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Abstract—An inverted, or flipped, classroom, where content de-
livery includes video lectures watched outside of the classroom, is a
method that can free classroom time for learner-centered activities
such as active and problem-based learning. This study compared
the effectiveness of an inverted classroom to a traditional class-
room in three areas: 1) content coverage; 2) student performance
on traditional quizzes and exam problems; and 3) student observa-
tions and perception of the inverted classroom format. A control-
treatment experiment comparing an inverted classroom to a tradi-
tional lecture-style format was used. The results show that: 1) the
inverted classroom allowed the instructor to cover more material;
2) students participating in the inverted classroom performed as
well or better on comparable quiz and examquestions and on open-
ended design problems; and 3) while students initially struggled
with the new format, they adapted quickly and found the inverted
classroom format to be satisfactory and effective.

Index Terms—Active learning, control systems, education,
flipped classroom, inverted classroom, problem-solving, semi-su-
pervised learning.

I. INTRODUCTION

T HE PRESSING need to reengineer engineering edu-
cation has been established in the past decade [1]–[4].

Yet, engineering education today is still largely using out-
dated approaches for teaching technical concepts and problem
solving [5]. Developing skills that are conducive to profes-
sional success is a key factor behind the emerging shift away
from a traditional lecture–example–homework format to more
applied, learner-centered classroom [6]–[11]. The learner-cen-
tered classroom, however, imposes difficulty for educators
because they need to make time for methods such as active and
problem-based learning while still meeting the heavy content
demands of engineering courses [12], [13]. One promising
approach is to deliver the course content using an inverted
(i.e., flipped) classroom and so free class time for active and
problem-based learning [14]–[16].
In an inverted classroom (IC), course content is disseminated

outside the classroom through traditional formats such as
assigned reading and homework problems and through new
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formats such as video lectures, PowerPoint presentations, and
Web-based tutorials. The IC has been enabled by the advent
of digital video recording, digital media, and interactive Web
pages. These resources allow instructors to capture and pub-
lish course content online where they are easily accessible to
students outside of class time. Unlike an online class, an IC
includes face-to-face time with the instructor in a classroom or
laboratory setting where the material learned outside of class
is discussed and applied.
There are three primary motivations for using an IC. First, the

IC frees class time for interactive activities, such as active, coop-
erative, and problem-based learning, and for reinforcing course
material without sacrificing content [13], [16]–[21]. Second, the
IC allows an educator to present course material in several dif-
ferent formats, and so engage the students’ various learning
styles and preferences [13], [22]. Third, the IC can encourage
students to become self-learners and help prepare them for how
they will need to learn as practicing engineers [17].
Although there are compelling reasons to implement an IC,

there are also some potential problems. First, implementing an
IC can initially be time-consuming. An instructor cannot simply
videotape a 50-min lecture. Zappe [13] found an optimum video
length to be around 20 min, which requires the instructor to re-
organize course material into short segments and to spend time
editing recordings. The instructor must also develop and include
activities and/or a pretest to ensure that students are prepared
for class [18], [23]. Second, online learning may frustrate some
students. Strayer [24] found some students were uncomfortable
at having to take responsibility for their own learning. The in-
structor can allay this discomfort by providing clear expecta-
tions for what students should know [25]. Third, there is some
discrepancy in the literature about the appropriateness of an IC
for different course levels. Bland [17] was cautious about using
an IC in more advanced courses, while others suggest that an IC
may be more applicable in advanced courses [24], [26].
This paper reports on the results of a two-year study in an

upper-division engineering course in which a traditional lecture
course (TC) was used in one year and an IC was used the next.
The goals of the study were the following.
1) To quantify how an IC affects classroom manage-
ment—specifically content coverage. Although others [17]
report that an IC allows the use of student-centered
learning in the classroom without sacrificing content
coverage, the results are primarily based on observation
and not on a direct comparison to an identical course in a
controlled setting.
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2) To evaluate how the IC, when coupled with cooperative
and problem-based learning, affects student understanding
of course material. Performance on traditional textbook
problems of students in an IC was compared to those in
a TC. Since students wishing to pursue engineering li-
censure (Fundamentals of Engineering and Professional
Engineering exams) must pass a test composed of tradi-
tional textbook-type problems, it is important that the IC
not sacrifice student performance on such problems. This
issue has been investigated in several studies, although
none of these deals with an upper-division engineering
course [16], [23], [26].

3) To assess student perceptions of the IC format in an
upper division class. Researchers report high stu-
dent satisfaction with an IC format in lower-division
courses [16], [17], [23]. However, researchers are divided
on the use of an IC in upper-division courses.

It is important to recognize that the study discussed here did
not attempt to differentiate the effects of active, cooperative,
and problem-based learning and an IC. The IC is viewed as a
delivery mode for learner-centered activities in the classroom.

II. METHOD

A Control Systems course in the Department of Mechanical
Engineering at Seattle University, Seattle, WA, USA, was used
for this study. The course, required of all seniors in the mechan-
ical engineering program and an elective course for senior elec-
trical engineering students, was taught over 10 weeks as a four-
credit quarter-long course. The course is the students’ first ex-
posure to control systems concepts in the curriculum; it follows
a traditional control system textbook [27] applicable to both
electrical and mechanical engineering programs and covers root
locus, Bode plots, Nyquist plots, proportional-integral-deriva-
tive (PID), lead/lag controllers, and state-space design.
The course was evaluated in two successive years, the first

of which used a TC and the second an IC. Both courses were
taught in winter quarters, four days a week (200 min of in-class
time per week) in the same time-slot, by the same professor,
using the same textbook and weekly homework assignments.
Topics were introduced in the same order and exams sched-
uled at approximately the same time during the quarter. In both
courses, students were assessed using weekly 15-min quizzes,
a 50-min midterm exam, and a 110-min final exam. Assess-
ments were similar in both years, each having approximately
the same number, type, and difficulty of questions. Both courses
used MATLAB’s control system software and control system
hardware developed by Quanser [29]. Students were expected
to read the textbook, do homework, solve problem examples,
and take sample quizzes outside of class time in both courses.

A. Traditional Lecture Classroom

The Control Systems course was taught in the first year using
a traditional lecture format (TC). The class was composed of
20 senior mechanical engineering students, 18 males and two
females, who served as the control group for this study. The
class periods, other than weekly quizzes and the midterm, were
spent in lectures and solving textbook-type problems. Most of
these were solved by the professor with students copying from

the board. Occasionally, problems were solved by students,
with the professor fostering active learning techniques. Five of
the class periods, totaling 250 min, were held in a computer
lab where students learned to use MATLAB’s control system
toolbox. Most of the problems solved using MATLAB were
textbook-type problems. One of the problems, solved by stu-
dents in two- or three-person teams, involved designing and
implementing a controller for the Quanser hardware (a rotary
position control using PID). Time to solve the problem was
limited to one class period, so the instructor provided guidance
to students as necessary for them to complete the design before
class ended.

B. Inverted Classroom

The second year of the study, the Control Systems course was
taught using an IC. The IC class was composed of 20 senior
mechanical engineering students: 16 males and four females.
Students were expected to view video lectures outside of class
time.
Video lectures were the primary means of disseminating

course material to the students. The videos included audio of
the instructor explaining the material and a live screen capture
of the instructor writing equations on a tablet computer. To
cover the course content, there were 45 videos, each between 5
and 15 min long. The videos were edited and shortened to this
length by removing pauses in the presentation that occurred
while writing or while explaining the material. The real-time
length of the presentation was approximately twice the final
video length. Each video took approximately 1 h to record and
1–2 h to edit. The videos were posted on YouTube (YouTube
channel MEGR438) so they were easily accessible to students.
Specific videos were not assigned. Instead, students were given
sample quizzes and, in conjunction with the assigned home-
work, were expected to identify and watch videos relevant to
the material for the week.
The class time, other than weekly quizzes and exams, was

spent solving problems, either individually or in groups. All
classes, except for exams, were held in a computer lab where
students used MATLAB’s control system toolbox to solve se-
lected problems. This is in contrast to the TC, where MATLAB
was used in only five class periods. The IC used the same prob-
lems used in the TC. However, rather than being solved by the
instructor, these problems were solved by the students during
class. In the IC course, the instructor would pose a simple
problem, such as drawing the root locus for a given system, and
allow a short time for students to start to solve the problem and
identify what they did not understand. The instructor would
then ask a student to present his/her solution approach. After-
wards, the instructor would hold a short discussion to clarify
key concepts. Several such problems were solved in each class
period. In addition, students worked in groups of two to three
on four large open-ended problems: two PID designs, a lead/lag
design, and a full-state feedback design. While students were
working on these problems, the instructor would circulate
among groups and clarify concepts. The open-ended nature of
these problems sometimes required students to learn and apply
concepts not yet practiced in class or on homework. In one of
the PID design problems, for example, students were shown
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a physical system consisting of a dc motor, optical encoder,
and gear train (Quanser). The problem was posed as follows:
“Design a position controller for the system and then simulate
the system response.” The problem required students to think
about how to model the system, what type of performance
specifications they should use for the design, and what type of
controller was appropriate. They then used that approach to
solve the problem. Students spent two to three days on each
open-ended problem.

C. Assessment Methods

The effectiveness of the IC was evaluated by comparing con-
tent coverage, quiz and exam performance, and student percep-
tion of teaching, learning, and the inverted classroom format.
Procedures used to collect and compile data were approved by
the university’s Internal Review Board. During each of the two
course offerings, grades were recorded for every quiz and exam
problem for every student. There were 35 quiz or exam prob-
lems in the TC group, and 46 quiz or exam problems in the IC
group. The larger number of questions in the IC course stemmed
from the fact that the course progressed faster and so covered
more material.
Problems used in the analysis were selected by matching

problems in each course that addressed identical course
outcomes, had a similar question format, and were given at ap-
proximately the same time during the quarter. Problem timing
was considered to eliminate bias; for example, even if a final
problem was identical to a midterm problem, students would
have had extra experience with that material by the time of the
final and thus were likely to perform better on the final than the
midterm. The problem matching was done independently by
the course instructor, by a coauthor, and by an adjunct faculty
familiar with control systems. These independent matches were
compared, and only those problems that all agreed were good
matches were analyzed for this paper.
Seventeen problem pairs were matched between the IC and

TC offerings: eight from quizzes, five from midterms, and four
from final exams. The problems were analyzed both individu-
ally and when grouped with other problems covering the same
topics or outcomes. For example, students’ performance on in-
dividual problems dealing with analysis of open-loop systems
was considered, along with students’ aggregate scores on all
open-loop analysis problems. Problems that involved design
were also grouped. This resulted in seven groups or types of
problems.
At the end of both courses, the Department administered an

anonymous written survey of student perception of teaching.
The survey asks students to rate, on a five-point Likert scale, the
course organization, the instructor’s use of class time, attitude
and teaching style, the effectiveness of exams or reports, the
students’ personal effort, and the approximate number of hours
per week spent studying for the course.
An additional assessment in the IC course measured student

perceptions of learning and the class format in the fourth and
10th weeks of the quarter. The survey contained 15 ques-
tions with a five-point Likert scale and space for additional
comments. Following the survey, students participated in an

in-class discussion facilitated by a faculty member not teaching
the course; the professor teaching the course was not present
during the discussion.

III. RESULTS

A. Group Similarity

To help identify any a priori differences between the IC and
TC student groups, their performance in two past courses was
compared. All the students took both of these courses exactly
two quarters prior to taking the Control Systems course and
were taught by the same instructors, with the same books, and
in the same format. Grade-point average (GPA) and number of
course credits were also compared for the IC and TC groups at
the time of graduation, one quarter after taking Control Systems.
There was no statistical difference between the two groups, sug-
gesting that the IC and TC groups were very similar in back-
ground and ability prior to the Control System course. Nonethe-
less, where applicable, GPA and course grades were used as a
covariant in statistical analysis.

B. Content Coverage

Content coverage was compared in the TC and IC offerings.
The comparison considered the first time the topic was assessed
through a quiz or exam and thus when students were expected
to have learned the material. By the fourth week, the IC offering
was already ahead of the TC offering. By the end of the 10-week
quarter, the IC course was one week ahead of the TC course and
had covered two topics not covered in the TC offering: full-state
feedback design and Ackermann’s formula. Furthermore, stu-
dents in the IC course solved four open-ended design problems
versus one in the TC.

C. Student Quiz and Exam Performance

To evaluate the effectiveness of the IC, students’ performance
on the matched problems in the IC and TC courses was com-
pared. For each problem and problem group, a t-test was used
to determine if there was a statistical difference between the IC
and TC means. The means were also compared to the GPA or
grades from previous courses as covariants. Because the results
from these analyses did not change the results in any notice-
able way, only the simple analysis without the covariants is pre-
sented. The results are shown in Table I.
The IC group performed statistically better on

problem sets involving open-loop analysis, root locus-based de-
sign, and Bode plot-based controller design. The IC group also
performed statistically better than the TC group
on design problems (aggregated scores for root locus, algebraic,
and Bode-based design). All other comparisons were nonsignif-
icant, indicating that the IC and TC students scored similarly.

D. Student Perception of Teaching

The departmental assessment showed that end-of-quarter
student perception of teaching for the two courses was
similar. However, the IC class gave a higher rating (mean

, standard deviation ) than the TC class
; t-test with , ,
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TABLE I
COMPARISON OF QUIZ AND EXAM QUESTIONS GROUPED BY TOPIC

, to the statement, “The instructor appropriately
assessed learned skills through exams or reports, etc.” where

, , , ,
. The survey also asked students to

estimate the number of hours that they spent studying per
week ( h, h, h, h,

h). Surprisingly, the IC group reported studying
significantly less each week over the course of the term than the
TC group, , . The IC mean of 2.25

, corresponds to about 5.5 h per week, whereas
the mean for the TC group of 3.47 converts to
about 8 h per week.
In the IC course, 14 of the 20 comments relating to what the

students liked in class pointed to the usefulness of the online
videos, and five of the 20 comments stated that in-class design
projects and examples contributed to their understanding of the
concepts. In the IC course, four of the 17 comments asked for a
more structured course organization. In the TC offering, seven
of the 14 of the written comments that suggested improvement
asked for more lab time.

E. Student Perceptions of the Inverted Classroom

The survey used to measure students’ perceptions of the IC
showed that students recognized that the new format required
self-discipline and necessitated some adjustment to their study
habits. By week four, students felt that the IC was a better use
of class time and that the format better prepared them for engi-
neering practice.
Students rated videos and class time as stronger contributors

to their learning than the homework. Over the quarter, stu-
dents watched the videos increasingly often; students reported

watching each video on average 2.41 times in
the fourth week and 2.88 times in the 10th week

. Across the quarter, there was a significant
decrease in the judged effectiveness of reading assignments

, and an increase in the perceived effectiveness of class
time

, where , ,
.

Thirty-one percent of students felt the IC was appropriate to
only senior classes, 32% to junior and senior classes, and 37%
to sophomore, junior, and senior classes. No student thought it
would work in a first-year setting.
During the in-class discussion in the fourth week of the

quarter, students stated that they were initially frustrated with
the IC, but were learning to adjust to the need to come to class
prepared. Students stated that they liked being able to rewatch
sections of the videos that were unclear on the first viewing.
During the 10th-week discussion, students mentioned that this
format might not work in a course with many new concepts
because students would struggle to identify where to apply the
various new concepts and equations.

IV. DISCUSSION

Results of the study were promising and highlight the benefits
and challenges of using an inverted classroom in an engineering
setting. The results are particularly relevant given the scarcity
of published research on the use of an IC in an upper-division
engineering course.
One of the most surprising results was that the IC format al-

lowed the instructor to cover more course material than in a TC.
These findings corroborate those of Bland [20]. One could argue
that the reason more material is covered in an IC is because stu-
dents are actually spending more time on the course. This ap-
pears, however, not to be the case in the present study; students
in the IC group reported spending significantly fewer hours per
week studying outside of the classroom than their TC counter-
parts. These results suggest that, when used in conjunction with
an IC format, active, cooperative, and problem-based learning
may not require the instructor to sacrifice course content, nor
will it place a greater study burden on students.
Comparisons of student performance on quiz and exam

questions were also promising. Of the 17 matched problems,
the IC group performed as well or better on all problems. When
looking at the problems aggregated by type, the IC group per-
formed statistically better on three of the five types—open-loop
analysis, root locus-based design, and Bode-based design. The
IC group also performed better on problems involving design.
This finding is consistent with the fact that the IC offering
placed more emphasis on design and problem solving than did
the TC offering. However, it should be noted that it was the
performance on only a few problems within each group that
contributed substantially to the significant differences. The key
finding from this is that the IC classroom at best improved
students’ understanding of engineering concepts, and at worst
“did no harm.” These findings are consistent, or better, than the
findings of other studies [16], [18], [23], [28].
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Student perceptions of teaching, as measured by the depart-
mental end-of-quarter survey, showed only two significant dif-
ferences. First, IC students reported spending less time studying
outside of class than TC students. The latter finding contradicts
the results of another IC study where IC students reported that
the course required extra time [16]. It could be that the IC stu-
dents did not interpret their out-of-class activities as “studying.”
Thus, even if students in the IC course were spending more time
outside of class, watching a video may be perceived as either
taking less time than working through online problems or not as
“studying” per se. An IC can certainly be characterized as more
efficient with respect to lecturing since time spent receiving the
lecture content is at least half that of the traditional classroom
(due to compression of lectures through video editing), and stu-
dents have the opportunity to pause and rewatch the lectures as
many times as they need to, actions they perceived as key to
their learning.
The other significant difference was that the IC students gave

significantly higher ratings than TC students to the statement,
“The instructor appropriately assessed learned skills through
exams or reports, etc.” This is interesting because there was no
difference in the way the two courses were assessed. The timing
and length of quizzes and exams were essentially identical. One
possible explanation is that the IC students were more confident
in their abilities at the time they took the quizzes and exams and
so felt the assessments better reflected their skills. Indeed, IC
students commented on their confidence in the material at the
end of the quarter.
Issues with course structure were a reoccurring theme with

students. The instructor, too, observed that students often ex-
pressed frustration with the course structure and having to de-
cide for themselves which videos they needed to watch. This
was especially true with students who typically performed well
in engineering classes. This desire for structure corroborates
findings of others [24], [25]. Some students were overwhelmed
with the number of resources available to them and needed help
identifying specific videos to watch. Even though the intent was
for students to search for information themselves in order to
help develop lifelong learning skills and more closely approxi-
mate a real-world environment, the authors recommend that in
students’ first IC course instructors begin with some structure
and guidelines; these can be reduced gradually and eventually
removed.
Surveys and in-class discussions suggested that students

needed some time to adjust to the IC format, but that the period
for adjustment to the IC format was fairly short. By the fourth
week, students seemed to have realized that they would learn
more during class time if they came prepared. This behavior
indicates self-regulation, which has been shown to increase
learning gains and exam performance [30]. A student’s ability
to accept personal responsibility for learning is an essential part
of intellectual development and preparation for engineering
practice. Advancing students to that level by the time they
graduate should be a goal of engineering curricula [8].
The authors do not agree with the students’ skepticism

about the effectiveness of an IC for courses that introduce
new concepts. Students underestimated the number of new
concepts, such as root locus and frequency domain analysis,

that they learned in Control Systems. Using too many equations
and knowing where to apply them (a concern voiced during
the in-class discussion at the end of the quarter) is precisely
the reason for using problem-based learning method in these
courses.
Students in general felt that freshmen did not have the aca-

demic maturity needed to succeed in an IC setting. Their per-
ception agrees with the findings of Strayer [24] and Baker [26].
Given the initial struggles of the seniors noted by the survey
and in-class discussion, and observed by the instructor, the au-
thors concur that an IC format may be difficult for students who
have not developed strong study skills. However, others have
reported success with an IC in sophomore courses [16], [30].
Given the potential benefits of an IC, as reported in this paper,
and the lack of research regarding the applicability of an IC to
first-year courses, future studies should investigate use of an IC
in a first-year course.
Finally, the implementation of the IC initially requires a sub-

stantial time investment. Over 100 h were spent creating videos
for this four quarter-credit course. Additional time was required
to identify and develop problems for in-class learning activities.
However, once the course material was developed, the instructor
spent less time preparing before each class period than in the TC
offering. Future offerings of the course will require substantially
less preparation since videos and class activities can be reused
from year to year.

V. CONCLUSION

An inverted classroom was applied to a senior-level course in
the undergraduate mechanical engineering program. Students’
exam performance and teaching perceptions were compared to
the same course offered in a traditional, lecture-style setting to
a similar student cohort. The results of this study are encour-
aging. The IC concept provided a platform for class time to be
used for individual and group problem solving. Not only was
the instructor able to cover more material in the IC class than in
the lecture class, but students also demonstrated equal or better
quiz and exam performance and better scores on design prob-
lems, adopted to the format fairly quickly, and showed equal or
greater satisfaction.
Engineering education should produce graduates who have

good problem-solving skills, are able to solve open-ended prob-
lems, and have strong technical knowledge and an ability to
learn on their own. An inverted classroom can play a key role in
a modern engineering education by freeing time for learner-cen-
tered activities and encouraging students to become indepen-
dent self-learners.
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