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INTRODUCTION

ourse design is a creative endeavor undertaken by

faculty and instructors whereby they are able to

blend their own personal experiences with best prac-
tices from their discipline and the education research litera-
ture in order to achieve the goals of a given course. There
are many aspects to consider when designing a course, in-
cluding what occurs before the class meets (pre-class), what
happens during class (in-class), and what occurs after class
is over (after-class). Within these three buckets an instructor
must decide upon many components of the course, includ-
ing the types of and numbers of assessments, what kinds of
technology will be used outside and during class, what types
of instructional strategies to use during class, which meth-
ods to use to ensure clear communication with students, how
student feedback will be used to improve a course, how to
foster an open and collaborative learning environment, and
course policies, such as how to handle late assignments, ex-
cused absences, etc.

While not all of these items can be discussed thoroughly
in a single article, the goal of this article is to give an intro-
duction to high structure course design, a model in which
students are expected to be active participants in the learn-
ing process via pre-class content acquisition and assessment,
in-class active learning and problem solving, after-class re-
view assignments, and frequent summative assessments.
High structure courses have been demonstrated to yield
increased student performance !, reduced achievement
gaps B3, and heightened feelings of student belonging.!*!

The major topics from this article were presented in a
workshop at the 2023 ASEE/AIChE Summer School for
Engineering Faculty. The workshop was engaging, with
lively discussions between the author and the approximately
30 participants about applying high structure course design
to chemical engineering courses. Hopefully this article can
convey some of the enthusiasm that was present during the
Summer School, but at the least the main ideas and content
knowledge will be described in the following pages. The
goals of this article are to:
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* Explain what high structure course design is

e Describe why high structure course design is benefi-
cial to student learning and other outcomes

e Identify effective practices for teaching with high
structure

e Develop ideas for implementing principles of high
structure course design into your own chemical engi-
neering courses

WHAT IS HIGH STRUCTURE COURSE
DESIGN?

High structure courses are built on the idea of instructional
scaffolding, where students are guided through the learning
process to achieve ever-increasing goals via the use of ac-
tivities, lessons, and external resources.” This scaffolding
approach helps students organize their knowledge in such a
way as to continually build on their knowledge to develop
their problem solving skills, thereby approaching expert
level thinking.® This is a critical goal in the development of
chemical engineering students, as expert thinkers are able to
focus on the larger concepts and apply them to the problem
at hand, whereas novice thinkers focus more on the minutiae
and equations, thus possibly missing the larger process of
how to approach a problem.”!

Justin F. Shaffer is a Teaching Professor in
Chemical and Biological Engineering at the
Colorado School of Mines. He teaches material
and energy balances, introductory thermody-
namics, introductory biology, and anatomy and
physiology. His research focuses on the efficacy
of high structure course design and on improving
student performance in first year STEM courses.
He is the founder of Recombinant Education
where he provides development opportunities
for faculty and future faculty on course design,
evidence-based teaching strategies, and
discipline-based education research.
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Given this idea of scaffolding, a high structure course
helps students continually build on the learning process via
pre-class content acquisition and assessment, in-class active
learning, after-class review and assessment, and frequent
summative assessments.*! There are a plethora of resources,
activities, and assignment types to use in each of these areas
(Table 1), so use creativity when designing each of these ele-
ments of a course. This model of course design is similar to
the flipped classroom model, where students acquire content
before class and then practice using the content during class.

Given this wide range of possibilities for designing a high
structure course, an instructor will likely need to tinker with
each category to find the best fit for their situation and their
students. Course design is a fluid process (no pun intended),
and an instructor should actively assess their course to de-
termine whether a specific activity, resource, or assessment
is having its desired effect (more on this later). Also, instruc-
tors should use existing resources to help build their course,
including publisher resources (such as online materials or
courseware), notes or lesson plans from colleagues who
have taught the class before, or resources found from web
searching. In chemical engineering we are fortunate to have
two wonderful resources, LearnChemE.com "% ''! and the
AIChE Concept Warehouse > ¥ which can serve as foun-
dations for student content acquisition and assessment or for
in-class activities and problem solving.

No matter what resources are used or how students are as-
sessed, the key is to properly align the learning process go-
ing from pre-class to in-class to after-class. What this means
is that the course should be building on what happened in
the previous step and not simply repeating what happened,
which can lead to a mismatch in expectations and outcomes
in a high structure course. If students are asked to read the
book before class, but then the exact same material is cov-
ered in class, what motivation would students have to read
before class? Instead, think carefully about how students
can be held accountable for the pre-class reading (perhaps
with a pre-class quiz), and then students can apply what they
learned before class during class time via active learning ex-
ercises, problem solving, or group discussions. Repeat this
process for the after-class assignment by having students
build on and apply their learning from both the pre-class and
in-class components.

WHY TEACH WITH HIGH STRUCTURE?

Designing and teaching a course with high structure in-
volves work on both the instructor side and the student side,
but the benefits likely outweigh the costs. Up front, there are
many pieces of a high structure course to develop, which
takes both time and energy. Students will also put in work

TABLE 1

Possible Resources, Activities, and Assignments to Use When Designing a High Structure Course

Resources or Activities

Assignments

* Reading (textbooks, website, journal article)
* Watching videos (YouTube™, Khan Academy®,

* Pre-class quiz on your course LMS
* Pre-class quiz on publisher courseware

Pre-Class etc. or custom screencasts or class recordings) (Codon Learning™, WileyPLUS™, Achieve™, etc.)
* Reading guides to help students read textbook e Writing assignment to turn in
or watch video
* Active learning exercises e Formative assessment (no- or low-stakes)
* Personal response system questions (iClicker™, | e Brief writing assignment
In-Class Top Hat™, Poll Everywhere™, etc.) * Questions using personal response systems

* Drawing activities
* Working through numerical problems
(individual or group)

(for participation, not correctness)
* Turn in numerical problem-solving work

After-Class

 Study guides
* Review sheets
* Practice problems

* Online homework that is automatically graded
e Written homework
* Practice exams or quizzes

Summative
Assessments

e Quizzes

e Exams

» Two-stage collaborative exams (group quizzes)
* Essays

* Design projects
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consistently throughout the course as they work through
their scaffolded learning experiences. However, the invest-
ment is completely worth it for many practical reasons as
well as for evidence-based benefits to students.

First, high structure course design is useful because it
makes the course experience more engaging overall. Not
only are students more engaged before and after class, but
they become more engaged during class because class time
can now be filled with more active and challenging exer-
cises. This is possible because if students engage in the
learning process before class with basic content acquisition
and assessment, then lecturing on this basic material during
class time is no longer necessary. This then frees up class
time to have discussions, answer clicker questions, assess
real-world case studies, analyze the scientific literature and
data, have students work on numerical problems, and prac-
tice their design skills, all of which are more engaging than
traditional lecture. More importantly, these kinds of activi-
ties promote higher level thinking and learning, as students
are able to reach the higher Bloom’s Taxonomy " levels of
application, analysis, synthesis, and evaluation much more
so then when students are passively listening to lecture.

Second, high structure courses have been demonstrated to
improve student learning overall and even more so in certain
cases. When adding high structure components to introduc-
tory biology courses, students earned higher grades.!"? In
addition, when high structure was used in another set of in-
troductory biology courses, achievement gaps closed or nar-
rowed. Achievement gaps are differences in earned grades
and performance between historically underrepresented stu-
dents in STEM and their majority peers (e.g., males versus
females in calculus). However, when high structure com-
ponents were added, achievement gaps between students
based on ethnicity (White and Asian vs Black, Hispanic, and
Native American) and based on generation status (continu-
ing generation college student versus first generation college
student) were significantly reduced.®* In a prior study by
the author, no gaps based on gender, ethnicity, or major were
observed in a high structure human anatomy course.!"”!

Third, students respond positively in non-academic ways
when enrolled in high structure courses. In another introduc-
tory biology course, students who were enrolled in a sec-
tion that used high structure had higher feelings of belong-
ing than those enrolled in a section with lower structure.® A
sense of belonging occurs when a person feels like they fit
in within a specific environment or place or if they have the
appropriate characteristics or qualities to fit within a specific
group.l'" In terms of a college student, a sense of belonging
can include making more friends or feeling more connected
to your university.

High structure courses also often promote effective
study habits and strategies including self-regulated learn-
ing,'” metacognition, retrieval practice,/'® and spacing.!"”!
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These techniques are inherent to high structure course de-
sign as students have frequent opportunities to assess their
learning and receive feedback, thus forcing them to continu-
ally evaluate what is working and not working for them.
Students can then apply these effective study skills to other
courses, which can lead to even broader positive impacts.

These aforementioned cited studies all come from courses
in the biological sciences. However, as described in the next
section, high structure course design can be easily applied to
any discipline, including chemical engineering. Indeed, the
author has been teaching with high structure for 10+ years
in a variety of courses including introductory thermody-
namics, material and energy balances, introductory biology,
anatomy and physiology, human anatomy, and several non-
STEM major science courses. However, given the focus on
the research literature on high structure in biology, studies
are warranted to replicate these results in other disciplines.

EXAMPLES FROM A HIGH STRUCTURE
CHEMICAL ENGINEERING COURSE

In this section, specific examples will be provided from a
high structure Material and Energy Balances (MEB) course
which the author currently teaches at the Colorado School of
Mines.” This MEB course uses the text Elementary Prin-
ciples of Chemical Processes,” meets Monday, Wednesday,
and Friday for 50 minute lessons in the spring semester of
the sophomore year, and typically has a total enrollment of
120 to 160 students divided into two or three sections. Stu-
dents take introductory thermodynamics either as a pre-req
to or as a co-req with MEB .2

Overall, the high structure MEB course includes optional
pre-class reading guides plus graded pre-class reading as-
signments on Canvas®, in-class active learning with individ-
ual and group problem-solving exercises, iClicker questions
and discussion, graded after-class homework assignments,
and weekly summative in-class quizzes. A more thorough
description of each component follows.

Pre-Class

As with any course, backwards design is at the heart of
a high structure course. With this method, learning objec-
tives should first be decided upon, then assessments of stu-
dents’ abilities to accomplish the learning objectives should
be determined, and finally class activities and how content
will presented should be designed.”! Learning objectives
are measurable statements that begin with an action verb,
address a specific skill that students should be able to do,
and should be written for each day of class, unit of content,
and for the whole course. They can range from lower-level
Bloom’s Taxonomy of remembering and understanding up
to higher levels of application, analysis, evaluation, and
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synthesis. Examples of learning objectives in MEB include
the following:

e Explain when it is appropriate to use Raoult’s Law

e Compare and contrast absolute, atmospheric, and
gauge pressure

e Determine the properties of an air-water system using
a psychrometric chart

* Use atom balances to solve reacting material balance
problems

e Solve material and energy balance problems involving
transient conditions

Once learning objectives are set for a given lesson, as-
sessments that gauge students’ abilities to accomplish these
skills can be planned. For this MEB course, weekly quiz-
zes are used for summative assessment (more on that in the
following sections), but projects, midterm exams, or other
formats of assessment can also be employed.

Now it is time to think about content. For a given learn-
ing objective, content can begin to be acquired before class,
most likely either via reading or watching videos. For this
MEB course students read their textbook and complete
optional reading guides, which are word documents that
provide students with a se-
ries of questions to answer

and aptitude variables.”*! Reading guides can also be made
into “watching guides” by having students answer ques-
tions based on a video on a topic (such as those found on
LearnChemE.com "%,

Once students have acquired content prior to class, wheth-
er from reading or watching, they should next complete an
assessment about what they learned. This is a critical step,
since without some sort of pre-class assessment, students
might not see the value in reading/watching and thus will
skip it. However, even having a small percentage of the
course points tied to pre-class assessment will help prompt
students to complete the reading or watching before class.
In introductory biology and introductory physics courses, it
was found that over 80% of students completed the reading
before class when pre-class quizzes were assigned tied to
the reading >

In this MEB course, students complete a pre-class assign-
ment on Canvas that is based on their reading guide. There
are usually four to six questions per assignment using mul-
tiple choice, multiple select, and numerical entry question
formats. Students have three attempts for each question, the
correct answer is shown after each attempt, and their score
on the assignment is the average of their attempts. The pre-
class assignments are graded this way because students are

in their own words, terms
to define, sample problems
to attempt, and tables to
compare and contrast con-
cepts (see Figure 1 for an
example from this MEB
course). Reading guides are
important because they help
establish transparency with
the students about what
they should know from the
textbook. Instead of asking
students to “read chapter
4” and possibly leave them
wondering what is impor-
tant from chapter 4, reading
guides instead provide stu-
dents an explicit view into
what they should learn from
the textbook. A prior study
of the author’s has shown

Week 4
Reading Guide

Section 4.5

shown in Figure 4.5-1.

Section 4.6a

(Chapter 4, pages 122 to 129, section 4.5, pages 129 to 37, sections 4.6a to 4.6¢)

Why would you need to recycle a stream in a chemical process? See Figure 4.5-1 for an example
of what a recycle process looks like.

Explain in your own words why there is no mass accumulation in a recycle system such as that

Work through Example 4.5-1 and 4.5-2.

What is a bypass stream and when would it be used?

What does a stoichiometric equation tell you about a chemical reaction? What are

CBEN 201

Reading guide for Week 4

that reading guide usage

stoichiometric coefficients and a stoichiometric ratio? Give an example of each.

prior to class was positively
correlated with improved
exam performance in in-

Answer the Test Yourself questions on pages 130 and 131.

troductory biology when
controlling for demographic
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Figure 1. Sample reading guide for MEB.
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not expected to be experts from a single reading; also, they
should know the correct answers before coming to class
so they can clear up any misconceptions that might exist.
Pre-class assignments are worth 2% of the course grade.

In-Class

The in-class experience now builds on the pre-class com-
ponent. Instead of lecturing on the basic content, the author
usually warms up the MEB class with a clicker question
covering some of the major concepts from the reading (but
which will be different from the questions on the pre-class
assignment). Clicker questions are also used throughout an
MEB lesson when introducing new concepts, when need-
ing to clarify confusion that may arise, or to ask students
to vote on the direction to take when solving a problem.
Note that clicker question points should only be awarded
in these situations for participation and not for correctness.
Giving points for correctness often leads to increased stu-
dent anxiety, which defeats the purpose of using clickers as
a no-stakes formative assessment opportunity to build stu-
dent confidence and promote learning. In this MEB course
clicker questions are worth 1% of the course grade.

In addition to using clickers to assess student learning, the
author also more often works through numerical problems
with the students. This is first done by giving students time
to set up the problem on their own and get it started, then a
check-in occurs to find out where they are at and to show
them how to set up the problem. Next, students continue
working on the problem, either on their own or in small
groups. It does not matter if this active learning event occurs
individually or in groups — the important part is that stu-
dents attempt to solve the problem at hand in this no-stakes
environment where it is okay to get the problem wrong as
that leads to a positive learning opportunity. Lastly, the
problem solution is worked through while a thorough narra-
tion of the thought process is given, posing questions to the
students and pausing to answer student questions along the
way. As an alternative to this back-and-forth method, some
instructors may prefer to first fully demonstrate a problem to
students and then give students the opportunity to work on
a problem on their own afterward. In either case, students
are actively involved with developing their problem-solving
skills during class time.

If classes get beyond a certain size wherein a single in-
structor is not able to help all students effectively, it may be
useful to hire learning assistants to aid with in-class time.
Learning assistants are typically undergraduate students
who have previously taken the course and are available dur-
ing class time to walk around and help students with prob-
lem solving exercises and to answer questions. A recent
review summarizes many studies that report positive ben-
efits on student learning and attitudes via the use of learning
assistants.?%!

26

After-Class

This MEB course wraps up each week with a homework
assignment that contains problems from Elementary Prin-
ciples of Chemical Processes?! that assess students’ skills
from the prior week. Students are also assigned an old quiz
to give them more practice. In addition, students complete
the “running homework problem,” which is the same prob-
lem description each week (problem 6.77 from Elementary
Principles of Chemical Processes,” an acetaldehyde pro-
duction process involving recycle, condensation, and distil-
lation), wherein students have to solve different parts based
on where we are at in the course. For example, in week three,
students do a basic mass balance around the distillation col-
umn, in week five, they complete an analysis of the reactor,
and in week eleven, they complete an energy balance on the
condenser. The homework is submitted by the students us-
ing Gradescope™, is graded each week for correctness, and
is worth 7% of the course grade.

For students who want further practice, optional practice
problems are posted with a link to LearnChemE.com "' so
they can explore more resources. In general, if students can
work the in-class problems, the homework problems, and
the practice quiz, then they are well prepared for the weekly
in-class quiz.

Summative Assessments

In order to assess students’ learning from the past week,
students complete an individual in-class quiz, typically on
Mondays. The quizzes usually consist of one numerical
problem to solve in an allotted time (~15 to 25 minutes)
which is based on one or more of the learning objectives
from the past week. The solution is presented immediately
after students submit the quiz to facilitate discussion and
rectify any immediate concerns with the problem-solving
methodology. Individual quizzes in MEB are typically
worth a total of 70% to 90% of the course grade. Midterm
exams are not given.

In some iterations of MEB, the following variations have
been implemented. In some semesters, a cumulative final
exam has been given that assesses student learning from
the entire course and is worth ~20% of the course grade. In
other semesters, however, the final exam has been omitted
and instead replaced with five additional individual quizzes
that occur on approximately every third Friday in the course.
These quizzes are the worth the same as the other individual
quizzes but are more cumulative in nature, covering every-
thing in the course to that point, and can be longer as well.

In another variation, two-stage collaborative exams (oth-
erwise known as group quizzes) have been used to promote
student engagement and learning.”” In this model students
first complete an individual quiz and submit it. Then they as-
semble in pre-assigned groups of three to four students and

Chemical Engineering Education


http://LearnChemE.com 

receive either the identical quiz to work again, an isomor-
phic version of the quiz, or a different quiz altogether. Stu-
dents then complete a single copy of the group quiz and sub-
mit it. Grading variations for this assessment model include
both quizzes weighted equally (if they are different quizzes)
or an approximate 85/15 split for the individual and group
quiz (if the quizzes are the same). In a prior publication on
the efficacy of group quizzes in MEB, the author found that
student performance on the group quizzes was significantly
higher than on the individual quizzes and that students had
overwhelmingly positive attitudes towards the use of group
quizzes in MEB " Based on these data, other literature, and
the author’s own experiences, group quizzes are now used in
some form in all of his high structure courses.

HOW TO IMPLEMENT HIGH STRUCTURE
INTO YOUR OWN COURSES

At this point, the benefits of using high structure course
design should be clear, and major components involved in
high structure courses can be identified. So now it is time
to brainstorm how you can either design a high structure
course from scratch or add elements of high structure into
an existing course. Take some time to answer the following
questions to help you get started with the process. It may be
helpful to refer to the previous examples as well as Table 1
as you come up with your answers.

1. What course are you considering designing or revis-
ing? Is it a new course or an existing course? Will it
be taught face-to-face, hybrid, remote, or online?
Approximately how many students will enroll?

2. What elements of the pre-class experience are most
applicable to your course? What kinds of resources are
out there that you can use verbatim or adapt?

3. What elements of the in-class experience are most ap-
plicable to your course? What kinds of activities, group
work, or discussions will you use? What resources are
out there that you can adopt for your purposes?

4. What elements of the after-class experience are most
applicable to your course? What kinds of resources are
out there that you can use verbatim or adapt?

5. Which of the above three categories (pre-class, in-
class, or after-class) do you think will be the most
straightforward addition to your course? Why? Which
will be the most challenging? Why?

6. What kinds of assessments will you use in this course?
How many of them will you use? Why did you make
these choices?

7. How will you assess whether these additions are
“working” or not? What kinds of data will you collect
and how will you make changes if deemed necessary?

Vol. 58, No. 1, Winter 2024

CONCLUDING REMARKS

The following practical tips are provided to help instruc-
tors as they begin to design a high structure course or add
elements of high structure to an existing course. Please reach
out to me at jshaffer@mines.edu for copies of any course
materials or to discuss your progress in this area or others.
My favorite part of my job is helping faculty make their
courses more engaging to improve student outcomes, so I
would be more than happy to discuss your situation and help
out how I can! Some final advice:

1. Be confident. The literature supports the idea that high
structure course design is effective, so go into the pro-
cess with your head held high and your shoulders back.

2. Start small. If you have an existing course, consider
adding one element at a time (pre-class readings, click-
er questions, etc.) as that will be more manageable.
This will also help you assess the changes you make
to your course if you add one component or make one
change at a time. There is one caveat to this tip, though:
if you are designing a brand-new course, then make it
high structure all around from the start! This will aid
you in designing your course based fully on evidence-
based practices from the first time you teach it.

3. Explain to your students why you are teaching this
way. Again, there is lots of evidence that supports the
benefits of high structure course design, so share some
of that data with your students (I do just that). Invite
students to meet with you and further discuss the evi-
dence if they are curious or skeptical. Transparency is
key!

4. Use techniques that feel right and fit your own per-
sonality and teaching style. Not every active learning
method or pre- or after-class activity will fit your own
experience and style, so use the ones that work for you.
Trying to shoehorn something in that doesn’t work for
you might end up not working for your students either.

5. Don’t reinvent the wheel. There are plenty of re-
sources out there that you can adopt for your own
courses, such as publisher test banks, online resources,
and your colleagues’ resources from when they taught
the class. In chemical engineering, we have the two
amazing resources of LearnChemE.com !'* " and the
AIChE Education Division Concept Warehouse [ 13!
to get us started.

6. Assess your course and figure out what is working.
Remember to collect data on how your course is go-
ing to figure out what elements of the high structure
model are working. Do this early and often by look-
ing at assignment grades, asking students for feedback
in class, and then again in more formal quarter- or
mid-course evaluations. Don’t wait for the end of the
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semester to collect data and feedback, as then it is too
late to make changes because the course is over!

7. Be enthusiastic and share your experience with
your colleagues. Share what you have learned about
your course design experience with your fellow fac-
ulty members and colleagues. Giving tips to each oth-
er, especially if you are in the same department and
teach similar classes, can be a great way to spread the
impact of evidence-based teaching and course design
strategies, which will ultimately have a bigger positive
effect on student learning.
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