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1
I N T R O D U C T I O N

Making the Most of the Time We Spend Teaching

In the movie Groundhog Day (Albert & Ramis, 1993), Phil, a Pittsburgh 
weatherman with delusions of grandeur, gets caught in a time warp, 
repeating one day of his life over and over and over—Groundhog Day. 

He is stuck in what he considers the ends of the earth, the little town of 
Punxsutawney, Pennsylvania. It’s cold, it’s dreary, and he hates covering the 
hokey story of whether the groundhog sees his shadow. He keeps running 
into an obnoxious former classmate, stepping in a mud puddle, and getting 
rejected in various ways by the woman he loves. Nothing he does allows him 
to break this cycle. Although he can’t change the initial events each day, he 
can change the outcome of each encounter through his response to it. Time 
moves on only when he accepts his condition, reenvisions what he wants out 
of life, and changes the choices he makes.

What does this story have to do with a book on teaching college science? 
Science and math can be demanding topics to teach—topics that students 
may fi nd uninteresting and diffi cult. As science and engineering faculty, we 
also may sometimes feel caught in a frustrating cycle, one in which the hours 
we spend teaching do not translate into the kind of learning we want from 
our students. According to a 2012 study, faculty spend an average of 50 
hours per week working and, of that time, about 20 hours are spent on 
teaching-related activities (Bentley & Kyvik, 2012). For faculty at certain 
kinds of institutions or at certain stages of their career, that number can be 
much higher. Yet most of us don’t want to just clock time when we are teach-
ing. We want to enjoy what we do and feel that it matters. Although we may 
enjoy many aspects of our teaching, all of us have days when we feel that the 
time we spent in the classroom could have been spent more productively 
elsewhere. We can sometimes feel stuck, like Phil, spending day after day on 
activities that produce the same unsatisfactory results.
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2  TEACHING UNDERGRADUATE SCIENCE

So how do we break out of this cycle and get more out of the time we 
spend teaching? One important step is to fi gure out what we want to accom-
plish as teachers. Then we can intentionally plan ways to accomplish it. As 
we strive to make our teaching more productive, we will encounter some 
roadblocks based on common problems that students have in learning sci-
ence. In the following chapters I discuss various learning problems endemic 
to teaching science and engineering and propose strategies to address them 
based on research studies in the cognitive sciences and education. I calibrate 
the suggestions I offer to recognize individual preferences in teaching styles. 
In the last chapter I extend these ideas to provide a framework for thinking 
about our course design and teaching choices to direct our teaching energies 
more purposely. In this chapter I elaborate on how a teaching perspective 
common among scientists connects our research to our teaching. 

Common Teaching Perspectives in Science

When I began teaching, I did not think particularly about what I wanted 
to accomplish as a teacher. Rather, I thought about what I was supposed 
to do. My perception of my job was that I needed to prepare clear, organ-
ized lectures and deliver them to students. I needed to be willing and able 
to answer their questions and provide some extra help with explanations for 
those industrious students who hit a snag. My students’ jobs were to learn 
what I was teaching. This view is a common one among teachers and has 
been called the “transmission perspective” (Pratt, 1998). Daniel Pratt recog-
nized and described fi ve distinct perspectives of teaching from his work with 
faculty: transmission, apprenticeship, developmental, nurturing, and social 
reform. Faculty may mix and match these approaches depending on the var-
ied content or contexts of our teaching, and our views of teaching may change 
over time. Not surprisingly, new faculty often initially adopt the teaching 
 perspectives that they experienced as students in their disciplinary fi elds. 
Given the nature of science, the transmission perspective is especially com-
mon. After all, science changes very rapidly, and math and science concepts 
and relationships are often abstract or nonintuitive (or both), thus making it 
diffi cult for students to understand them on their own. Fewer science faculty 
overtly adopt the developmental, nurturing, or social reform perspectives. 
Aspects of these approaches, however, may be represented in another very 
popular teaching perspective in science: the “apprenticeship perspective.”

The apprenticeship approach of teaching is a powerful one for promot-
ing students’ intellectual growth. In this approach we work closely with our 
students as we engage them in our research, often working side by side with 
them in the laboratory or fi eld. We model scientifi c thinking, guide their 
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INTRODUCTION  3

learning of process, provide an opportunity for them to practice the disci-
pline, and give them feedback on their efforts. We also let them take some 
initiative that can lead to exciting results. As physicist and Nobel laureate 
Carl Wieman points out, the few years of the apprenticeship of graduate 
work produce miraculous student development that all of a student’s prior 
years of education do not (2007). Cultivating learning through research is 
not automatic, of course, and some experiences work more positively than 
others. I discuss ways to help undergraduate students get the most out of 
research and laboratory classes in chapter 7. That said, however, faculty 
often have the most satisfying teaching experiences in these apprenticeship 
encounters with students. For many of us, this perspective captures our high-
est aspirations for our teaching and our students’ learning. 

How can we realize the advantages of the apprenticeship perspective in 
our teaching more generally? Research in cognitive psychology and related 
fi elds has identifi ed some of the key features of the apprenticeship model 
that work to foster human learning so successfully. Specifi cally, the appren-
ticeship model involves students in deliberate practice, or activities essen-
tial to the development of elite expertise in a fi eld (Ericsson, Krampe, & 
Tesch-Römer, 1993). Deliberate practice refers to engaging students in the 
demanding activities or problems or ways of thinking relevant to developing 
expertise in a discipline. Essential to this process are graduating these activi-
ties according to the learner’s stage of development and providing expert 
guidance and feedback. The amount of time spent in deliberate practice may 
well turn out to be one of the most essential factors in achievement in any 
fi eld. Fortunately, the concepts inherent in deliberate practice can be adapted 
to work in the classroom and teaching laboratory (Wieman, 2012). Thus, we 
do not have to reserve the power of the apprenticeship approach just for our 
research students; we can also leverage it in our daily teaching encounters 
with students. The research and strategies I provide in this book are designed 
to help you do just that.

Although there is no magic pedagogical bullet when it comes to teaching, 
a number of evidence-based strategies can more often promote the kind of 
learning we want in our students. In subsequent chapters I describe what we 
know about the specifi c cognitive challenges inherent in the particular tasks 
that we ask students to undertake in science classes. I also explore how we can 
capitalize on that research to use more effective, effi cient teaching approaches. 
In this introductory chapter I link some of these key ideas to the apprentice-
ship model of teaching, a model that most of us fi nd natural and effective. In 
this way, we may see more easily why some of the teaching strategies I describe 
throughout this book can help us achieve the kind of learning we want for our 
students with the least amount of wasted time and effort on our part. 
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4  TEACHING UNDERGRADUATE SCIENCE

Connecting Key Ideas About Learning With Apprenticeship

Research in the cognitive and learning sciences suggests a number of ideas 
that are especially key as we seek to promote learning in students. These 
include the need to

• Uncover and capitalize on students’ prior knowledge 
• Provide practice and feedback, not just assessment 
• Motivate students 
• Help students think about their thinking 
• Create positive beliefs about learning
• Cultivate self-regulated learners

Next, I discuss how each of these ideas typically manifests in the apprentice-
ship model and how we can adapt these approaches for our classroom teaching.

Uncovering Prior Knowledge

One of the most important facts about human cognition is that our prior 
knowledge is instrumental in either helping or hindering our learning. As 
we are exposed to new ideas, we test them against our prior understandings, 
trying to fi t them within preexisting mental structures if we can. If new ideas 
fi t logically within prior understandings, then they deepen or broaden our 
learning. If they do not fi t, then we either discard them or tuck them away 
in some other part of our brain where we may or may not fi nd them again. 
If students have accurate foundational knowledge, they can incorporate new, 
related concepts much more easily. On the other hand, we all know that 
student misconceptions are common in science. These naïve understandings 
inhibit the incorporation of new, accurate knowledge and are extremely hard 
to unseat. As faculty, it is very important for us to know what students know, 
or think they know, as we introduce a topic. 

The research setting naturally provides a powerful environment for uncover-
ing students’ prior knowledge. In research settings, we can readily see when 
students do not know how to do a procedure or how to interpret data. We 
do not have to probe too deeply to discover that this lack of understanding 
often goes beyond just the mechanics of the process to a fundamental gap 
in their conceptual understanding. This discovery can in fact be illuminat-
ing for us, because as experienced scientists we have usually forgotten our 
own struggles with understanding—a phenomenon termed expert blind spot 
(Nathan, Koedinger, & Alibali, 2001). I remember being a bit confounded 
during an organic chemistry laboratory when a student asked me how she 
would know when all the liquid had evaporated from her sample. To her 
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INTRODUCTION  5

credit, as I stared blankly at her, she asked, “Is that a dumb question?” In one 
sense, no, it wasn’t. She did not know enough (or had not put all the ideas 
together) to realize that her product was a solid, and thus she would know 
when the liquid was gone because it was gone. To an expert, however, her 
question seemed as silly as asking when we would know it was raining as we 
stood outside. 

Students’ gaps in prior understanding may show up in their lack of pre-
requisite background information or experience, such as my example in the 
preceding paragraph. More problematic, however, are the cases in which stu-
dents have background knowledge and think they understand something, 
but they don’t. Science students’ misconceptions can be extreme and persis-
tent. Common examples include those in the famous educational video A 
Private Universe (Pyramid Film & Video, 1988), in which undergraduates 
graduating from Harvard were asked about the causes of the seasons. The 
explanations of the students, including physics majors, overwhelmingly cited 
the earth’s distance from the sun as the underlying cause—a commonsense, 
albeit erroneous, rationalization. Likewise, undergraduates including biology 
majors typically overlook the role of carbon dioxide in contributing to plant 
growth weight (Eisen & Stavy, 1988). After all, the water and soil are visible, 
but carbon dioxide is not.

The naïve explanations that students carry over from childhood obser-
vations cannot be overturned simply by lecturing to them. Working in a 
research setting often provides opportunities for students to make predic-
tions and experience cognitive confl ict when results do not fi t their expecta-
tions. This overt confrontation of fancy with fact can help students start to 
dismantle their prior mental models and construct them anew with more 
accurate explanations. The critical piece of this process, however, is that stu-
dents must articulate their predictions or expectations prior to their observa-
tions. Research on the use of demonstrations in lectures, for example, has 
shown that students are perfectly capable of seeing what they expect to see 
rather than what actually occurs (Crouch, Fagen, Callan, & Mazur, 2004; 
Milner-Bolotin, Kotlicki, & Rieger, 2007). Thus, a key advantage of the 
research experience over passive observation of phenomena is the student’s 
active involvement in all aspects of hypothesis posing and testing.

So how do we draw on the strengths of the research environment to 
uncover students’ prior understandings and revise their pre- or misconcep-
tions in our other teaching settings? Research activities are not unique, obvi-
ously, in providing opportunities to expose one’s ignorance. What is perhaps 
different is that in research situations we typically provide students with 
regular opportunities to demonstrate their understanding or lack thereof in 
a practice or low-stakes circumstance before they participate in an expensive, 

Sample Chapter www.Styluspub.com



6  TEACHING UNDERGRADUATE SCIENCE

decisive procedure. There are also more opportunities for discussion of the 
ideas in the experiment. In our courses, students often only demonstrate 
what they know in high-stakes testing situations, or on homework where 
relying on the text or one’s friends to provide answers is all too easy. And 
common experiments in teaching laboratories may simply involve rote activ-
ities with very little active refl ection by students. If we interrupt our lectures 
with chances for students to answer challenging questions or work on prob-
lems, either alone or in groups, we can learn a lot about what students are 
thinking, as I discuss more fully in the following sections. And if we provide 
specifi c time in teaching laboratories for students to talk together about what 
they know about the phenomena and what they expect to fi nd out, we can 
uncover their naïve understandings. Chapters 2, 4, 5, and 7 provide a variety 
of suggestions of ways to conduct these activities productively.

Providing Practice and Feedback

Learning is in many ways an iterative process of fi rst exposure, processing, 
and feedback (Walvoord & Anderson, 1998). Typically, faculty provide fi rst 
exposure to content through lectures, assign homework for students to pro-
cess ideas on their own, and give feedback through grading. Elsewhere in 
this book (chapters 2, 4, and 5) I present some arguments that this model 
may not be the most time-effi cient or effective division of labor for us or 
our students. At this point, however, let me tie this model to the ideas of 
deliberate practice we see in the apprenticeship activities of research. Research 
experiences often provide an ongoing and almost synchronous process of testing 
ideas, trying out procedures, collecting data, and receiving feedback to inform 
future choices. Research is an active process, whereas class time all too often 
is a passive one. 

But how do we capture in our classrooms the vibrant, dynamic learning 
cycle of the research experience? The traditional didactic approach of the lec-
ture does not allow us to determine what is happening in our students’ minds. 
Nor does it give students a chance to practice these ideas and receive feed-
back in a timely way (essentials of deliberate practice). Even if we use online 
homework programs to provide feedback to students as they work problems, 
that homework exercise is often done after a class on that topic. There is no 
opportunity for us to guide student thinking productively in real time.

A myriad of options are available to us for creating a more give-and-take 
environment in the classroom, even in large classes. I discuss these through-
out the book, but especially in chapter 2. An initial, easy approach to collect-
ing information on how students are learning in large classes is through the 
use of classroom response systems (“clickers”) or responseware. This technol-
ogy enhancement allows us to pose questions to students and collect and 
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INTRODUCTION  7

display the responses from the whole class via computer. Giving students 
questions or problems to ponder and practice also allows them to process 
content and move it out of working memory on its way to long-term under-
standing. Additionally, this system provides feedback to our students as well 
as to us about what ideas are resonating and which ones are not prior to a 
high-stakes exam.

At this point, you may be saying, “Yes, but I need to cover content, 
and all these approaches take time.” The tyranny of content is a real issue 
in science education. Science changes so rapidly that, in some fi elds, what 
we teach today may be outmoded tomorrow. But that fact reinforces the 
need to teach students how to think like scientists and how to learn on their 
own. In today’s world, it may be much less critical to provide students with 
all the content and much more important to help them learn how to access, 
evaluate, and process it. If we hold students accountable to accessing some 
preliminary information prior to class, through video, reading, or solving 
problems, then in class we can spend more time allowing them to practice 
these concepts and skills with feedback from us. Rather than spend time 
going over concepts that students understand, we can spend time on the 
areas in which they struggle. We can use the time we save to integrate teach-
ing the content with the thinking processes students need to make sense of 
it. By holding students accountable in this way, faculty often fi nd that they 
are able to include more advanced concepts in their classes and their students 
are able to answer and ask more meaningful questions. The caveat, of course, 
is that we may not be accustomed to teaching this way and our students may 
not be accustomed to our conducting class this way. In later chapters I dis-
cuss how to institute some of these approaches incrementally in a way that 
makes adapting to them easier for us and our students.

Motivating Students

One of the key requirements for learning is motivation (for a good overview, 
see Svinicki, 2004). We have to want to learn, to see some value in achieving 
that goal, or we do not focus our attention on what we are trying to learn. 
Without our attention, nothing productive can happen cognitively. In addi-
tion, to be motivated we must believe that we can indeed achieve our goal, 
a concept termed self-effi cacy. Motivation can help us persist in the face of 
diffi culties, and being motivated to work toward a goal can help us track our 
progress and develop a better sense of our own abilities. 

Motivation can thus be enhanced by factors that affect the perceived value 
of a goal and our belief in our ability to achieve it. What we value may be that 
we enjoy what we are learning, we fi nd it useful, or perhaps some group with 
which we identify fi nds it meaningful. Our feelings of self-effi cacy can be 
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8  TEACHING UNDERGRADUATE SCIENCE

affected by the perceived diffi culty of the goal, our prior experiences, the sup-
port and encouragement of others, and our beliefs about learning. How do 
these ideas from motivation theory connect to our work with students in the 
research setting? When students work with us in our research groups, their learn-
ing has an explicit, motivating purpose and a built-in system of support. The goals 
in the research lab are clear, the problems are authentic, and often a group of 
people is dedicated to the same objectives. In addition, the work takes place 
in a context that helps frame and develop ideas. The research group provides 
a network of individuals to guide students and—ideally—provide them with 
feedback and encouragement. Certainly, some of our research projects may be 
more motivating to students than others, but regardless, students know that 
they are participating in meaningful work that has a real payoff. 

So how do we draw on these ideas to motivate students in our classroom 
or teaching lab settings? One takeaway lesson from research group that can 
be applied to the class environment is that being clear about what we want 
students to gain from our classes and communicating those expectations to 
students helps enhance their motivation. Relatedly, we need to show students 
why what we are teaching matters and why they should care about it. Letting 
them know how various specifi c details fi t into a bigger picture provides a 
context for students that explains why we and they should care. Our teach-
ing can be more satisfying and effective if we let go of the frustration we feel 
because our students are not like us. Instead, we let our natural enthusiasm 
for science shine through as we share the importance and value of what we 
are teaching. Inevitably, one of the most powerful motivators for students, 
and a characteristic that they universally appreciate in their teachers, is a pas-
sion for the subject. Basically, our own natural enjoyment of science can be 
contagious and act as a positive force in cultivating students’ interest. 

A second aspect of the research group experience that can be highly moti-
vating is its often collaborative nature. The research team has a shared mission 
and sense of purpose. A team can support students’ development as scientists 
and enhance their feelings of self-effi cacy. Both of these factors are highly moti-
vating. A research group can function, in the best of cases, as a community and 
can generate in students a sense of belonging. In such a community, students 
can feel empowered and supported to try and perhaps fail, and try again. Such 
a community can show students that we care not only about science but also 
about them and that we believe in their ability to do science.

So how do we generate such a feeling of community in our classes, espe-
cially our very large classes? I discuss a number of ways throughout this book. 
Some simple ways to cultivate a feeling of community in class include com-
ing to class or lab early and chatting with students, learning students’ names, 
engaging students in open-ended questions and answers (discussed in detail 

Sample Chapter www.Styluspub.com



INTRODUCTION  9

in chapter 2), and providing low-stakes opportunities for students to practice 
disciplinary work and receive feedback (key elements of deliberate practice). 
Even stepping out in front of the podium and walking up and down the 
aisles can help connect us to our students. A potentially powerful strategy 
that models the team aspect of research groups is the routine use of mean-
ingful, structured group work (discussed in chapters 2, 4, and 5). Effective 
group work requires some planning and fi nesse but can result in making a 
large class feel more like a community. Laboratory sections offer another 
natural community when we provide opportunities for students to talk with 
us and with each other about procedures and results. Motivation theory sup-
ports the idea that students adopt the norms of the group to which they feel 
they belong, whose values are important to them. In other words, peer pres-
sure can work for us if we let it. 

Helping Students Think About Their Thinking

Another essential requirement for meaningful learning is developing the abil-
ity to be metacognitive—being aware of, monitoring, and controlling our 
thinking processes (Bransford, Brown, & Cocking, 1999; Pintrich, 2002). 
The concept of metacognition is a multifaceted one (Martinez, 2006). It 
includes thinking about whether one knows or understands something. The 
construct also encompasses many of the mental processes we employ in prob-
lem solving. And certainly what we categorize as critical thinking involves the 
metacognitive processes of evaluating ideas and weighing options. We can 
also demonstrate metacognition in affective and motivational ways, such as 
by monitoring our beliefs about learning (“I can do this”) and our ability to 
be self-regulating in our habits (“I need to study now”; see Martinez, 2006). 
None of these mental activities are necessarily automatic with students, espe-
cially novices in our disciplines. These activities can, however, be taught. One 
of the goals of higher education certainly is to help students be more meta-
cognitive, though we do not use this language in our college and university 
vision statements. 

Novice students rarely overtly question their thinking unless required 
to do so. One way to promote metacognition is to have students explain 
their thinking to someone else. How does our work with students in our 
research settings exemplify this important facet of learning? In our research 
groups, the processes of thinking and thinking about thinking are made transpar-
ent through collaborative interactions. In the journal club or research group 
meeting format, members think aloud and challenge one another in discus-
sions on theory, methods, and fi ndings. We examine, scrutinize, and defend 
our choices based on disciplinary criteria. This aspect of the research group 
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10  TEACHING UNDERGRADUATE SCIENCE

experience can be somewhat overwhelming for students, but in the best cases 
we  “scaffold” these experiences. That is, students see others in the group 
model the process. They may then be given a chance to do part of a presen-
tation with someone else, or they may practice with an adviser before being 
tasked with the whole group session. 

How do we draw on these ideas to promote students’ metacognition in 
our classroom settings? We often assume that as our students sit and listen to 
our lectures they are constantly in dialogue with themselves—asking how the 
ideas we present connect to other ideas, questioning whether what we have 
said makes sense, and perhaps even disagreeing with some of our ideas. Alas, 
in most cases, this metacognitive activity is not occurring. As novices in our 
fi elds, students often have not developed this supracognitive behavior. To 
their credit, we often do not give them time for this mental activity because 
we are overtaxing them with too many new ideas at once, producing what 
is termed cognitive overload (discussed further in later chapters). To cultivate 
these mental habits in students we need to fi rst model this behavior for them. 
By pausing in class and asking students to take time and connect what we 
have said to other ideas, explain ideas to a partner, generate contradictions, 
or otherwise refl ect on and process ideas, we affi rm this activity for students. 
These strategies also model and allow students opportunities for deliberate 
practice. In essence, students often view science as a set of facts; we need 
to show them that science is a way of thinking. I share teaching strategies 
throughout this book to help us develop our students’ metacognitive abilities.

Creating Positive Beliefs About Learning

Our beliefs about learning can be extremely infl uential in affecting our abil-
ity to learn. Two common, opposing perceptions are that intellectual ability 
is fi xed and that intellectual ability is malleable. If students believe that their 
ability to learn is fi xed or innate, they do not feel that they have any control 
over their learning. Science and mathematics are fi elds in which students 
may harbor extremely destructive beliefs about learning: “I can’t do math,” 
or “I’m not smart enough to do science.” The more we learn about learning, 
however, the clearer it becomes that learning is about changing the brain, 
not fi lling one that is inherently gifted (Zull, 2002). Studies in neuroscience 
show that the human brain exhibits plasticity—that is, the ability to change 
because of behavior, learning, adaptation, or injury (Pascual-Leone, Amedi, 
Fregni, & Merabet, 2005). This change, the biological basis of learning, 
manifests primarily in new or strengthened neural pathways and continues 
throughout our adult lives. Unfortunately, faculty may inadvertently confi rm 
students’ negative beliefs about their ability to learn. We may misunderstand 
the needs of different individuals for motivation and support and the impor-
tant role of emotion in producing this brain change.

Sample Chapter www.Styluspub.com
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As the title of one website touts, “Believing you can get smarter makes 
you smarter” (American Psychological Association, 2003). Some of you read-
ing this book may have been encouraged to enter science simply because one 
of your teachers told you you could—or, perhaps more importantly, because 
you had the opportunity at some point to participate in research and proved 
to yourself that you could do it. Participating in the processes of knowledge 
creation in research experiences demonstrates the effortful, deliberate nature of 
learning. Although I have had the privilege of meeting a few scientists who 
exhibited a brilliance that bordered on omniscience, most of us advance sci-
ence by sheer tenacity added to our own curiosity and hard work. In my own 
history, rather than continue in graduate school right after college gradua-
tion, I worked as a technician in a research lab. Working alongside scientists 
pushing through the day-to-day frustrations of failed experiments and dead-
ends and ultimately achieving a new and exciting breakthrough made me 
realize that, Hey, I could do that! So I went back to graduate school.

How do we make the doable but effortful nature of learning in science 
obvious in our classes? This goal can be a bit tricky to achieve in a positive 
way in our students. At least two challenges are embedded in this issue. On 
the one hand, novice students in science often believe that science is a body 
of facts and that every question has a right and wrong answer. Typically they 
believe that our job is to tell them these facts and their job is to memorize 
and feed them back to us on exams. This stance in intellectual development 
has been termed dualism (Perry, 1968). William Perry studied the intellec-
tual development of Harvard and Radcliffe undergraduates in the 1950s and 
1960s and was a pioneer in this fi eld now sometimes termed personal epis-
temology. His work has been modifi ed and extended for women (Belenky, 
Clinchy, Goldberger, & Tarule, 1986) and elaborated on by others (for a 
review, see Hofer & Pintrich, 1997), but many of these models have similar 
characteristics. As we develop our ideas about what knowledge is and how 
knowing works, we move away from the dualistic or absolutist idea of right/
wrong. We may start to recognize ambiguity, perhaps by believing that all 
answers are equally plausible. Eventually (ideally) we come to a point where 
we realize that some answers are better than others based on evidence. When 
we talk about cultivating students’ “critical thinking” abilities, we often 
are referring to our desire to have them progress along this developmental 
path. For students to transition from one of these epistemological stances 
to another, however, is “existentially as well as intellectually challenging,” as 
biologist Craig Nelson noted (1999, p. 178).

Another issue is, however, that we know that learning anything well, 
especially science, requires time and hard work. Unfortunately, students 
often believe that learning is just easy for some people, not realizing that 
learning is a process. They may not recognize that they spent hours learning 
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12  TEACHING UNDERGRADUATE SCIENCE

to play a sport (or following one) or learning to play an instrument (or keep-
ing up with popular music) to develop their profi ciencies in those areas. They 
excelled at those activities because they spent hours at them, and they spent 
hours at them because they enjoyed them. How do we cultivate such dedica-
tion to science? This question cycles us back to the discussion on motivation 
earlier in this chapter. We need to not only cultivate students’ belief that 
the goal is worth achieving but also foster in students an accurate belief in 
their own ability to succeed (self-effi cacy). Cultivating a student’s ability to 
persist when learning gets diffi cult or boring, however, also depends on their 
developing self-control—that is, self-regulation, which I discuss in the next 
section. The bottom line is that it is usually very diffi cult in a traditional lec-
ture class in science to generate the psychological and emotional conditions 
necessary for students to reevaluate their personal epistomologies and beliefs 
about learning. 

When we privilege content over the thinking process in our classes, assum-
ing that students will pick up the thinking part on their own, we send a strong 
message to students about what is important in science. In essence, when we 
lecture to students, predigesting for them all the debates and work that went 
into developing scientifi c theories and concepts, we reinforce students’ naïve 
ideas about knowing and knowledge in science. One troubling but compelling 
study showed, in fact, a signifi cant deterioration in the maturity of students’ 
beliefs about what physics is and how one learns in physics after a typical 
semester-long introductory physics course (Adams et al., 2006). Obviously, 
we cannot spend all our time in science classes discussing the history and phi-
losophy of science although some of these discussions could be quite valuable. 
But we can introduce opportunities during class and labs that allow students 
to construct knowledge and experience deliberate practice. We can involve 
them in evaluating claims based on data and show them how that process 
contributes to changes in our understanding of phenomena in science. Many 
of us may expect students to develop these abilities through homework assign-
ments, but the diffi culty of making such an epistemological shift on one’s own 
is too great for many of our students. They need our modeling, support, and 
guidance. In many of the subsequent chapters I provide a range of strategies 
and examples based on the research to guide students into more mature beliefs 
about learning.

Cultivating Self-Regulated Learners

As faculty we may feel that we have very little control over our students’ learning 
because we know that learning depends on the student acting positively within 
the opportunities we provide. As the old adage says, “You can lead a horse to 
water, but you can’t make him drink.” A student’s behavior is under his or her 
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control. This simple statement refl ects a complex array of underlying  critical 
concepts, however, including student motivation, metacognition, and self-
regulation. I’ve discussed the importance of motivation and metacognition in 
learning, and how aspects of deliberate practice can develop those attributes in 
students. The third construct, termed self-regulation, refers to a student’s  ability 
to monitor and direct his or her own behavior in positive ways. To advance in 
any fi eld of endeavor, including science and engineering disciplines, one must 
be self-regulating. Students must be self-aware enough of their behavior to real-
ize that it needs to be directed, and they must have the inclination and willing-
ness to control their impulses and persevere in the face of diffi culties. 

I frequently hear faculty complain, “My students don’t know how to 
study.” Students’ insuffi cient study habits may refl ect their lack of motivation 
(including a lack in their belief in their ability to control their learning), lack of 
awareness of how they learn and what behaviors are most productive, or their 
lack of knowledge of effective practices for study. In essence, self- regulation 
includes components of motivation, metacognition, and cognition (Schraw, 
Crippen, & Hartley, 2006), all of which feed back on one another in various 
ways. Schraw and Brooks (2000) describe these elements as the “will” and 
“skill” of learning. For example, if students are motivated to practice prob-
lems, they may get better at it; if they perceive that they are better at it, they 
are motivated to work more problems. Obviously, however, they cannot get 
better if they don’t have a good set of problem-solving strategies, or if they 
don’t realize that these strategies are important in the fi rst place. Fortunately 
for us, self-regulating processes can be taught. They are not just inherent to a 
student’s genes (Zimmerman, 2002). Studies suggest various approaches that 
can develop self-regulation in students: promoting students’ realistic beliefs 
in their ability to learn (self-effi cacy), providing students with known effec-
tive practices, engaging students in collaborative learning opportunities with 
peers and us, and modeling our own self-regulating processes, such as goal 
setting, self-monitoring, and attributing results to appropriate causes.

The differences between the self-regulation of novices and experts are 
telling. Although I deal with this topic more fully in chapter 5, three key 
ideas connect this concept to the power of apprenticeship: experts plan by 
setting personal goals, self-evaluate based on those goals, and attribute suc-
cesses or failures to methods employed rather than innate abilities (Zimmer-
man, 2002). How does involving students in the apprenticeship practices 
of research promote self-regulation? During research group experiences, stu-
dents participate in purpose-driven projects with clear goals, routinely evaluate 
results based on those goals, and receive guidance and support in moving forward. 
Students see how individuals plan, execute, and evaluate long-term projects 
based on the achievement of incremental goals. A key factor to recognize, 
however, is that as experts we derive pleasure from the routine practicing 
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of our craft and thus are motivated to do it; novices typically do not derive 
this same sort of pleasure, due to inexperience. An advantage in our research 
teams, then, is that members typically rely on each other’s contributions to 
advance the project, thus providing built-in expectations and deadlines to 
keep students on task. The camaraderie and cohesiveness of a well-function-
ing team can further help students persist through the inevitable tedium and 
trials of day-to-day research. In the best cases, when diffi culties arise, the 
focus is on solving the problem, not assigning blame.

How do we translate some of these advantages into the classroom envi-
ronment? One key belief to foster in students is that learning is a process—a 
personal project, if you will. And, just as with any project, there are goals, 
strategies that help us progress, and a need to evaluate results as we go for-
ward. One way instructors can model this process for students is to show 
them our thinking strategies as we ponder a problem or read a text. Many 
of us do show students our specifi c approach to solving certain kinds of 
problems, but students can benefi t from seeing our thinking and planning 
processes more broadly as well. For example, modeling how we read sci-
ence texts can be especially illuminating for students. Students typically do 
not approach reading a science text, or any academic text, with a plan in 
mind. Showing students how we preview context, organization, and essential 
takeaways, and then make decisions on how to focus our reading time—for 
example, experts spend far more time on data tables than novices—can be an 
epiphany for students. Using these strategies can help them develop the abil-
ity to discern the essentials from the fl uff and glean more meaning from what 
they read (more on this in chapter 3). We may initially fi nd it challenging to 
articulate our thinking processes in this way because they are now so ingrained 
that they are invisible—another example of expert blind spot. Taking the time 
to do this, however, gives us invaluable insights into diagnosing and address-
ing the specifi c learning diffi culties of our students.

In addition to educating them on our strategies, we need to cultivate their 
abilities to self-monitor and self-evaluate their learning. Providing opportu-
nities for students to practice and receive feedback on work with the focus on 
feedback rather than a grade can emphasize to them that learning is a process, 
not just something smart people know how to do. To cultivate students’ 
abilities to self-monitor their learning more accurately, we especially need to 
provide feedback on what they are doing well, not just what they are doing 
wrong. Showing students that they are indeed improving can enhance their 
feelings of self-effi cacy, which, in turn, can increase their motivation to study. 
Finally, cultivating the feeling of community in class, as I discussed earlier in 
the chapter, provides peer models and support to further enhance students’ 
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motivation and persistence. I discuss a number of specifi c class strategies to 
promote students’ self-regulation in chapter 5.

Putting These Ideas Into Practice

Now that we can see how some of the routine practices we use when guiding 
students during research experiences help them develop as scientists or engi-
neers—or, indeed, as experts in any fi eld—how do we capitalize on these ideas 
in our more routine teaching encounters with students? In the next few chap-
ters I provide more specifi c ideas on how students learn to do certain kinds of 
tasks required for science expertise; for example, learn content in class, read 
science texts, problem solve, learn from research, and write in science. I also 
provide more information on how students learn self-regulation. These ideas 
often encompass facets of deliberate practice. In each case I provide strategies 
and examples of ways to make the most of this research through our teaching 
choices. For each strategy I share estimates on its potential positive impact 
on certain aspects of student learning and on the amount of effort required 
in using the approach. In that way, I hope that all of you reading this will 
fi nd some approach that resonates with you and supports you in achieving 
the goals you have for your students’ learning in a time-effi cient way, making 
your teaching more productive.

Summary

To make the most of the time we spend teaching, we need to decide what 
we want to accomplish. Many of us ultimately want to help students learn 
to think like scientists and engineers—to be curious and thoughtful about 
exploring ideas and problems and able to interpret data and discriminate 
between possible solutions based on evidence. The apprenticeship model in 
research experiences, often the hallmark of science teaching, cultivates these 
characteristics in students. An essential difference between our traditional 
classroom teaching and apprenticeship is that apprenticeship engages stu-
dents in deliberate practice. Deliberate practice is a powerful way to cultivate 
expertise by posing challenging, authentic problems and providing time for 
practice and feedback. Drawing on these approaches as we teach our classes 
and labs can promote students’ intellectual development far exceeding our 
prior experiences. In the following chapters I expand on these ideas within 
the context of specifi c common teaching problems in science.
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