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Abstract
Introduction to engineering courses are increasingly team-based and project-based, with student
teams designing and building real-world things. A popular project for introductory courses is
remotely operated vehicles (ROVs). Our section of an intro to engineering class at a large
Midwestern research university uses ROVs because they are fundamentally interdisciplinary: a
successful design includes elements of mechanical engineering, electrical engineering, computer
science, naval architecture, marine engineering, and others. However, over the years we have
observed that students continued to struggle with an early understanding of the forces and
moments that impact how ROVs move through the water – in other words, hydrodynamics. This
lack of hydrodynamic understanding leads them to design vehicles that are frustrating to drive
because they are not hydrodynamically stable.
Our objective was to give students a high-level understanding of basic hydrodynamics concepts
(drag, stability, free body diagrams) such that their initial design choices are better informed.
However, hydrodynamics is a complex and nuanced field of study, and teaching even high-level
hydrodynamics concepts is challenging at best. A traditional lecture format teaching a formal
introduction to hydrodynamics is not an option because our students do not yet have the
background math and science knowledge necessary to understand the equations used in such an
introduction. Using pure observation to convey high level concepts through experiential learning
is ideal, and we do this in our lab sections, but students need to have some conceptual preparation
before they do their lab-based learning. Because we were moving to an active learning format in
which students work in their teams the majority of the class meeting time, we decided to take
advantage of the small groups to create interactive lectures on hydrodynamics to prepare students
for their labs on hydrodynamics.
The collaborative lectures on hydrodynamics start with a scaffolded Google slides presentation.
Students make a copy of the presentation and share it with their teammates. The presentation uses
pictures and diagrams to create a type of experiential learning in lieu of something like a
recirculating water channel. The instructor presents the slides, but there are many “incomplete”
sections. Each incomplete section is a time for the student teams to discuss a picture, a concept,
or a linked video demonstration; come to a consensus on their interpretations of the concepts; or
complete a quick example of each concept. A key component of the interactive lecture is that no
“solution” slides are provided. The teams must work through the calculations or reflections to
gain a complete set of slides. This forces all students to engage in the lecture. Answers are shared

out in the larger group and the instructor guides the discussion of the answers so as to ensure a
common understanding of the concepts.
Our initial assessment shows a marked improvement in student understanding of the relevant
hydrodynamics concepts necessary to designing an underwater vehicle. Students are able to
converse more knowledgeably on hydrodynamics, and the ROV designs are more thoughtful and
reasoned with respect to hydrodynamics. We believe that this approach of collaborative lectures
with small groups will be beneficial to others needing to teach high-level concepts to students
who do not yet have the background knowledge required for more formal teaching.
Introduction
In a first-year engineering course at a large Midwestern research university, remotely operated
vehicles (ROVs) are used as a design project topic to teach fundamental engineering and
communication skills. The course utilizes a design-build-test-communicate framework with the
use of peer mentors [1, 2] to coach students through what is often their first team-based course in
their post-secondary education [3, 4].
In the design of ROVs, the science of hydrodynamics governs how the vehicle will move in the
water. Hydrodynamics is typically taught as a third year undergraduate course, requiring
prerequisites in multi-variable calculus, calculus-based physics, and typically another statics or
dynamics course [5, 6, 7]. Hydrodynamics is difficult to teach, even with upper level students [8].
Instructors have attempted to rethink how hydrodynamics is taught, including using virtual
laboratories [9] in addition to project-based courses [10].
This first-year course focuses on a high-level understanding of hydrodynamics for informed
decision making during the design process. Our previous method of teaching hydrodynamics
concepts was to provide some background information in a coursepack plus one long, 80-minute
lecture primarily focused on free body diagrams. This instruction took place in a traditional
lecture style where students took notes and asked questions, but it usually resulted in the few
students with prior knowledge of free body diagrams and/or hydrodynamics dominating the
questions.
Previous work in post-secondary education shows that students can improve perception and
understanding in active learning environments [11, 12]. Active learning may also help increase
student retention [13]. Previous research also suggests that small group aspects of an active
learning classroom are beneficial to student success [14, 15]. In particular, student collaboration
results in gains for students because it forces them to flesh out their mental models and to
compare their mental models with others’, noticing differences and explicitly spelling out
assumptions [16, 17, 18].
In understanding previous work, the goal of the instructors was to bring previously documented
successful pedagogies to use in teaching hydrodynamics concepts to first year engineering
students with the intention of improving students’ ability to grasp the high level concepts over the
course of one lecture before moving on to a laboratory environment to experiment and reinforce
the concept knowledge.

Methods
The collaborative lectures are taught with students working in small groups. We use a flexible
classroom that has movable tables and chairs, and we have the students help us rearrange the
furniture (if needed) according to the diagram in Fig. 1. This layout is sometimes referred to as
“studio style” and that is how we will refer to this arrangement in this paper. Each group station
can seat up to six students (we have groups of four to six) and has its own display. The displays
can be driven by either the instructor’s computer/tablet or can be released for students to connect
their own computer/tablet.

Figure 1: Suggested room layout for collaborative lectures. Small groups of 4-6
people are ideal. Displays at each group station can show either the instructor’s
computer/tablet or can be released for students to connect their own computer/tablet.
Instructors and TAs have the center station.
On the first day, students are told which table to sit at (see station numbers on the diagram in
Fig. 1). Using a studio style layout on the first day emphasizes to students that collaborative group
work is an essential component of the course. Using the studio style on Day 1 also means that
each student has a designated place that they know is already theirs, emphasizing their
belongingness right from the start of class and helping to make all students feel welcome in
engineering courses [19, 20, 21, 22]. An example of students working at a station is shown in
Fig. 2.

Figure 2: A group of students working on the Intro to ROV Controls collaborative
lecture. Photo used with permission.
There are three primary lectures/lecture activities that cover the high-level hydrodynamics that
students need to learn to design their ROV prototypes:
1. Streamline visualization (hands-on demo)
2. Intro to ROV hydrodynamics and controls (collaborative lecture + hands-on demo)
3. Hydrodynamic stability (collaborative lecture)
These lectures happen within the first three weeks of the course. Each lecture/lecture activity is
highly collaborative, as described in the next sections.
Streamline Visualization
The goal of the Streamline Visualization activity is for students to gain insight into the
fluid-structure interaction that will affect their ROV. This activity occurs in a flipped-classroom
style format on the first day of the course. Students are given a two page background on
streamlines and how they show where the flow is disturbed; students read the background
information before coming to lecture on the first day. We end the first day’s lecture with a
hands-on demonstration of the streamlines around an ROV. This activity takes approximately 30
minutes.
Initial Background Reading. The background information for the streamline visualization [23]
explains:
Anywhere the flow is disturbed (meaning, where the streamlines are not straight)
contributes to the object’s drag. So, the shape and orientation of the object is really
important.

Note that the language used is approachable and non-mathematical. Some of our students have
had calculus, but many have not, so we focus on explaining concepts in clear – but not
oversimplified – language. We are aiming for students to use experiential learning to begin
building patterns in their minds about how water moves past objects.
Hands-On Demo. The streamline visualization activity is described to students as
Design-Build-Test-Communicate (DBTC) practice:
• Design: a visual that shows how water flows around an ROV to help determine center of
drag (aka center of pressure)
• Build: prototype using dominoes falling as the ”streamlines” around the ROV
• Test: use a rod to start all lines of dominoes falling at once; record video; note where the
dominoes fall “slower” around the ROV; interpret how the shape and orientation of the
ROV contributes to “slower flow” and increased drag
• Communicate: make 1-2 slides on why you chose this design; picture(s) of the prototype;
results of testing; conclusion on how well the prototype met the design needs
Each student group is given an “ROV” and a set of approximately 250 dominoes. Our “ROVs”
are assembled using simple children’s toys, but the ROVs can be anything as long as they are
suitably odd-shaped so the flow will be turbulent as it goes by the ROV. Students work in their
small groups to design this flow visualization. Students are free to choose the orientation of the
ROV, the viewpoint of the visualization (top, profile, etc.), and the arrangement of the dominoes.
An example of a streamline visualization created by a student group is shown in Fig. 3.

Figure 3: Example of the Streamline Visualization activity. Falling dominoes are
used to simulate streamlines around an ROV. A video of the dominoes falling can be
seen at https://twitter.com/LauraKAlford/status/
1214973042243203072?s=20.

Intro to ROV Hydrodynamics and Controls
The goal of this collaborative lecture and hands-on demo is for students to gain insight into how
their design choices will impact the forces on the ROV, which ultimately affects control. The
collaborative lecture is approximately 60 minutes, and the hands-on demo is approximately 15
minutes.
Collaborative lecture. The collaborative lecture is a Google Slides presentation [23] that is
viewable by all students in the class. The first slide includes this text:
Have someone in your group make a copy of this presentation and share it with
everyone else in your group. Replace the text in this box with your names because
you’re going to help author this presentation.
After all groups have successfully made their copies and shared with their group members, lecture
proceeds in a traditional fashion, with students able to follow-along with the slides in front of
them (albeit in a studio-style room layout) until a slide with an orange box appears. An example
slide is shown in Fig. 4.

Figure 4: A slide requiring student collaboration. The orange box signals for their
attention and contain instructions for how to complete the slide.
Drag coefficients image is public domain:
https://commons.wikimedia.org/wiki/File:14ilf1l.svg.
For each collaboration slide, we explain what the student groups need to do, then we give them
time to complete the slide. The time each collaboration slide requires ranges from one minute to
roughly ten minutes – enough time for groups to determine answers, but short enough to keep
everyone moving through the lecture. After students have worked in their small groups, we bring
them back to the large group for a discussion of their completed slides. Examples of what a
completed version of the slide in Fig. 4 might look like are shown in Fig. 5.
Each group will have its own consensus on what the “answer” is on these collaborative slides.
The instructors check that the numbers are reasonable and well-justified, not whether the answers
are “correct” according to an answer key. In cases where there is a specific result we are looking

Figure 5: Sample versions of a collaboration slide that has been completed by a
student group. Note that the numbers and reasons are not the same. Each group has its
own consensus on what the “answer” is; the instructors check that the numbers are
reasonable and well-justified, not whether the answers are “correct.”
for, we walk around to several groups and have them write their results on a tablet that is
projecting to all displays via Apple AirPlay. As a large group, we discuss whether the results
should be the same (i.e., there is a “correct” answer), the results should be reasonably similar (i.e.,
there is a range of “correct” answers), and whether a result that is dissimilar should be reviewed
(i.e., there is an “incorrect” answer).
One of the main takeaways from this lecture is an understanding of which forces can act on an
object in the water and what level of control an operator has on those forces. The collaborative
slide shown in Fig. 6 is the final slide of the collaborative lecture portion of this class meeting,
which includes a table to summarize the forces.

Figure 6: [Left] Collaborative slides that guides small group discussion of the forces
that act on an ROV. [Right] Sample of a completed version of the forces table that
would be created by a group of students.

Students discuss in their small groups (a) which forces belong in this table, and (b) whether that
force is variable and/or controllable. Completing this table clarifies several common stumbling
points for students (such as incorrectly including pressure as a force), and ensuring that everyone
understands what forces to consider, and potential options to control them, when designing the
ROV.
Hands-On Demo. In this course, students are limited to a maximum of four thrusters to use on
the ROV. The limitation on thrusters is partially financial but mostly to practice working with
design constraints. However, it is difficult for students to understand the implication of the limited
number of thrusters on their future ROV’s maneuverability without seeing the effects first-hand.
Our students do have a lab in which they will drive a demo ROV, but to bridge the hydrodynamics
and controls concepts in this lecture to the lab they will attend, we do a hands-on activity to
demonstrate how different design choices on ROV controls will affect an ROV’s ability to
maneuver around various potential obstacles in the water.[23] This activity takes approximately
15 minutes.
First, each group is given an obstacle to create (e.g. something the ROV has to go under, circle
around, go over, etc.). These obstacles are created with the movable furniture in the room. Then,
each group is also given an ROV controller. The “controller” is a table listing which degrees of
freedom (surge, sway, heave, roll, pitch, yaw) the ROV is able to move in and how fast it can
move in the given degree of freedom. An example “controller” is shown in Table 1. Each group
has a limited number of degrees of freedom they can directly control.
Table 1: A table representing a sample “ROV controller” that is given to a student
group. Such an ROV would be able to move independently in surge, sway, heave, and
roll, but would not be able to move independently in roll or yaw. This ROV would be
able to move relatively slowly in surge and sway but move quickly in heave.

slow
medium
fast

surge
X

sway
X

heave

roll

pitch

yaw

X
X

Groups take turns to drive an “ROV,” using their controller, around the obstacle that they created.
The ROV is, in fact, one of the instructors, who is willing to sacrifice all dignity for the sake of
education and comedy
(https://twitter.com/robinfowl/status/1171836467724734464?s=20).
The key to the demonstration is for the “ROV” to do exactly as instructed by the students –
usually resulting in a lot of bonking into tables, chairs, and walls, because it’s hard to control
ROVs and students forget that there are no brakes underwater.
Hydrodynamic Stability
The goal of this collaborative lecture is to teach students how to use free body diagrams to
perform a high-level analysis of the forces acting on an ROV to determine its hydrodynamic

stability [23]. This lecture takes approximately 30 minutes, but could easily be extended to give
students more practice with free body diagrams.
Introduction to Engineering is a first year course, and most of our students are not familiar with
free body diagrams as a design tool. Therefore, we introduce free body diagrams as a tool to track
forces and moments, show their directions and relative magnitudes, and visualize how an ROV
will move through the water before the ROV is built. We emphasize that a quick high-level
analysis of a potential ROV design using a free body diagram can reveal design pitfalls such as
imbalanced forces causing an ROV to pitch down while moving forward instead of surging
forward in a straight line.
The lecture starts with a diagram that reviews the forces acting on an ROV, as shown in Fig. 7.
Discussing the moments that result from these forces can be difficult because some students have
not taken college-level physics, and analyzing the forces and moments numerically is beyond
some of our students current skill level. Instead, we discuss the relative directions and magnitudes
of the forces and moments, focusing on which ones are large, small, or zero (Fig. 8).

Figure 7: A slide including a diagram showing the high-level interaction of forces
acting on an ROV.
After establishing a baseline for force and moment analysis that does not require numerical
calculation, but rather intuition, we demonstrate how to use a basic free body diagram to analyze
the motion of an ROV in the moment that the thrusters are turned on (Fig. 9).
The instructor walks students through how to use the large/small/zero analysis method to sum the
forces, sum the moments, and predict how the ROV will move through the water. The predicted
movements are highlighted in the pink box on the slide in Fig. 9. After watching the instructor
demonstrate how to use this high-level free body diagram approach, students then practice the
approach on several other sample ROV designs (Fig. 10), including a design iteration that
attempts to correct a pitching motion by balancing the thruster moments.

Figure 8: A collaborative slide guiding students to categorize the relative moments
that result from different combinations of forces and moment arms.

Figure 9: A slide demonstrating the use of a free body diagram to analyze the
motions of an ROV. The pink box emphasizes what students should be aiming for in
reporting the results of their analysis.

Figure 10: A collaborative slide students complete for practice with free body
diagrams.

Discussion
We will discuss our perceived benefits and potential drawbacks of using collaborative lectures to
teach high-level hydrodynamics concepts to first-year college students. We will also discuss some
lessons learned regarding the use of flexible classrooms.
Benefits of Collaborative Lectures
We have seen a significant improvement in student comprehension of hydrodynamics since
switching to the collaborative lectures three semesters ago. We do not have a formal assessment
of this improvement as we do not really test on such high-level concepts. Our qualitative
assessment is based on the improvement of the ROV designs themselves, our interactions with the
students while discussing hydrodynamics concepts, and in the quality of the ROV presentations
and reports produced by students in the course.
Motion and Controls. Students are more comfortable and knowledgeable about ROV movement
during the lab immediately following the Intro to ROV Hydrodynamics and Controls lecture.
They are able to understand and explain why the demo ROV moves the way it does, referring
back to the slides used in the collaborative lecture. Students are now better able to extrapolate the
concepts of drag, weight, buoyancy, and thrust, along with design choices affecting controls, to
potential ROV designs. We see students using the concepts covered in lecture to analyze different
designs early in the design cycle, when it is easy to make changes. The students also spend more
time designing their control systems and thruster layouts with forces and moments in mind.
Hydrodynamic Stability. The Hydrodynamic Stability collaborative lecture has a clear benefit in
decreasing the number of proposed ROV designs that inadvertently pitch up/down when
attempting to solely surge; this design flaw used to be common in many students’ ROV designs.
The virtual moment balancing via the free body diagrams appears to drive home to students the
importance of the aligning forces and centers.

Students produce an individual design proposal prior to being placed in teams. These individual
design proposals now have much better rationale for the placement of the ROV’s thrusters,
payload, and flotation material. Students use the free body diagrams to justify their design
choices, and we observed that students are noticeably better at predicting how their ROV would
move through water and whether it is hydrodynamically stable, producing “better” designs in that
the designs are more likely to result in ROVs that move the way the students are envisioning their
ROV to move.
Another compelling example is from a team that wanted to include a horizontal thruster to
independently control sway, but the only mounting location available on their design was not
aligned with the center of buoyancy and would cause the ROV to roll and yaw in addition to sway.
The team solved this problem by designing and 3D printing a “redirection tube” to bend the thrust
around to either side of the center of buoyancy and eliminate the yaw-inducing moment (Fig. 11).
The redirection tube worked beautifully, and that team happened to win the competition. We had
not seen these types of design innovation prior to using these collaborative lectures on
hydrodynamics.

Figure 11: An ROV design that included a novel thrust redirection tube to improve
hydrodynamic stability.

Drawbacks of Collaborative Lectures
We are extremely pleased with the results we have seen from switching to collaborative lectures
for the hydrodynamics concepts; however, nothing is perfect. We discuss here some potential
drawbacks of collaborative lectures.
Commonality.The primary drawback of a collaborative lecture is the lack of a common set of
material available to each and every student. Traditional lectures have a common slide deck or
handouts provided to all students. A collaborative lecture will have some level of partial
commonality, but it will not have 100% commonality.
Instructor’s Energy. Another potential drawback to a collaborative lecture is the required energy
it takes on the instructor’s part to give such a lecture. These are high-energy lectures with
significant movement throughout the classroom and significant engagement with students, which
may be difficult for some instructors. This type of collaborative lecture may be difficult for an
alternate lecturer to give, should the primary lecturer be unavailable on the scheduled day.
Additionally, it constrains class size, as a lecturer can usefully interact with a maximum of
perhaps ten or twelve teams.
Student Interaction. The success of a collaborative lecture is heavily dependent on the
engagement of students in their small groups. In general, increased learning in collaboration
comes from students externalizing their mental models and comparing those to others; for such
learning to occur, students need to be willing to engage and even to disagree productively [24].
Previous research has shown that some elements of collaborative learning may be difficult for
co-located student groups meeting face-to-face [3, 24, 25, 26]. For example, negotiations in
diverse groups may be affected by power dynamics in conversations that affect students’
willingness to present an unpopular perspective to even to engage at all. The impact of gender and
underrepresented minority status on willingness to disagree in first year engineering teams were
briefly examined in [3], but the results were not significant. However, it should be noted that there
were individual instances of repressed expressions in that study due to personality conflicts in
small group settings, in which women in particular felt they were disadvantaged.
Additional research has also been performed on examining gender impact in small group learning
environments, which have shown that women participate less, or differently, in small groups
[25, 27]. These impacts should be understood by instructors, as they may predict inequitable
group experiences and inequitable learning from this pedagogical choice.
Room Layout. Lastly, a collaborative lecture necessarily requires a classroom set up for small
groups, as shown in Fig. 1. Institutions may have limited availability and capacities of such
classrooms. Classroom logistics is discussed further in the next section.
Logistics of Flexible Classrooms
We are fortunate to teach in a flexible classroom. Flexible classrooms are often created to
accommodate both classes that are taught in traditional lecture style (all students facing one
direction) and classes taught in studio style (students arranged in small groups). We share here
some of the things we have learned about using flexible classrooms, since the studio-style room
setup is crucial to teaching a collaborative lecture.

Capacity. Flexible classrooms need a lot of space for maneuvering, both in terms of rearranging
the furniture and for students and especially instructors to get around to different student groups.
In our experience, an additional 30-40% capacity is needed for classes that are taught in flexible
classrooms. For example, a 60 person class would need to be in a room that can seat around 80
people in a traditional lecture arrangement where the tables and chairs are arranged in rows facing
one direction. A room that seats 50 people in a traditional lecture arrangement would seat
approximately 35 people in a studio-style arrangement. Note that these rooms should not be
considered “under capacity” when assigned to classes that use studio-style teaching.
Displays. If displays are to be used by students in small groups, in addition to being classroom
displays driven by instructors, then the displays should be sized and mounted appropriately. We
recommend a TV that is approximately 42” and is mounted so that the bottom of the TV is a few
inches higher than the table surface. Using larger TVs and/or mounting the TVs higher than the
tables makes it too difficult for students to comfortably see the displays at their group stations,
and then students will not use the displays for their collaborative work. In addition, the
technology to drive the multiple displays in flexible classrooms must be robust so that instructors
do not lose valuable teaching time to troubleshooting technology. Instructors may have a minute
or two available to reboot the system to see if “have you tried turning it off and on again” helps,
but only if the system can quickly come back online.
Sound System. A microphone system is critical when teaching in a studio-style arrangement
because the instructor is not going to be facing everyone all the time, which means their voice
won’t be carrying to all corners of the room. A microphone will enable all students to hear the
instructor’s voice no matter where they are sitting in the room. A microphone also makes it easier
to regain students’ attention when they are busy working in their small groups. It is noisy when a
large group (say, 60-80 people, subdivided into small groups) is engaged in active learning.
Without a microphone, instructors have to yell to get their students’ attention to clarify
instructions, share out results, or to move students to the next activity. Yelling can sometimes
make the instructor sound angry, when all they are really trying to do is be heard above the noise.
Using a microphone allows the instructor to use their normal voice and still be heard. For
additional accessibility, we recommend including a system that can do real-time captioning on the
displays, so that deaf and hard-of-hearing students also know what the instructor is saying.
Scheduling. It takes a decent amount of time (at least 15 minutes, if not more) to switch from a
more traditional lecture setup (with rows of tables and chairs all facing the same direction) to a
small group/studio setup (lots of group stations) and vice-versa. The tighter the space, the longer
it takes to rearrange the furniture. Students are usually happy to help change from one setup to
another, but changing the room layout can cause stress on everyone if classes are scheduled
back-to-back. A 30 minute buffer between classes that need very different setups would help
immensely. Alternatively, if it is possible to schedule classes that had similar setups (studio vs.
traditional lecture vs. “theater in the round” vs. whatever) then that would help with transitions
between classes.

Conclusions & Limitations
Teaching hydrodynamics concepts to first-year engineering students is a difficult task, but
incorporating active learning strategies through the use of collaborative lectures and hands-on
learning in the classroom, in addition to simplifying concepts, can help students grasp concepts
that would otherwise not be introduced until several years later in their post-secondary
education.
In this paper we have outlined several active learning techniques used in a first-year engineering
course, including having students complete lecture slide examples in small groups and acting out
vehicle dynamics with the help of instructors. These techniques are used in addition to a hands-on
interactive laboratory and limited background reading at a high level for the students.
After these strategies were incorporated into the course, students were perceived to increase
retention and comprehension of hydrodynamics concepts which have improved their designs,
increased the technical content of their written communication, and improved the innovative
strategies used by the students in their designs.
These active learning and collaborative lecture strategies come with a requirement to have a
flexible space for teaching. Having larger classrooms with small group stations and large reliable
displays for collaboration are important aspects to the success of the student learning.
Additionally, ensuring the room is well equipped with appropriate technology and sound systems
allows the instruction to flow more smoothly.
Finally, it should be noted that the results of this paper come with several limitations. There is no
quantitative data available to back up the authors’ perceptions of increased student understanding.
This study was also carried out with a limited number of students each year at one
university.
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Appendix
The collaborative lectures and hands-on activities described in this paper may be found online at
https://drive.google.com/drive/folders/
1PKvbgK-w2m0fEJGxY7GB6z9E2_HyXU5H.
The collaborative lectures and hands-on activities include:
• Streamline Visualization:
– ”Streamline Visualization Activity” doc, includes background information
• Intro to ROV Hydrodynamics and Controls:
– ”Intro to ROV Hydrodynamics and Controls” slides, also uses the ”ROV Centers
Calculation Practice” spreadsheet
– ”ROV Controls Activity - Background Information” doc
– ”ROV Controls Activity” doc, also uses the ”ROV Controls - Group Info” spreadsheet
(two tabs)
• Hydrodynamic Stability:
– ”Hydrodynamic Stability” slides

