allen. “Getting federal funding can 

really help to give your effort legitimacy, and then 

your administration will pay attention.”

At Delaware, says Allen, “the strongest things 

are [those] that percolate up from faculty inter-

est. We’re the creative force, the ones who want 

to see it happen, and the administration met us in 

the middle.” As the number of faculty interested in 

research-based instruction grew, the administration 

began providing them with additional support—

although the economic climate was better in those 

days, Allen notes. 

Recognizing that students working in small groups 

will sometimes need more guidance than a single 

instructor can provide in a large course, Allen hit on 

the idea of using undergraduate seniors as group 

leaders in collaborative classrooms. The university 

agreed to fund a course to train these peer facilita-

tors, and the program remains strong on campus.

Eventually, faculty who were implementing PBL 

advocated for classrooms that were better suited to 

student collaborative work. They gathered evidence 

of the effectiveness of their instructional strategies 

in order to convince the administration to invest 

in classroom redesign. The administration at the 

time recognized that “all you’re asking is for us to 

change the furniture,” Allen recalls. As part of a 

regular classroom renovation plan, the administra-

tion designed several rooms specifically geared to 

PBL. The university has since built additional rooms 

equipped with new technologies to facilitate group 

work. “The highest-tech ones have a huge computer 

monitor that sits on the wall for each group, and not 

only whiteboard space,” says Allen. “They can use 

collaborative docs and project them on the screens. 

The instructor can select which screen we’ll view.” 

The university also founded an Institute to 

Transform Undergraduate Education and provides it 

with line-item funding. The Institute offers faculty-led 

professional development on PBL to instructors from 

around the world, sponsors an online clearinghouse 

of peer-reviewed problems and resources, and pro-

vides other services. The administration “saw this as a 

signature program,” Allen says. “There was a real syn-

ergy. We weren’t just asking for handouts; we were 

building something in collaboration with them.” 

Both new and more senior faculty can find addi-

tional support for effective, research-based instruc-

tion through the center that Allen directs. This cen-

ter sponsors workshops and follow-up consultations 

with faculty, distributes internal grants for instruc-

tional improvement, and conducts federally funded 

initiatives to strengthen best practices. “We’re not 

just sending people to workshops,” Allen explains. 

“We do the workshops here, and then we continue 

to support them. We do informal consultations all 

the time—the typical classroom observations, but 

from the perspective of having done this ourselves.” 

Working with faculty developers who have 

firsthand experience implementing research-based 

instruction can be reassuring for those who are 

struggling to make the transition. “We’ve faced 

these issues in the classroom, and so we have that 

reality that faculty really appreciate,” Allen notes. 

“We’ve done it and we know what we’re up against. 

That’s good strategy.”  
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As the University of Delaware’s experience indicates, when a core group 
of faculty who are committed to change come together with open-minded and 
cooperative administrators, this can create a synergy that stimulates reform 
across a wider segment of the institution. While the impetus for reform bubbles 
up from the “bottom,” the support necessary to maintain and expand it comes 
from the “top.” 

The sections that follow discuss specific areas that can be addressed by depart-
ments and institutions to encourage research-based teaching and learning:

•	 Curriculum	and	instruction

•	 Workloads	and	schedules

•	 Institutional	priorities,	tenure,	and	reward	systems

•	 Institutional	support	for	professional	development

Curriculum and Instruction 

Instructors’ adoption of research-based practices may be influenced by departmen-
tal decisions about curriculum, such as course content and sequencing or faculty 
assignments to teach particular courses (Fairweather, 2008). For example, if the 
members of a department have not set overall learning goals or are more focused 
on covering content than on making sure students learn core concepts, this 
may create concerns about how well a course redesigned around research-based 
approaches will mesh with later courses in a sequence. If different sections of the 
same course are taught by different people, then this could discourage an instruc-
tor from attempting to incorporate new strategies into one section.

Some of these potential problems can be averted if the faculty members in a 
department can agree on a set of broad learning goals for a program of study and 
particular courses, as discussed in Chapter 2. This has the added benefit of coor-
dinating learning goals that require more than one course to achieve. During these 
types of departmental discussions, faculty can also discuss difficult concepts within 
the curriculum and which courses would best address them.
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Departments and institutions can encourage faculty to adopt research-based 
reforms through other means, such as those described in the following examples.

Create opportunities for faculty to discuss learning and teaching

These opportunities can range from regular meetings on research in learning and 
teaching to informal brown bag lunches. At Delaware, Allen3 is implementing 
a new take on the old faculty lounge by setting aside a room for conversations 
about teaching and learning. “People can just drift in whenever they want in a 
place where you know there will be these conversations.” Devoting a significant 
portion of a departmental retreat to teaching and educational issues, as has been 
done at UBC, can have a powerful impact. 

Provide fellowships for faculty to work on instructional reform

At Michigan State, the Lilly Teaching Fellows program provides pre-tenure faculty, 
including STEM faculty, with a year-long fellowship to engage in scholarship on effec-
tive teaching practices. A large majority (85 percent or more) of faculty who partici-
pated in the program between 1991–2004 and 2004–2009 reported that their involve-
ment had a positive impact in these six areas: (1) beliefs about teaching and learn-
ing, (2) practice of teaching and learning, (3) effectiveness of teaching and learning, 
(4) networking with administrators across the university, (5) networking with fac-
ulty and other academic staff, and (6) views about Michigan State (Moretto, 2011).

Vanderbilt University provides fellowships with a stipend to faculty, including 
STEM faculty, in the second through sixth years of their careers to help them improve 
their instruction using ideas from research. “We ask them to commit for a whole 
academic year to a sequence of activities—one-on-one consultations, course design, 
teaching visits, and dinners with senior faculty,” says Derek Bruff, director of the 
university’s Center for Teaching and a senior lecturer in mathematics. “The idea is to 
help them become more effective teachers in the short run in their own classrooms 
but to also give them exposure to a certain set of ideas and skills that will serve them 
well as they take on leadership positions at Vanderbilt down the road,” he explains.

 Provide grants for faculty to reform instruction 

Institutional grants can range from substantial grants to departments, such as those 
made through the SEI described above, to small grants to individual faculty to 

3 Interview, April 11, 2013.

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Reaching StudentsReaching Students188

design or redesign courses or improve teaching. At Dickinson College, the dean’s 
office provides funding for faculty to work together during the summer on curricu-
lum reform or department change. This funding enabled the physics department to 
devote faculty time to designing curriculum for student-centered instruction, says 
professor Priscilla Laws, which in turn helped create more faculty buy-in for the 
curriculum changes. 

Hire DBER scholars or other faculty with expertise in teaching and learning

Within a science or an engineering department, instructors who have expertise in 
DBER can help build a supportive culture. At the University of Georgia (UGA), 
says biology professor Erin Dolan,4 “We have a really strong group of people 
who are very knowledgeable about the research base in biology education and can 
think about putting that research into practice in the classroom.” As a result, she 
notes, most of the department’s introductory courses use instructional strategies 
that actively engage students, and faculty are now working on transferring those 
strategies into upper-level courses. “We are hopefully moving the whole biology 
faculty toward a more evidence-based approach,” she says. This effort at UGA 
has been bolstered further by the participation of biology faculty in the regional 
workshop of the National Academies Summer Institute hosted at the university 
(see Chapter 2 for more about the Institute). “We have enthusiastic administrative 
support, which is great,” says Dolan.

Create graduate or postdoctoral fellowships to assist faculty with reform

A number of institutions have implemented fellowships for graduate students and/
or post-doctoral candidates to improve their knowledge and skills in research-
based instruction, as described in the professional development section below. 
These programs not only benefit the participating graduate students and post-docs 
from whose ranks many future STEM faculty will come, but they can also benefit 
current faculty by providing a source of assistance in designing and implementing 
research-based courses. 

Such programs can be a “win, win, win,” says Bruff of Vanderbilt. “The 
graduate student gets a really valuable professional development experience. . . . The 
faculty member gets some help in the form of a graduate student to implement some 
part of their course that they want to improve or enhance. And the undergraduates 
in the course benefit by having a better learning experience.”

4 Interview, July 2, 2013.
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Train undergraduates to assist instructors with large courses

Many institutions across the country have mounted learning assistant or precep-
tor programs in which undergraduates with an interest in teaching are trained to 
assist faculty in introductory courses. These programs not only provide partici-
pating students with classroom experience and, in many cases, with seminars on 
research-based pedagogy, but they also provide faculty with individuals who can 
help their peers with active learning or can lead tutorial workshops. 

At Colorado, faculty must apply to have learning assistants for a course, a 
process that “requires that they think about teaching in new ways,” says Valerie 
Otero,5 director of the learning assistants program. At the University of Arizona, 
Carly Schnoebelen,6 who served as a preceptor for chemistry professor John 
Pollard, describes her duties in this way: “I go to all of the lectures. . . . [W]e do a 
lot of in-class activities and problem solving. I walk around, help other students, 
and answer questions.” In addition, she says, preceptors staff an office where stu-
dents can go to get help with homework or to study for exams.

Assist faculty with research-based reforms through centers for teaching 

Many colleges and universities have created centers for teaching and learning or 
similar units. These centers perform a range of functions. While their services 
often include workshops and other types of professional development, many of 
these centers provide teaching evaluations, observations, mentoring, and consul-
tations to help instructors improve their teaching; oversee new faculty induction 
programs; give out teaching awards; and conduct other activities. The impact and 
effectiveness of the programs offered through these centers varies, but they can 
be one component of a multi-pronged effort to create an institutional culture that 
supports effective teaching.

Workloads and Schedules 

Decisions about workloads, access to teaching assistants, and related professional 
issues can affect the capacity and desire of instructors to implement new teaching 
approaches (Schuster and Finkelstein, 2006). From the department’s perspective, 
the need to provide instructors for 10 sections of a large introductory course may 

5 Interview, November 18, 2013.
6 Interview, April 25, 2013.
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supersede considerations of whether those instructors are using the most pedagogi-
cally sound strategies. 

Departments and institutions, often at the request of forward-thinking 
instructors, have taken various steps to facilitate research-based teaching and 
learning. Below are a few examples. 

Allow instructors to team teach or co-teach a course

Sharing responsibilities for designing, preparing for, and teaching courses can be 
more efficient and can also facilitate the sharing of ideas. Robin Wright7 team 
teaches a course at Minnesota in foundations of biology with a colleague. Both 
instructors attend each class session, and they take turns leading the class. “It 
might be my turn to be the lead instructor, but my colleague will be there in the 
room the whole time, interacting with students and making corrections for me or 
asking questions on behalf of the students. And I do the same thing for him,” she 
explains. “It’s just wonderful.” 

A teaching team that includes both an experienced and a new faculty member 
can benefit both instructors. The more experienced instructor can provide guidance 
on developing materials and managing classrooms efficiently, while new instructors 
can often share fresh ideas and up-to-date research on teaching practices. 

Colorado uses the strategy of rotating faculty assignments to teach rede-
signed courses to expose more faculty to new research-based teaching strategies. 
In this way, says physics professor Noah Finkelstein,8 faculty who have less expe-
rience with research-based instruction “learn by enculturation and participation.”

Use innovative approaches to scheduling to facilitate classroom interaction 

Several of the courses taught by instructors highlighted in this book use block 
scheduling in which classes meet for fewer days but for longer periods to 
allow more time for in-depth class projects. When John Belcher9 and other 
physics instructors at the Massachusetts Institute of Technology adopted the 
Technology-Enhanced Active Learning approach, they switched from three 
hours of lecture and two hours of recitation sections per week to two two-
hour periods and one one-hour period of lecture with clicker questions com-
bined with active learning exercises and lab experiments. They were emulating 
practices introduced by Robert Beichner’s Student-Centered Active Learning 

7 Interview, April 12, 2013.
8 Interview, April 23, 2013.
9 Interview, July 9, 2013.
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Environment with Upside-down Pedagogies (SCALE-UP) program at North 
Carolina State University.

Another option is to set aside one course session per week for small-
group activities led by a teaching assistant or a learning assistant. When David 
Gosser10 and his chemistry colleagues at the City College of New York imple-
mented Peer-Led Team Learning, they took away one of the four hours of lec-
ture per week and devoted it to peer-led sessions in which students solved prob-
lems in small groups.

Use teaching assistants differently 

Rather than assigning a few teaching assistants (TAs) to handle all the responsibil-
ities for a particular introductory course, faculty in the physics department at the 
University of Washington “pool” their TAs so that some grade homework while 
others help students with tutorials in the classroom, says Paula Heron.11  

Offer faculty release time from teaching to redesign courses 

California State Polytechnic University, Pomona, not only paid faculty to attend 
a university-sponsored workshop on how to implement innovative approaches 
to teaching physics; the university also provided some with release time from 
teaching to implement new approaches, according to Alex Rudolph,12 a profes-
sor of astronomy and physics. “This is a case where they’re backing a very strong 
research-based change that discipline-based education research is informing,” he 
says. “It’s helping a lot.” Paying for some of a faculty member’s summer time to 
work on new teaching methods can also be effective.

Institutional Priorities, Tenure, and Reward Systems 

Policies for evaluation, promotion, tenure, salaries, and other reward systems send 
strong signals to instructors about what they must do to get and keep a faculty 
appointment and what their department and institution value. Institutional priori-
ties, such as the relative emphasis given to teaching and research or the need to 
secure outside grant money, also affect how much time and effort instructors invest 

10 Interview, July 3, 2013.
11 Interview, April 12, 2013.
12 Interview, August 20, 2013.
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in making their teaching more effective (Fairweather, 2005; National Research 
Council, 2012). Instructors are more apt to focus on improving their teaching 
when institutional reward structures and priorities are aligned with this goal.

An important set of institutional priorities relates to how instructors are 
expected to allocate their attention among their teaching, research, grant seek-
ing, and service missions. These expectations vary considerably depending on 
the type of institution, its history, its available resources, the type of position an 

instructor holds, and other factors. Several 
studies have shown, however, that higher 
education institutions in general value 
research more than teaching (Fairweather, 
1996, 2008; Massey, Wilger, and Colbeck, 
1994). Faculty in four-year institutions 
report increasing pressure to do research, 
according to an extensive quantitative 
study by Schuster and Finkelstein (2006). 
Fairweather (2005) found that as faculty 
time in class increases, salary level decreases 
and that across four-year institutions, schol-
arly productivity and publications are the 
strongest predictor of faculty pay. 

“If you’re at a traditional research-
oriented institution, survival—or your 

opinion of what survival is—determines your behavior,” says University of 
Washington professor Lillian McDermott,13 co-developer of the research-based 
tutorials described in Chapter 4. If instructors believe that their future or their 
standing depends more on the quality and productivity of their research and 
their ability to bring in research grants than on the effectiveness of their teach-
ing, they will be less inclined to spend time changing their instructional prac-
tices. It is understandable, then, that some instructors choose to just “suffice” in 
their teaching responsibilities (Austin, 2011). 

At research institutions, policies often signal to instructors that research per-
formance is valued more highly than teaching performance, notes Bruff. Although 
that may be appropriate given the mission of a research university, these policies 
“sometimes lead faculty and administrators to take a ‘good enough’ approach to 
teaching,” he says. “If your teaching is problematic, then people will pay attention. 

13 Interview, April 18, 2013.

“I’ve met tenure-track faculty who were 

good teachers who weren’t interested 

in being great teachers until after they 

achieved tenure. They felt they needed 

to focus more on their research than 

taking their teaching to the next level.”

—�Derek�Bruff,��
Vanderbilt�University
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You might get extra help from your chair, you might be sent over to a teaching cen-
ter for assistance, and, if the problems persist, you might not get tenure. But once 
you reach a ‘good enough’ bar, there can be few incentives to be better. I’ve met 
tenure-track faculty who were good teachers who weren’t interested in being great 
teachers until after they achieved tenure,” Bruff adds. “They felt they needed to 
focus more on their research than taking their teaching to the next level.”

Similarly, the quality of teaching is often evaluated in a far less careful and 
rigorous way than the quality of research, notes Carl Wieman,14 which is both an 
indication of an imbalance in institutional priorities and a contributing factor to 
its continuation.

The relative emphasis given to teaching versus research really hits home in 
decisions about tenure, promotion, or reappointment. At four-year colleges and 
universities, publishing research is the most important factor in faculty tenure and 
promotion decisions, according to an analysis by Braxton, Lucky, and Holland 
(2002). In this environment, it is not surprising that faculty members on a tenure 
track at a research university might put less effort into improving their instruction. 
Once tenure is received, they may feel more at ease in exploring new areas, includ-
ing improvements in teaching.

This pressure to do research is far less of a factor at community colleges, 
where tenure is based to a large degree on teaching performance, with some con-
sideration for service to the community and institution. The priority that com-
munity colleges place on faculty participation in professional development has a 
positive influence on teaching effectiveness, says Kaatje Kraft,15 who until recently 
taught at Arizona’s Mesa Community College. “Professional development is 
expected at a community college. That’s important because that’s where you get 
access to the research base on teaching practice.”

Students’ end-of-course evaluations are another institutional factor that can 
inhibit instructors from taking risks in their teaching, out of fear that integrating 
new approaches may not immediately be successful from the students’ standpoint 
(Austin, 2011). Student evaluations are often used to gauge teaching performance, 
but they are far from complete in their appraisal of teacher effectiveness. In sur-
veys and interviews conducted by Henderson and Dancy (2011), faculty over-
whelmingly expressed the view that student evaluations were not a particularly 
effective way of measuring teaching quality. These authors conclude that an over-
reliance on these evaluations can impede reform.

14 Email from Carl Wieman, March 20, 2014.
15 Interview, June 13, 2013.
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Some departments or institutions at large universities have formal poli-
cies to give greater recognition to teaching excellence. At UGA, the criteria for 
promotion and tenure in the Department of Plant Biology require faculty to dem-
onstrate excellence in teaching through peer evaluations (in addition to student 
evaluations), teaching awards, innovation in teaching methods, and other criteria 
(University of Georgia, 2007). In the peer-evaluation process, a longstanding part 
of the department’s teaching evaluation criteria, assistant professors may undergo 
a mentoring or formative evaluation of their instruction in which senior faculty 
and a faculty mentor attend a representative subset of their classes for one course 
and make helpful comments and suggestions. Following that formative evalua-
tion, which occurs early in the faculty member’s career, all assistant and associ-
ate professors go through a more formal peer evaluation by a committee of three 
senior faculty. These committee members attend at least three lectures each and 
score various aspects of instructional skills and success. The criteria for the peer 
evaluation include the following factors: preparation, presentation, stimulation of 
students’ interest, instructor’s enthusiasm for the subject, mastery of the subject 
matter, an overall rating, and other special observations about aspects that add to 
or detract from teaching effectiveness. The faculty member being evaluated has 
an opportunity to discuss the findings with the committee and suggest possible 
changes before the committee submits its report, which becomes part of a promo-
tion dossier, to the department head. 

In addition, half of the Department of Plant Biology faculty at all ranks at 
UGA had participated in the National Academies Summer Institute in biology as 
of spring 2014, according to Michelle Momany, the department head.16 Momany 
has found that involving new faculty in the Institute and having them sit in on an 
effectively taught class from the very start helps them “use scientific design for 
their first course, and [they] don’t have to go back and spend time fixing it later.” 
Generally, she says, new faculty members “welcome the opportunity to get famil-
iar with the research on how best to help students and are happy to pick up tips 
along the way.”

At UBC, the Department of Earth, Ocean, and Atmospheric Sciences con-
ducts class observations of each faculty member every year, using two tools 
developed by the SEI. The first tool, a Teaching Practices Inventory, is a checklist 
of whether a lecture course includes characteristics that research has deemed to 
be effective. Examples include learning goals or outcomes; supporting materials 
for students; in-class activities, such as pauses to ask for questions, small-group 

16 Email from Michelle Momany, March 18, 2014.
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discussions or problem solving, demonstrations or simulations, clicker questions, 
student reflection activities, and student presentations; opportunities for two-
way feedback between the instructor and the students; diagnostic assessments; 
collaboration or sharing in teaching; and other characteristics. The second tool, 
the Classroom Observation Protocol for Undergraduate STEM (COPUS), allows 
trained observers to reliably characterize how faculty and students are spending 
their time in the classroom (University of British Columbia, n.d.). Similar tools 
are also available in other disciplines, such as the Revised Teaching Observation 
Protocol being used in geosciences.17

In general, however, most institutions have a way to go in making an 
explicit commitment to teaching excellence in their faculty evaluation and priori-
ties and reward systems. Some DBER scholars have recommended that teaching 
evaluations be based on actual student learning gains, as gauged by pre- and 
post-assessments of learning, in addition to student course ratings (Knight and 
Wood, 2005). 

Institutional Support for Professional Development 

Many institutions have mounted their own professional development programs 
that emphasize research-based approaches to teaching (Gappa, Austin, and Trice, 
2007). As one example, the 22 research universities that belong to the NSF-funded 
Center for the Integration of Research, Teaching, and Learning network, or 
CIRTL, are providing long-term professional development and mentoring to build 
a cadre of future STEM faculty who are committed to using research to improve 
teaching and learning. While CIRTL is implemented somewhat differently at each 
institution, each program is founded on three core ideas: (1) teaching-as-research, 
in which STEM graduate students and post-docs engage in the systematic use of 
research to develop and implement effective teaching practices; (2) learning com-
munities that encourage groups of program participants and their mentors to 
share knowledge and ideas for practice and that prepare participants to learn to 
use learning communities in their own work; and (3) learning-through-diversity, 
which capitalizes on the diverse experiences, backgrounds, and skills of students 
and faculty to enhance learning. The following case study shows how these ideas 
are being applied in the CIRTL programs at Michigan State and the University of 
Wisconsin–Madison. 

17 See http://serc.carleton.edu/NAGTWorkshops/certop/index.htm.

Reaching Students: What Research Says About Effective Instruction in Undergraduate Science and Engineering

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18687


Reaching Students196

Designing Learning

Universities Target Future Faculty  
as Agents of Change

At their regular biweekly meeting, a select cadre of 

doctoral fellows in science, engineering, math, and 

related fields at Michigan State University (MSU) 

work in smaller groups with their mentors and pro-

gram staff. Taped on the walls of the meeting room 

are copies of PowerPoint slides containing the main 

research questions for the “teaching-as-research” 

project that each fellow will develop and carry out 

during the course of an academic year. A biology fel-

low presents her research question—Do active learn-

ing strategies improve student learning in a genetics 

course?—and explains her initial ideas for addressing 

it. “What type of active learning strategy do you plan 

to use?” asks one fellow. “What assessments will you 

use to measure the results?” asks her mentor. Fellows 

will take into account this input to narrow and refine 

their research questions; in later meetings, they will 

receive feedback about their objectives, methodol-

ogy, and other aspects of their project. 

This hypothetical example is based on the experi-

ences of real fellows in the Future Academic Scholars 

in Teaching (FAST) program at MSU. Begun in 2006 

with funding from the university’s Graduate School 

and NSF, FAST is a project of the CIRTL network, 

which provides professional development to STEM 

doctoral students to prepare them to implement 

and advance effective teaching practices. Each year, 

10 to 14 FAST fellows are chosen from a group of 

applicants with an interest in teaching and a strong 

record in their disciplinary work toward their doctor-

ate. During the course of an academic year, FAST fel-

lows participate in mentored teaching experiences, 

workshops, and seminars on research about instruc-

tion, learning, and assessment. After completing the 

program, fellows may reapply for an additional year.

“Just because people are smart and they know 

research doesn’t always mean they can teach it effec-

tively to a diversity of other people,” says Henry 

“Rique” Campa III,a director of FAST, associate dean 

in MSU’s graduate school, and professor of wildlife 

ecology. “And that is the essence of what we’re trying 

to change” (Michigan State University, 2011). When 

Campa was an MSU Lilly Teaching Fellow in the 1990s, 

he recognized that the things he was learning about 

pedagogy and assessment during the year-long fel-

lowship would have been helpful to him as a gradu-

ate student. This spurred him to work with CIRTL and 

collaborate with STEM colleagues on developing the 

FAST program to target future faculty. 

Consistent with CIRTL’s Teaching-as-Research 

approach, the centerpiece of the FAST program is a 

scholarly project on an aspect of teaching and learn-

ing that each fellow designs with support from a 

faculty mentor and the university’s CIRLT steering 

committee. The fellows then implement their proj-

ects in an undergraduate course and present their 

findings at a final symposium. Each fellow receives 

$2,000 to help conduct the project and to dissemi-

nate the results at conferences or through journal 

articles or other avenues. 

Twice a month, the fellows participate in meet-

ings with the steering committee members to discuss 

their projects or interact with guest speakers who 

have expertise relevant to their projects. On the off 

weeks, they meet in informal “journal clubs,” led by 

a post-doc and FAST program graduate assistants, 

where they prepare for the larger meetings and 

review pertinent research.

a  Interview, April 23, 2013.
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Chris Richardson, a former FAST fellow who 

is now an assistant professor of physics at Elon 

University, is putting into practice several of the 

strategies he learned through the FAST program. 

“When you get your Ph.D. and go to grad school, 

everyone comes out with the ability to do some 

form of independent research. . . . What you 

don’t have much experience doing, and what they 

don’t teach you to do well, is actually teach,” says 

Richardson.b “I knew that I needed more prepara-

tion than just teaching a couple of classes. That’s 

what I got from FAST.”  

Richardson’s first FAST project analyzed gender 

differences in responses to clicker questions in an 

introductory physics course and found that while the 

number of correct answers and response times were 

similar for men and women, the average number of 

responses for a given question was significantly high-

er for men and that men were slightly more likely 

than women were to change their response within 

the allotted time (Richardson and O’Shea, 2013). His 

second-year FAST project correlated students’ clicker-

question responses and grades with data from a 

survey of attitudes and beliefs; he found that for 

men as a group, their confidence in how well they 

learned the course material did not correlate with 

their grade, while women were under-confident 

about their learning as shown by their grades.

Like Richardson, many former fellows have pub-

lished their research on teaching and gone on to 

faculty positions. “They can show scholarship across 

the mission—and that looks pretty good on a CV,” 

says Campa.

For Allison Rober,c an assistant biology professor 

at Ball State University, her time as a FAST fellow not 

only shaped how she herself teaches, but also influ-

enced her colleagues. “My department chair was 

excited I had these types of skills,” she says. In her 

classes, she uses a range of research-based strategies, 

such as collaborative learning, one-minute reflection 

papers, modeling, and Think-Pair-Share. “I feel for-

tunate that I don’t even know how to teach without 

using student-centered pedagogy,” she says. “I’m 

always trying to engage students in behaving like 

scientists, regardless of what profession they aspire 

to.” Rober shares materials with other faculty at her 

institution who are interested in the scholarship of 

teaching and learning. In addition, she collaborated 

with a colleague to align the laboratory and lecture 

parts of a biology course to cover the same topics at 

the same time. That change contributed significantly 

to improvements in student learning, she says. 

At the University of Wisconsin–Madison, the 

graduate students and post-docs in the Delta 

Program in Research, Teaching, and Learning 

(Wisconsin’s version of a CIRTL program) can take 

courses and participate in small-group facilitated 

programs, internships, and other activities (Gillian-

Daniel, 2008). As part of their coursework and 

their internships, Delta participants team up with a 
b  Interview, May 2, 2013.
c  Interview, April 29, 2013.
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faculty member or other instructor to develop new 

instructional materials and to conduct research on 

teaching. These relationships benefit the mentor-

ing faculty as well as the Delta participants, says 

Don Gillian-Daniel,d associate director of the Delta 

Program. “The students are capacity building for 

faculty. They bring in new ideas and training and 

provide the energy to help faculty move into doing 

something new with their course.”

Some of the Delta participants’ Teaching-as-

Research projects are “phenomenal,” says Gillian-

Daniel. One Delta student, for example, turned a 

traditional “cookbook” laboratory session in an 

ecology course into an inquiry-based lab session in 

which the undergraduate students asked their own 

research questions and took field trips to local sites 

to investigate resource management. In another 

project, a computer science graduate student and a 

post-doc, working with a civil engineering professor, 

found that undergraduates were having difficulties 

with translating word problems into a conceptual 

framework and with solving the problems. The team 

designed an interactive Web tutorial that guided 

students through step-by-step solutions of problems 

and then required them to solve similar practice 

problems on their own (Gillian-Daniel, 2008). 

A longitudinal study of participants in a doctor-

al and postdoctoral teaching development program 

at Wisconsin, including the Delta Program, found 

that 76 percent of the study respondents reported 

that they had applied the knowledge and skills 

gained from these programs to their subsequent 

undergraduate teaching. Respondents frequently 

reported delivering student-centered instruction 

and applying what they had learned about assess-

ment, course preparation, and planning, including 

setting learning goals (Benbow, Byrd, and Connolly, 

2011, cited in Pfund et al., 2012). 

Broader evaluations of the impact of CIRTL-related 

professional development, which also relied largely 

on faculty’s self-reported data, suggest that partici-

pants gain knowledge and skills about teaching and 

awareness of a wider range of approaches to analyz-

ing teaching problems. They also develop a better 

understanding of the value of teaching as part of 

their careers and a greater ability to encourage stu-

dent learning (Austin, Connolly, and Colbeck, 2008). 

Furthermore, participants often indicate that they 

feel better prepared for undergraduate teaching, 

have a greater sense of self-efficacy about teaching, 

and value opportunities to interact with others with 

similar interests in teaching (Austin, 2011).

d  Interview, April 26, 2013.
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Several ideas that may resonate with staff at other institutions can be drawn 
from the CIRTL projects at MSU and Wisconsin.

•	 Exposing	prospective	faculty	to	research-based	approaches	to	teaching	can	be	
an effective strategy for improving undergraduate instruction over the long 
term. When participants in these programs become faculty, they tend to apply 
what they learned in their own classrooms, and their influence will last for 
years to come as they progress in their careers.

•	 Focusing	on	future	faculty	can	have	a	spillover	effect	by	inspiring	faculty	who	
are mentoring participants to revise their own courses. 

•	 Professional	development	that	involves	mentoring	experiences,	communities	of	
learning, and a year-long time frame appears to have a greater impact on prac-
tice than a short-term workshop.

•	 Participants	in	professional	development	should	be	encouraged	to	assess	the	
impact of the changes they make in their own classrooms, not only to inform 
their own practice, but also to monitor the effectiveness of a professional 
development model. 

•	 Having	multiple	professional	development	programs	with	similar	goals	at	the	
same institution can create synergy around reform. At MSU, for example, the 
FAST program grew out of the university’s Lilly Fellows and the CIRTL network.

It can be a challenge to get busy instructors with many competing demands 
to participate in professional development, whether it is sponsored by the institu-
tion itself or by outside groups like those mentioned later in this chapter. If profes-
sional development programs are going to serve as an effective lever for change, 
they need to attract more than the “usual crowd” of instructors who are already 
interested in effective teaching (Austin, 2011). Faculty development experts sug-
gest several strategies that department chairs, deans, and other institutional leaders 
can take to encourage participation and broaden the reach of professional devel-
opment efforts (Austin, 2011; Hilborn, 2012; Sorcinelli et al., 2006):

•	 Send	a	clear	signal	that	the	institution	values	participation	in	professional	
development focused on improving teaching. 

•	 Recognize	that	instructors	have	different	needs	for	and	interests	in	professional	
development at different stages of their career and offer a range of options and 
formats that appeal to faculty in various circumstances.
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•	 Present	professional	development	as	a	prestigious	and	growth-oriented	oppor-
tunity rather than a remedial situation.

•	 Ensure	that	professional	development	activities	make	effective	use	of	partici-
pants’ time and result in substantial and positive outcomes.

•	 Link	rewards	with	faculty	involvement	in	professional	development.

•	 Provide	funding	to	cover	the	costs	of	participation.

Professional development can have an impact beyond the instructor who 
directly participates. When Elizabeth Derryberry18 was hired as a biology profes-
sor at Tulane University in 2011, she hoped to be able to use the instructional 
strategies she had honed as a postdoctoral fellow in the NSF-funded FIRST IV 
(Faculty Institutes for Reforming Science Teaching) program. As part of this pro-
gram, Derryberry had attended two consecutive summer workshops where she 

learned about effective research-based 
strategies and designed an inquiry-based 
undergraduate course in animal behav-
ior. During the academic year between 
the workshops, she co-taught the course 
she had designed. With input from a 
FIRST IV mentor, she analyzed the 
effectiveness of her teaching through an 
assessment of students’ conceptual learn-
ing and videotapes of her classes. The 
assessment showed gains in learning, 
which was “very useful both as feedback 
for teaching and in job applications,” 
says Derryberry.

In her initial meeting with her 
department chair at Tulane, “one of the 
things I made evident is that teaching is 
really important to me,” says Derryberry. 

Her approach to teaching gave students opportunities to analyze real scientific data 
and write reflective “learning paragraphs”—and she hoped her department would 
be supportive. “Most senior faculty members don’t use that approach, and I wasn’t 

18 Much of the information in this example comes from an interview with Elizabeth Derryberry, May 3, 
2013.
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really sure how that would be met or addressed,” she says, particularly when it came 
time for her teaching to be evaluated. To her relief, the reception was much better 
than she had imagined. Not only was her chair “very supportive,” she explains, but 
he and another colleague attended a summer institute on research-based pedagogy 
with her, where they “got a chance to see how this approach works and what’s effec-
tive and how to evaluate somebody using this approach.” 

Leveraging Reform Through External Groups

Instructors work in contexts that are broader than their department and employ-
ing institution. These include their discipline, as represented by disciplinary societ-
ies; other associations to which they or their institution belong; the higher educa-
tion system in their state and in the nation; and public and private agencies and 
organizations that directly or indirectly influence their work. The following types 
of external groups are especially influential:

•	 Disciplinary societies and associations of teachers in a particular discipline 
are important sources of respect and professional interaction for faculty. 
Their members pass judgment on papers and proposals and critique other 
professional work (Manduca, 2008). The attitudes of disciplinary peers not 
only influence the willingness of individual instructors to change how they 
teach, but also shape research and development of effective approaches to 
teaching in the discipline. Each of the science and engineering disciplines has 
a distinct set of values, criteria for excellent work, and behavioral norms 
(Austin, 2011, p. 7).

•	 Higher education associations, such as the Association of American 
Universities (AAU), the Association of American Colleges & Universities 
(AACU), and the American Association of Community Colleges, have under-
taken initiatives to improve undergraduate STEM education.

•	 Networks and resource centers offer opportunities for collegial interaction 
and make available curriculum and other resources to support research-based 
reforms. 

•	 Federal agencies, such as NSF, and some state agencies have provided funding 
and policy support for reforms of undergraduate STEM education. 
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•	 Nonprofit institutions and foundations have provided funding, professional 
development, research and policy support, or other activities to enhance the 
quality of undergraduate STEM education.

The remainder of this section describes some of the many ways in which 
external groups can support research-based reforms of undergraduate science and 
engineering education.

Promoting systemic reform of undergraduate STEM education

AACU, which comprises more than 1,300 member institutions from all sec-
tors of higher education, has joined forces with Project Kaleidoscope (PKAL) to 
improve the effectiveness of STEM education. For the past two decades, PKAL has 
researched and implemented strategies to improve STEM curriculum and teach-
ing. The AACU project is developing a framework that campus leaders can use to 
translate national recommendations for improving student learning and success 
in STEM into scalable and sustainable actions (Association of American Colleges 

& Universities, 2014). Up 
to 12 colleges and universi-
ties in California will be 
selected to test evidence-
based strategies for trans-
forming programs, depart-
ments, and institutions. 

In 2011, AAU 
launched a five-year under-
graduate education STEM 
initiative to influence the cul-
ture of STEM departments 
at its member institutions, 
which include leading public 
and private research universi-
ties. An ultimate goal of the 
initiative is to encourage and 

support faculty in the use of research-based teaching practices. As described below, 
the initiative has developed a framework for systemic change in undergraduate 
STEM teaching and learning and has selected and provided support to eight mem-
ber institutions to pilot key aspects of the framework. 
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Designing Learning

A National Organization Leverages Systemic Change 
in STEM Teaching and Learning

AAU has made the improvement of undergraduate 

STEM education an organizational priority through 

a five-year initiative that seeks to help higher edu-

cation institutions align teaching practices with 

evidence about how students learn best in STEM 

disciplines. As a national organization, AAU has an 

advantage of being able to convene crucial stake-

holders like university leadership, disciplinary groups, 

other national organizations, and funding entities, 

says AAU project director Emily Miller.a

The initiative includes the following activities 

(Association of American Universities, 2013b, n.d.):

• Framework for systemic change. AAU developed 

a framework to guide institutions and faculty as 

they commit to using research-based practices 

to improve STEM teaching and learning. The 

practices promoted by the framework include 

the kinds of student-centered, active learning 

pedagogy documented in the 2012 NRC report 

on DBER. The framework outlines a set of key 

institutional elements that need to be addressed 

in order to bring about widespread and sustain-

able change.

• Project sites. With a three-year, $4.7 million 

grant from the Helmsley Charitable Trust, AAU 

has provided seed money for pilot projects at 

eight AAU member universities—both public 

and private—in various regions of the country. 

These sites are implementing major undergradu-

ate STEM education reform projects that address 

the three key elements of the framework: effec-

tive pedagogy, scaffolding and support for fac-

ulty, and cultural change at the institutional and 

departmental levels.

• AAU STEM network. AAU is developing a net-

work that will enable faculty and administrators 

at its member institutions to share best practices 

and promote sustainable change in undergradu-

ate STEM teaching and learning. With seed fund-

ing from the Burroughs Wellcome Fund, AAU has 

developed an online hub to showcase promis-

ing programs and practices being implemented 

at member campuses and to support ongoing 

interaction among those who are leading reform 

efforts on their campuses. 
a  Interview, November 15, 2013.
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• Metrics and evaluation. With an NSF grant, AAU 

is developing metrics to help the project sites, as 

well as other institutions, assess the current sta-

tus of STEM teaching and learning at their insti-

tutions and track the progress of their reform 

efforts. The metrics will also be used to evaluate 

the overall impact of the AAU STEM initiative.

“The initiative has created a platform to bring 

together individuals on our campuses who have 

wanted to have a dialogue with each other,” says 

Miller. The eight project sites are taking somewhat 

different approaches to implementing a common 

framework and are at different stages of promoting 

research-based practices.

The initiative has already had an impact 

(Association of American Universities, 2013a). All 

AAU member institutions have designated a campus 

point of contact to serve as a liaison with AAU for 

the STEM education initiative. In 2013, half of AAU’s 

62 member institutions participated in a summer 

workshop focused on creating the AAU STEM net-

work. Even the 23 institutions that applied for but 

did not receive project grants have been positively 

affected, notes Miller. As part of their applications, 

these institutions developed concept papers that 

examined such factors as department and faculty 

engagement, institutional commitment, likelihood of 

sustained organizational change, and commitment 

to evaluation and assessment. Many of the campuses 

have successfully advanced these proposed projects 

with other funding sources.

As a resource for other higher education institu-

tions, AAU is disseminating examples of the innova-

tive efforts to reform STEM teaching and learning 

that are being implemented by its member campuses 

(see www.aau.edu/stem).
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Setting standards for student outcomes

The accreditation standards adopted in 1996 by ABET, the agency that accredits 
engineering programs, demonstrate how an external body can influence the qual-
ity of teaching and learning in a discipline. These standards—called Engineering 
Criteria 2000, or EC2000—shifted the basis for accreditation of degree-granting 
programs from what students are taught to what students have learned. By adopt-
ing these standards, the ABET Board intended to increase student learning and to 
better prepare program graduates to enter the profession.

The standards specify 11 learning outcomes that cover not only students’ 
mathematical, scientific, and technical knowledge, but also other professional 
skills, such as solving unstructured problems, communicating effectively, and 
working in teams (ABET, 2009). Programs seeking accreditation must assess and 
demonstrate their students’ achievement in each of those areas, as well as meet 
additional standards for program faculty and facilities. The standards also stress 
awareness of ethical and contextual considerations in engineering. 

Producing these learning outcomes, which are consistent with findings from 
research, would require new kinds of teaching. The EC2000 initiative assumed 
that as engineering programs aligned their curriculum with the standards, faculty 
would be motivated to revise their instruction and assessment practices accord-
ingly. A study commissioned by ABET of the impact of EC2000 concluded that 
“the implementation of the EC2000 accreditation criteria has had a positive, and 
sometimes substantial, impact on engineering programs, student experiences, and 
student learning” (Lattuca, Terenzini, and Volkwein, 2006, p. 12). Based on com-
parisons of graduates’ self-reported learning outcomes, the study concluded that 
2004 graduates were measurably better prepared than their 1994 counterparts 
in nine learning areas assessed. Findings from the study “strongly suggest that 
improvements in student learning have indeed resulted from changes in engineer-
ing program curricula, teaching methods, faculty practices, and student experi-
ences inside and outside the classroom” (p. 13).

The ABET standards have encouraged frank discussions about curriculum 
and instructional practices among engineering faculty at many institutions. 
Faculty involved in the Iron Range Engineering program, described in Chapter 4, 
considered how to meet the ABET outcomes in the best ways suggested by 
research, rather than reframing existing curriculum to make it appear that a pro-
gram already met the ABET outcomes—determining, for example, that “this one 
week in this one course connects to ethics, so, ‘Check!’” says Rebecca Bates,19 

19 Interview, July 8, 2013.
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an engineering professor at Minnesota State University, Mankato, who became 
involved in the Iron Range program after its founding. With the ABET outcomes 
as a guide, faculty in the Iron Range program determined that they would teach in 
a way that drew from research on student motivation, connected technical experi-
ences with issues of value to society, modeled how to solve engineering problems 
and how to communicate those solutions, and developed students’ skills of work-
ing in teams, among other components. And while several people agreed that this 
was what good instruction should look like, “people also said, ‘I can’t do it at my 
school,’” Bates recalls. “It’s really hard to change a juggernaut’s direction. . . . If 
[the engineering program] is already good, students are already learning. But the 
question is, are students learning as much as they could, and who is being exclud-
ed from engineering education?”

While the ABET standards are unique among accreditation criteria for 
undergraduate STEM programs, they illustrate how an external group can strong-
ly influence teaching in a discipline.

Sponsoring professional development 

Disciplinary societies, professional associations, and other national and regional 
groups play an important role in sponsoring professional development to improve 
the teaching skills and knowledge of science and engineering instructors. STEM 
faculty workshops sponsored by scientific societies often aim “to develop expert 
competence in teaching, to enhance faculty views of teaching as a scholarly activ-
ity, and to promote the use of evidence in evaluating the effectiveness of teaching 
practices,” writes Robert Hilborn, associate executive officer of the American 
Association of Physics Teachers (Hilborn, 2012, p. 6). Their ultimate goals are to 
improve student learning and attitudes about STEM education and to attract more 
students to STEM careers. 

Here are some notable, longstanding examples of national professional 
development efforts sponsored by disciplinary societies, professional associations, 
and similar groups:

•	 The	National Effective Teaching Institute, sponsored by the American Society 
for Engineering Education, is a three-day workshop established in 1991 to 
familiarize engineering faculty members with proven, student-centered strate-
gies (Felder and Brent, 2010). Engineering deans may nominate up to two 
faculty members from their campuses and are expected to pay their nominees’ 
expenses of attending. Past participants in the Institute credited the workshop 
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with increasing their awareness and use of various learner-centered strategies 
(Felder and Brent, 2010). 

•	 Since	1996,	the	American	Association	of	Physics	Teachers,	the	American	
Physical Society, and the American Astronomical Society have sponsored 
New Faculty Workshops for faculty in their first three years of a tenure-
track position. More than 1,600 faculty—roughly one-third of all new hires 
at U.S. institutions awarding a baccalaureate in physics or astronomy—have 
participated in the workshops since their inception, estimates Ken Krane,20 
an Oregon State University physics professor and longtime workshop 
leader. At the three-and-a-half-day workshops, participants are introduced 
to instructional strategies and innovations that “are effective and reason-
ably easy to adopt,” says Hilborn.21 Roughly half of the workshop time 
is devoted to small-group sessions in which participants can practice and 
discuss the techniques they are learning. Department chairs nominate new 
faculty to attend the workshop, which helps bring the chairs on board with 
the workshop mission, says Krane, and the involvement of the disciplin-
ary societies carries considerable weight with research universities (which 
account for more than half of the workshop participants). An evaluation of 
the New Faculty Workshops found that they have been effective in raising 
participants’ awareness of research-based practices and providing them with 
an initial experience but are less effective in helping participants implement 
strategies and stay engaged once they go back to their home institutions 
(Henderson, 2008). 

•	 On the Cutting Edge, a professional development project of the National 
Association of Geoscience Teachers, has offered workshops for current and 
future geosciences faculty since 2003 (which are a spinoff of a series of work-
shops series for new geosciences faculty begun in 1999). On the Cutting Edge 
also sponsors an integrated website with teaching and learning resources and 
opportunities for ongoing networking (Manduca, 2011; Manduca et al., 2010). 
In a survey by McLaughlin and colleagues (2010), faculty who had partici-
pated in On the Cutting Edge were more likely than nonparticipants to report 
adding small-group activities to their teaching; spending less time lecturing and 
more time using in-class questioning, small-group discussion, and in-class exer-
cises; and making more use of education research. On the Cutting Edge alumni 

20 Interview, December 2, 2013.
21 Interview, December 3, 2013.
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also significantly changed their attitudes about teaching, moving more toward 
active learning approaches (Macdonald et al., 2005).

•	 As	described	in	Chapter	2,	the	National	Academies	and	the	Howard	Hughes	
Medical Institute sponsor week-long Summer Institute workshops in biology 
that have reached roughly 1,000 biology instructors since 2004.

As noted in Chapter 2, these types of professional development have gener-
ally helped to increase participants’ awareness of research-based innovations, but 
overall their effectiveness in driving changes in practice has been limited. Studies 
of programs that have shown some success in reforming participants’ instruction 
point to the importance of providing extended follow-up, which is difficult to do. 
Chapter 2 describes additional components of professional development that tend 
to be associated with changes in practice.

Providing funding and other support for research-based teaching and learning

External groups can advance improvements in undergraduate science and engi-
neering education through many other means. Funding is one important area. 
Federal agencies such as NSF, the U.S. Department of Education, and NASA, as 
well as state agencies and foundations, have provided critical funding for research, 
innovative programs, materials development, and other activities to improve 
science and engineering education. “A key for transformation at universities, 
especially at large research universities, has been federal funding,” says Noah 
Finkelstein of Colorado. At his institution, he notes, “NSF has done tremen-
dous work by supporting institutional transformation in different disciplines at 
the undergraduate level.” Individual practitioners highlighted in this book have 
also found outside grants to be useful in advancing their research on promising 
approaches or implementing innovations on a larger scale.

External groups can also contribute to the intellectual and policy foun-
dations of research-based instructional reform. Through its DBER study and 
other studies of undergraduate science and engineering education, the National 
Academies, for example, have synthesized and disseminated knowledge about 
research-based approaches and made policy recommendations. 

Establishing collegial networks and sharing materials and information are 
additional ways in which external groups can be forces for reform. Instructors 
who are committed to reform but are isolated in their own work environments 
may find supportive and knowledgeable colleagues outside of their own insti-
tution through national or regional networks or professional organizations 
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(Fairweather, 2008). Often these networks are built around a particular disci-
pline or instructional strategy. For example, instructors who are implementing 
the Process Oriented Guided Inquiry Learning (POGIL) approach described in 
Chapter 4 share curriculum materials and expertise, connect through national 
and regional workshops, and take advantage of expert consultations through 
The POGIL Project. 

Regional and national resource centers also support the use of research-
based practices. For example, SERC at Carleton College collects and disseminates 
curriculum and instructional materials, conducts and publicizes research on teach-
ing and learning, provides guidance and professional development on implement-
ing research-based reforms, and creates opportunities for networking. SERC also 
serves as a physical and virtual connection point for colleges and universities 
across the country at which geosciences is taught. 

In addition to sponsoring professional development, disciplinary societies 
and professional associations have advanced effective instructional practices by 
forming education interest groups within the larger organization, broadening their 
journals and other publications to highlight research on teaching and learning and 
effective instructional practices, developing tools to evaluate effective instruction, 
and scheduling sessions on DBER and effective instruction at their conventions 
and meetings, to cite just a few examples. 

Conclusion

Making meaningful changes in the larger contexts that affect undergraduate sci-
ence and engineering education requires the effort of faculty and leaders “pulling 
together to achieve a common goal,” write Smith and MacGregor (2000, p. 81). 
It takes a collegial spirit and a willingness to try new things and learn from them. 
While individual instructors can do much on their own to improve teaching and 
learning, a great deal more can be achieved when departments, institutions, and 
external partners are committed to supporting this process. 
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Resources and Further Reading

Association of American Universities’ Undergraduate STEM Education Initiative 

www.aau.edu/stem

Discipline-Based Education Research: Understanding and Improving Learning in 

Undergraduate Science and Engineering (National Research Council, 2012) 

  Chapter 8: Translating Research into Teaching Practice: The Influence of Discipline-

Based Education Research on Undergraduate Science and Engineering Instruction

Science Education Initiative at the University of Colorado Boulder 

http://www.colorado.edu/sei/index.html

Problem-based learning at the University of Delaware 

http://www.udel.edu/inst
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Learning involves changing your thinking. As students progress through the under-
graduate years, we not only expect them to change their knowledge and ways of 
thinking in the disciplines they study, but we also hope they will mature and develop 
attitudes and behaviors that will prepare them for the next stages of their lives. If 
you are an instructor, you expect students to undergo conceptual changes that lead 
to greater understanding of key ideas in your discipline. If you are a higher educa-
tion leader, you expect your students to grow during their time at your institution in 
ways that will ready them for graduate education or careers. 

A willingness to change your thinking is also integral to the practice of sci-
ence or engineering. If you test a hypothesis or a prototype and the results dif-
fer from what you expected, you need to revise your hypothesis or alter your 
design—perhaps multiple times. Recognizing the need for change is a strength that 
produces better outcomes.

So it is, too, with teaching. A compelling body of evidence, drawn from 
research on how people learn science and engineering, shows that student-
centered methods of teaching and learning are more effective than a traditional, 
passive approach that depends mostly on the instructor delivering information 
through lectures. 

This book makes a case for instructors to hold themselves to the same 
expectations that they have for their students and to apply the same mindset that 
they use in their disciplinary research to their roles as teachers. In short, this book 
advocates that faculty and administrators be open to using research on learning to 
guide their conceptions about the best way to teach. 

The reasons for changing instruction and suggestions for how to do this can 
be boiled down to these:

Epilogue   On Changing Minds
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•	 Effective instruction starts from an understanding of how students learn sci-
ence and engineering. Research has yielded insights about how students con-
struct knowledge based on prior understanding, what types of misconceptions 
students commonly have, how novices differ from experts in their conceptual 
understanding and problem-solving approaches, and other aspects of learning. 
These insights provide a blueprint for revising instruction. 

•	 Changes can be implemented gradually, without taking too much time or 
causing unnecessary upheaval. Many expert practitioners started small by 
incorporating one research-based strategy, such as ConcepTests with Peer 
Instruction, and then adding other research-based approaches as they became 
more comfortable with interactive methods. Even partial changes can signifi-
cantly improve student learning.

•	 Establishing challenging goals for what students should learn will guide 
choices of instructional methods and assessments. Setting learning goals that 
emphasize the comprehension and application of important concepts is an 
important first step in identifying activities that will help students achieve these 
goals and the types of assessments that will best measure students’ progress. 

•	 Research-validated instructional strategies and curriculum materials are 
already available. Instructors do not have to start from scratch when design-
ing new teaching approaches. The strategies described in this book have been 
used successfully by numerous practitioners and can be adopted and modified 
to meet the needs of local students and institutions. Materials are also widely 
available to help implement these strategies.

•	 Research-based strategies can work in a variety of settings, including large 
introductory courses. Many of the strategies described in this book have 
been effectively implemented in classes with hundreds of students as well as 
small classes; in regular classrooms as well as redesigned learning spaces; 
and in different types of institutions, from community colleges to large 
research universities.

•	 Challenges to using research-based instructional strategies can be surmounted. 
Many of the common reasons people give for why they cannot use student-
centered instruction are myths. Genuine challenges, such as concerns about 
student resistance or the time required to revise your teaching, have been suc-
cessfully addressed by thoughtful instructors.
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•	 Assistance with the implementation process is available. Many expert practi-
tioners eased their jitters about transforming their teaching by participating in 
professional development, seeking assistance from supportive colleagues, and 
other strategies.

•	 Departments, higher education institutions, and outside organizations can 
support instructors’ efforts to change their teaching. Examples of such support 
include making grants to encourage departments to redesign courses, providing 
professional development, or revamping policies for faculty work schedules, 
instructor evaluations, and release time, among others. Even if a department 
or institution is not overtly hospitable to changes in teaching practice, instruc-
tors may still receive support from like-minded colleagues inside or outside the 
institution, disciplinary societies, collegial networks, and other sources.

Change can be uncomfortable, but it can also be exciting and inspiring. 
Imagine a physics class in which students work in groups to calculate where to 
place an airbag to safely catch someone shot from a cannon with certain specifi-
cations. Or an engineering class in which an undergraduate designs a light board 
for a disc jockey service as a final project. Or a biology course in which students 
apply what they have learned about human physiology and data analysis to solve 
a hypothetical problem about how an alien life-form’s kidneys would work.

All of these activities and countless more have been done by practitioners 
who have successfully implemented research-based instruction. Changing your 
instruction toward more student-centered approaches can improve your students’ 
learning and stimulate their interest in science or engineering—and inspire you in 
the process.
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