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Abstract- A flipped classroom approach to teaching
engineering mechanics courses taught in the 2nd and
3rd year of a typical undergraduate engineering
education, is explained. A combination offew lectures
supported by several problem solving recitation
classes and continuous assessment, provides both the
students and the instructional team an accurate,
dynamic picture of the students' understanding and
performance. Early use of computer code and open-
ended projects strengthens the understanding of
analysis and design techniques in the context of
engineering analysis and design. Experience from
teaching a 3rd year (junior level) structural analysis
and design class for over two decades is shared to
draw appropriate conclusions.
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1. Introduction

Most undergraduate engineering programs that
follow ABET accreditation requirements, are based
on 120 to 135 semester hours of coursework that is
typically completed in eight semesters. A full-time
load is on an average, about 15 semester hours of
coursework. Engineering mechanics courses are
introduced at the sophomore (2nd year) level and they
form the backbone of a number of engineering
disciplines - aerospace, biomechanics, civil,
materials and mechanical engineering. In an outcome-
based educational system, the business ofeducation is
more complex than before. As a profession, engineers
are expected to deliver goods and services to society,
and educating enthusiastic and competent engineers is
achallenge.

Fig. 1shows a typical sequence of courses that civil
engineers take. There are five categories of
knowledge: mathematics, engineering mechanics,
structural bridge, design and advanced analysis
courses. A similar diagram can be drawn for other
engineering disciplines. The triad of engineering
mechanics courses - statics, dynamics and
deformable solids, make the foundation on which all
advanced mechanics areas are built on. The
mathematics courses (differential equations, linear
algebra and numerical analysis) provide the problem
solving numerical tools that help in finding solutions
to routine and more complex problems in areasonable
amount of time and effort. The center piece of the
curriculum, structural bridge, connects the knowledge
gained in the engineering mechanics courses with the
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more practical side of structural engineering. Towards
the end of students' undergraduate career are design
and advanced analysis courses that are traditionally
associated with the structural engineer moniker.

The flipped classroom instructional mode is a
course structure that expects students to learn and
explore course content outside of the classroom and
complete coursework that may resemble traditional
homework assignments during class time. The style
enables instructors to spend more time with the
students engaged in problem solving over the more
traditional approach of lectures, limited recitation,
and assessment [1].

Fig. 1 Atypical civil engineering curriculum
as related to structural engineering courses

With rapidly evolving technology, the learning
habits of students have changed quite dramatically
over the last decade. Computers (desktops, laptops,
tablets and smartphones) are ubiquitous. Students are
more adept at using the internet to search for
information that is so much richer than a few
textbooks. They are also at home with listening to
podcasts or viewing videos. At the same time, the
technology to create computer programs, podcasts
and videos has evolved so that there are very few
constraints placed on the teachers to create a rich
learning environment.

We explore the flipped classroom style of
education in greater detail in the next section. This is
followed by a case study - the teaching of CEE321
Structural Analysis and Design course at Arizona
State University. A traditional structural analysis and
design course has evolved very slowly where the use

of computer programs is only now becoming more
prevalent. One of the earliest uses of computer
programs for structural analysis education was
documented by Brohn [2] who explains that in
practice students will be applying computer analysis
and should be able to verify the output and correctly
interpret results. In a similar effort to encourage
students to develop an understanding of structural
behavior and response, Allen [3] describes the use ofa
computer program that allows students to check
results with respect to consistency and feasibility
rather than modeling and analyzing the system. Both
Brohn and Allen's implementation of computer
software into the classroom places emphasis on
training students to assess computer calculated
solutions for reasonableness and feasibility. Clearly,
computer software are a small but integral part of the
learning process.

We conclude the paper with a few remarks on what
can possibly be done to enrich the engineering
learning environment in the near term noting that
engineers are society's problem solvers.

2. A Flipped Classroom Style

A flipped classroom style is one where what is
traditionally done in the classroom and what is
traditionally done as out-of-class work (e.g.
homework) are flipped. For example, if a class
typically meets 3 hours per week for lectures after
which the students go home and practice and solve
problems, they read assigned pages from a text and
view lectures videos before coming to class. In the
class, they discuss the theory and problem solving
details, and then spend the bulk of the time problem
solving at their own pace. The expectation is that they
would complete and continue the problem solving
exercises outside of the classroom. Once an optimal
time period has elapsed, the students are assessed their
mastery over the subject material. There is increasing
evidence that this style leads to increased levels of
studentachievement, interest, and engagement [4].

A. Use ofVarious Instructional Resources

Today a single resource (e.g. textbook) is
inadequate. An asynchronous learning mode is
essential due to a variety ofreasons - students learn in
very different ways, some need more time due to
inadequate background skills, and all students are not
full-time students. Students expect to listen and view
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the lecture material at their own pace. Podcasts and
videos certainly assist this learning mode.
Furthermore, students expect to see a large number of
different solved problems where the nuances of the
solution steps are clearly explained. They also expect
personalized attention and help 24/7.

B. Optimal Mix ofLectures and Problem Solving

One cannot do away with lectures completely.
However, the amount of time devoted to formal
lectures and the instructional style can certainly be
changed. A classroom can be made more engaging
with active learning. The process starts with student
participation in asking and answering questions. The
attractiveness of engineering mechanics education is
that there are very few identifiable topics that can be
clearly structured. The asking and answering
guestions should be geared towards the theory,
assumptions, applications, etc. The bulk of the time
must be spent applying the theory to problem solving.
This is where the students learn. Innovative teachers
use their observations of student learning and problem
solving styles to tailor the instructional resources and
assessmentmodes.

C. The Need for Continuous Assessment

To assess the effectiveness ofboth the instructional
component and the student's mastery over the subject,
there is a need for continuous assessment. There are
three major advantages to this: (1) it provides the
students a mechanism to demonstrate their
knowledge, (2) it provides the teachers immediate
feedback on student learning process, and (3) it
allows, if necessary, real-time course adjustments to
take place.

In the next section, we show how the flipped
classroom style is used to teach a junior (3rd year)
level structural analysis and design course.

3. Structural Analysis & Design

CEE321 is taught as a required course every fall
and spring semester to all civil engineering and
construction engineering students atthejunior level. It
is a structural bridge course (Fig. 1) that relies very
heavily on the pre-requisites - statics, dynamics,
deformable solids, linear algebra and numerical
analysis. The course is a 4 semester hour course that
meets three times a week for a total 0f4.5 hours. Over
the last 4-5 semesters, the class enrollment has

steadily increased to between 80-100 students per
semester.

There are three course objectives: (a) to understand
and practice structural analysis of determinate and
indeterminate structures using classical and matrix
methods, (b) to understand and practice simple
structural design concepts using structural analysis as
a tool, and (c) to learn how to use a general-purpose
planar truss and frame analysis computer program for
structural analysis and optimal design. These
objectives are related to four course outcomes - (a)
students will demonstrate mastery of drawing free
body diagrams (FBDs) and using FBDs to analyze the
structure, (b) students will demonstrate mastery of
computing structural response (internal forces,
deflections, strains and stresses), (c) students will
demonstrate the ability to design truss, beam and
frame members and systems, and (d) students will
demonstrate the ability to use computer software for
structural analysis and optimal design.

The course is taught as a team with the instructor
leading the team consisting of a graduate teaching
assistant (TA) and 2-3 undergraduate teaching
assistants (UGTAS).

A\. Instructional Resources

The class website that is available to the students
24/7, is used to host all instructional resources. These
include (a) the course syllabus, (b) all lecture as
PowerPoint slides, (c) short (<10 minute) videos on
about 40 different topics, (d) recitation problems, (e)
supplemental material such as computer programs
and sample structural model files, excerpts from
structural design codes etc., (f) latest copy ofthe grade
sheet, (g) assignments including design project
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Figure 2. The SlideTray© program showing how the
stiffness matrix of a planar truss element is computed.
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statements, (h) an active discussion board where
students can post questions and answers, and (i)
sample assessment material and solutions from prior
semesters. Students are actively encouraged to use the
discussion board. They can also meet the TA and
instructor one-on-one during office hours (approx. 15
hours/week). Right from the first day, they are
strongly encouraged to use numerical tools. An
example of a sophisticated GUI-tool is shown in Fig.
2.

B. Lectures and Recitation

The course is divided into three parts - analysis
and optimal design of statically determinate systems,
modeling ofstructural systems using design codes and
finite-element based analysis of structural systems,
and advanced analysis techniques (analysis of
statically and kinematically indeterminate systems
using classical and matrix methods). Over the 15-
week period (or 45 class meetings), there are only
about 12 lectures. Before every lecture, students are
required to read the textbook, go over the textbook
examples, view a short video that introduces the
subject matter, and bring the lecture slides to class
with their questions. The lecture is used as a question-
and-answer session to introduce the theory and solve a
few example problems. The bulk ofthe rest ofthe time
is used in the recitation classes to solve several
problems. The instructor, TAs and UGTAs provide
assistance including answers to the students.

C. Continuous Assessment

A pre-assessment exam is used during the first
week of classes to gage the student mastery over the
course pre-requisites. The feedback is used by the
students to plug any holes in their background. In
order to optimally use the instructional team's time,
there is no homework in the course. Students are
encouraged to complete the recitation problems and
solve additional problems from the textbook. Open
textbook quizzes (about one per sub-topic) are used to
gage the student mastery over the topics. In addition, 1
individual report, 2 team-based design projects (incl. a
short technical presentation), 2 mid-terms and a
comprehensive final exam, are used as the assessment
tools.

D. Open-ended Team-Based Design Projects

A significant part of the course is devoted to
computation of loads as per design code (ASCE 7-

JItf

2010, AAHSTO), using the load combinations on
finite element (planar) models of bridges and
buildings and designing the structure (sizing, shape,
topology and material) for lowest cost. Fig. 3 shows
one such student-generated example of a bridge
design exercise.
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Fig. 3. Computer modeling and optimal design of a bridge subjected to
AASHTO code requirements using GS-USA Frame6 program [5],

The design project has several objectives - (1)
understanding why design codes are written and
learning how to interpret them, (2) understanding the
link between structural analysis and design, (3)
learning how to model three-dimensional structural
systems, (4) learning how to optimize the design, (5)
learning team dynamics and the art of project
management, (6) learning how to spot errors and
(hand) check results generated by computer
programs, and (7) learning how to carefully document
the design exercise viatechnical writing.

4, Conclusions

The flipped classroom styled teaching technique
adopted in the engineering mechanics courses
provides a learning environment that supports student
understanding through interactive teaching adjusted
to fit the needs of students. There is no substitute for
problem solving in engineering especially,
engineering mechanics. A talking-head in front ofthe
classroom all the time does not work. Students must
be actively engaged and must, on their own,
demonstrate that they have a certain level of mastery
over the subject material. As we have outlined in this
paper, a combination of various instructional
resources, and optimal mix of lectures and problem
solving, continuous assessment and open-ended,
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team-based design projects provide one encouraging
approach to educating the next generation of
engineers.

Here is a brief summary ofthe lessons learnt- (1)
students learn in several ways and making an honest
effort to cater to the different learning styles pays off
in the long run, (2) the primary focus of the learning
process should be on the theory not the solution
process, (3) the primary focus should be
understanding the basics not memorization, (4) to
support (3) one must take the focus away from exam
scores and focus on assessing the fundamentals, (5)
students excel only when challenged (by this we mean
that we need to push against the resistance to change,
and resistance to self-learning or discovery and
resistance to performing as engineering
professionals), and (6) for a successful engineering
mechanics course, atightly integrated course is a must
where depth of knowledge takes precedence over the
width and where exploration of ideas via numerical
tools takes precedence over mundane calculations.
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