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Inquiry-Based Learning Activities in Dynamics

Abstract

Inquiry-based learning activities (IBLA) consist of presenting teams of students with a physical
situation and asking them to predict what will happen. They can then investigate the situation by
experimenting with the laboratory materials. In this way the physical world is now the
“authority” rather than the instructor. IBLAS, which have been shown to be extremely successful
in the physics community®, have been developed for an engineering dynamics course. Two
initial IBLAS, involving a spool (or yo-yo) and rolling cylinders, were implemented in the Fall of
2012. Assessment of the IBLAs includes pre- and post- Dynamics Concept Inventory data,
targeted quiz and final exam questions, and subjective responses from students.

Introduction

Although engineering professors are often successful in teaching students how to choose and
apply an appropriate equation, we are typically less successful at producing true conceptual
understanding in our students. The problem is widespread through STEM disciplines, with
nearly 7700 reported studies of student misconception in the literature. The importance of
conceptual understanding has also been highlighted in the National Research Council’s study
How People Learn®. Two of their three key findings concentrate on conceptual understanding:
one is the need to identify and engage student conceptual knowledge (and later challenge
misconceptions), and the second is the need for students to organize new facts and knowledge
within a unifying conceptual framework. To truly learn, students must master engineering
concepts, not simply memorize facts and correctly choose and apply correct formulas*®.

In order to progress through the engineering curriculum, it is imperative that students have a
strong conceptual understanding of the material. This understanding serves as a framework that
students can use to organize new information and facts; otherwise, their learning will consist of a
loose assortment of new facts and knowledge (which is much more easily forgotten). While
these students can often solve problems similar to what they have seen (typically through
algorithmic substitution), it is much more difficult for them to transfer their new knowledge to
different situations without a strong conceptual framework

It is often disconcerting for instructors to find out how poorly their students perform on
conceptual based tests™’. Many professors assume that students show mastery of the concepts by
performing satisfactorily on homework-type problems. Performance on the Dynamics Concept
Inventory at the end of a dynamics class show students average anywhere from 32.1% to 63.9%°.
Over the last three years, the PI’s experiences have shown that students typically average
between 50-60% on the DCI after completing a quarter’s worth of dynamics. It is evident that
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simply learning the correct equations to apply does not mean a student has mastered the
9,10

conceptual content of a course™™.

There is also evidence that simply telling a student about a misconception does not necessarily
“repair” that misconception. Traditional lecture methods have been shown to have limited
effectiveness on improving student conceptual understanding in basic physics courses*. One
study has shown that traditional instruction may even result in a decrease in conceptual
understanding”.

What Can We Do About It?

Research has shown that students enter classrooms with persistent, strongly-held misconceptions
that can be extremely difficult to identify and to repair ***2. It is difficult to change a student’s
conceptual framework by simply telling them that their robust view of the physical world is
incorrect when everyday experience has reinforced this framework. Students know that heavier
objects such as books drop more quickly than lighter objects such as paper, and instructors may
reinforce this idea by teaching that the force due to gravity on heavier objects is greater than that
on lighter objects. Although students may correctly choose appropriate equations to apply to
homework-type problems, they may still leave courses with an insufficient conceptual
understanding necessary for subsequent courses.

The physics educational community has shown that this situation can be improved. In a study
involving 6,000 students, Hake™ showed that instruction that involved active learning and that
stressed conceptual understanding resulted in much larger conceptual gains than traditional
lecture-based approaches. There is a growing body of literature supporting active learning in
engineering education (see Prince® for a review), and it appears that this message is being heard.
In a pilot study, we found that active-learning based courses resulted in an 8.5% larger
normalized gain on the DCI than traditional instruction (see Table 1). Additionally, active
engagement methods of instruction may not only result in higher conceptual understanding, but
have also been shown to result in equivalent or sometimes better quantitative problem solving
skills™*™*®.
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Table 1. Total pre and post DCI scores for Active Learning and Traditional classrooms.

" Overall Overall
g Post Average Average
g Pre DCI | DCI Normalized | Percent
..‘"6 Results | Results | Gain Improvement
# | Value [%] [%] [%] [%]
Mean 29.85 49.97
Active Learning | 149 | Median 27.59 48.28 29.6 20.11
Standard Deviation 14.55 17.20
Mean 32.97 46.64
Traditional -
. 80 | Median 31.03 44.83 21.1 13.66
Instruction
Standard Deviation 14.19 18.33

An approach that shows great promise is that of inquiry-based instruction. This consists of
presenting teams of students (also introducing the benefits of collaborative learning) with a
physical situation and asking them to predict what will happen. They can then investigate the
situation by experimenting with the laboratory modules. In this way the physical world is now
the “authority” rather than the instructor. As shown in Figure 1, Laws et al." have shown that
using inquiry-based active learning instruction (identified as “New Methods”’) dramatically
increases student performance on questions relating to force, acceleration, and velocity.

Average College and University Results

]
Force
] OAfter New Methods
Acceleration @ After Traditional Instruction
W Before Instruction
: |
Velocity

0 20 40 60 80 100
% Students Understanding Concepts

Figure 1. Active-engagement vs. traditional instruction for improving students’ conceptual
understanding of basic physics concepts (taken from Laws et al.,}).
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Although the exact definition of inquiry-based instruction varies somewhat between different
investigators, we will use the defining features offered by Laws et al." and highlighted by Prince
and Vigeant'’ and summarized in Table 2.

Table 2: Elements of Inquiry-Based Activity Modules

(a) Use peer instruction and collaborative work

(b) Use activity-based guided-inquiry curricular materials
(c) Use a learning cycle beginning with predictions

(d) Emphasize conceptual understanding

(e) Let the physical world be the authority

(F) Evaluate student understanding

(g) Make appropriate use of technology

(h) Begin with the specific and move to the general

While prevalent in the physics educational community, inquiry-based activities have only just
begun to be used in engineering education. Steif and Dollar *® have had teams of students use
physical demonstrations to investigate statics (see example in Figure 2) but did not follow all of
the guidelines set forth in Table 2. The work of Prince and Vigeant has shown great promise in
the fields of heat transfer and thermodynamics, as can be seen in Figure 3. Our goal is to achieve
similar gains in the field of dynamics.

L 4

Figure 2. Physical demonstrations showing the idea of a force couple and a moment
(from Steif and Dollar [18]).
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Fractional Improvement of Conceptual
Understanding

Rate vs.
Amount

0 0.5 1

Fractional improvement in concept inventory score, relative to
start of course

OInquiry based v2 (06-07)
BInquiry-based v1 (05-06)
OTraditional instruction

Figure 3. Improvement of conceptual understanding using traditional and inquiry-based
instruction methods in heat transfer (unpublished results from Prince and Vigeant).

Dynamics

Undergraduate dynamics is often cited as one of the most difficult courses that engineering
students must take (in a recent survey of our classes, 95% of students reported that it was either
the hardest of one of the hardest courses they had so far). It is typically the first truly challenging
engineering course in the curriculum, and many of the topics are in direct conflict with their
perception of the world around them (e.g., there is no such thing as centrifugal force). As
discussed previously, these students often hold many robust misconceptions. These have been
extensively studied through the use of the Force Concept Inventory, which indicates that many
misconceptions are not corrected during introductory physics courses. For example, students
often forget about Newton’s third law when asked about the forces involved when a large SUV
hits a motorcycle. Students also frequently assume that energy is conserved during such an
impact. Additional misconceptions are elicited when dealing with rigid bodies (e.qg., students
often do not understand that bodies have both translational and rotational kinetic energy). These
rigid body misconceptions are in addition to the list of misconceptions developed for the FCI.

Spool Inquiry-Based Learning Activity

The first IBLA developed for Dynamics involves the direction of friction and motion for a
rolling object. An online quiz, shown in Figure 4, was assigned the day before the activity. In
this way, students are required to think about the situation before coming to class, and to make
predictions about the behavior of the system. The primary concepts addressed are that the
directions of the linear and angular accelerations have to match the directions of the net force and
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moment, respectively. During class, students are given spools and told to basically perform the
“experiments” from the quiz the night before (see Appendix A for the Spool IBLA worksheet).
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Figure 4. Online quiz given before the Spool IBLA.

An example of the student activity is shown in
Figure 5. As the instructors circulated throughout
the classroom, we occasionally probed the teams
with pertinent questions, asked them the relevant
dynamics principles, and encouraged them to
draw free-body diagrams to help them think about
the situation. After approximately 20 minutes, the
class discussed the results and then took a “team
quiz” (see Appendix B). This quiz involved a
slightly different shape to see how well the teams

could transfer the information learned during the ™ T ;
activity Figure 5. Testing during the Spool IBLA.
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Another Dynamics concept associated with the Spool IBLA is the direction of friction acting on
a rolling object. The direction of friction can be difficult for students when dealing with particles
— it can become even more confusing with rigid bodies. When accelerating without slip, the
friction of the drive wheel of a car acts forwards, while the friction on the non-drive wheel acts
backwards. The Dynamics Concept Inventory (see www.ciHUB.org) has two questions which
involve this, as shown in Figure 6. A final assessment was done on the final examination for the
class, as shown in Figure 7.

For the rear wheel drive car, consider a situation in which /‘ -
the car starts from rest and accelerates to the left. The = [ m—
tires do not slip on the road. Assume the normal force , }) ;
on the rear tires is Nrear and the coefficients of static and
Kinetic friction are g, and pyg, respectively. The friction
force, Frear, on the rear tires is given by what expression
and what is its direction?

(a) Frear = MiNrear to the right.
(b) Frear = Mg Nrear to the left.
(¢) Froar = HsNrear to the right.
(d) Frear = MsNyear 10 the left,

(¢) Not enough information is given.

For the rear wheel drive car, consider a situation in which
the car starts from rest and accelerates to the left, The
tires do not slip on the road. Assume the normal force on
the front tires is Ngone and the coefficients of static and
kinetic friction are pg and py, respectively, The friction
force, Fironr, on the front tires is given by what expression
and what is its direction?

(@) Firont = Mk Ngront 10 the right.
(b) Feront = i Ngrom to the left,
(¢) Frromt = HsNiront to the right,
(d) Firont = MsNeront to the left.

(e) Not enough information given,

Figure 6. DCI questions dealing with friction and acceleration without slip.
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You pull gently on the spool with a force T and

cause it to roll without slip. Which way will the L2 5
s ) / 200 mm
friction force act? Y/ o _ T
/ \ o5 = & b;
.
a. To the left N\ Amm L6
\ V& e
b. To the right \ ~ o /

N
¢. Upwards . /

d. Not enough information to tell

Figure 7. Final exam question assessing the Spool IBLA.
Cylinder-Pipe Inquiry-Based Learning Activity

A second IBLA created for Dynamics involves the rolling of Cylinders and pipes down a ramp.
This IBLA directly addresses one of the questions in the DCI as shown in Figure 8. The test
contains distracters that were generated from student answers to conceptual problems. The most
commonly selected distracter for this problem is choice A, followed by B. This problem
addresses the inertia of the two rolling objects — the thin hoop has more mass located away from
the center of rotation, and therefore has a higher mass moment of inertia. The forces and
moments are the same for both wheels; therefore, the cylinder on the right side will roll down the
hill more quickly than the hoop. An inquiry-based module was created to help teach students
concepts of mass distribution and work-energy (see Appendix B for the full worksheet). Several
different metrics were collected to assess the usefulness of the IBLA: (a) DCI scores at the
beginning and end of the course, (b) an in-class quiz immediately before the IBLA, (c) an
assigned a homework problem that was based on the activity, and (d) a multiple choice question
on the final exam. Both (c) and (d) can be found in Appendix B.

(1]
The two objects in the ligure at the right are re-

leased from rest at the position shown and roll \
without slipping down identical hills. Both ob
jects have the same mass m and same outer ra-
dius. Object A is a thin hoop whose mass Is con-

centrated inits outer edge. Object B is a uniform
solid cylinder. Neglecting alr resistance, how do
the speeds of the two objects compare when they
reach the bottom ol their respective hills?

(a) A and B will have the same speed.
(b) The speed of A will be greater than that of B.
(€) The speed of B will be greater than that of A,

() Knowledge of the friction forces is required 1o answer the question,

(€) knowledge of the shape of the cross-section of the thin hoop is required to answer the question

Figure 8. DCI question related to the Cylinder/Pipe IBLA.
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The Cylinder-Pipe IBLA addresses the effects of distribution of mass with the first exercise
(large metal solid cylinder and the black metal pipe with same radius, length, and mass). The
IBLA then goes on to explore different concepts of work and energy. It ends up that as long as
there is rolling without slip, all solid homogeneous cylinders will have the same linear velocity at
the end of the ramp, independent of mass and radius. Furthermore, all solid cylinders will get to
the bottom of the ramp before all pipes, regardless of the radius and mass. This is demonstrated

by examining the work-energy equation: T, +V, =T, +V,, where T and V are kinetic and potential

energy, respectively. If the cylinder starts from rest, then T; = 0. For a given ramp, the change
in height will be same for all circular objects. Therefore, we can rewrite the equation as:

1 1
mgh=§IGw2+Eva (1)

We now set the mass moment of inertia equal to cmr?, where ¢ is a scaling factor. For a thin
ring, c= 1, and for a solid cylinder, c=%. If we also substitute the roll without slip condition,
Veenter= F'®, We obtain:

1 V2 1
mgh = =cmr?| = |+ —my?2 2
g 2 ( r2 j 2 center ( )

Solving for Veenter, We see that the mass and the radius both cancel.

_ /Z_Qh
V= 1+c ®

Examining Eq (3), it can be seen that the linear
velocity only depends on the mass moment of
inertia factor, c. Therefore, a round object with a
higher mass moment of inertia will get to the
bottom of the ramp more slowly than an object
with a smaller Is. Many students realized that this
really indicates a distribution of the translational
and rotational kinetic energy of the objects. A
cylinder will have greater translational energy
than a pipe of identical radius and mass when
released from identical locations on the ramp, and :
therefore will reach the bottom fastest. el

Students performing the Cylinder/Pipe IBLA can  Figure 9. The Cylinder/Pipe IBLA.
be seen in Figure 9.
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Assessment

Spool IBLA. Table 3 shows (a) the pre- and post-DCI results of the rear and front wheel friction
force questions, (b) the online quiz results from the day before the Spool IBLA, and (c) the
results from the final exam question.

Table 3. Assessment of Spool IBLA,; percentage of students answering the question correctly.

DCI (Fig6) DCI (Fig6) Online Quiz Problems (pre-IBLA) (Fig 4) Exam
Friction on Rear | Friction on Front Horizontal Pull Vertical Pull (Fig 7)
Pre Post Pre Post Motion | Friction Motion Friction Friction
29.0% | 57.4% | 29.0% | 51.1% 37.6% 69.5% 78.4% 70.5% 65.9%

Cylinder-Pipe IBLA. Table 4 shows (a) the pre- and post-DCI results of the ramp question, (b)
the quiz results from the day before the IBLA, and (c) the results from the final exam question.

Table 4. Assessment of Cylinder/Spool IBLA; percentage of students answering the question
correctly.

DCI (Fig 8) Quiz (pre-IBLA) (App B) Exam (App B)
Pre Post
31.3% 89.8% 43.4% 84.5%
Subjective Assessment

Students were asked a number of questions on an end-of-course survey. The first set used a
Likert scale to determine if different course components (a) helped the students learn the material
and (b) thought it was interesting and motivating. Averages for the responses are shown in Table
5, where 1= strongly disagree, 2= disagree, 3= neutral, 4= agree, and 5= strongly agree.

Table 5. Comparison of two IBLAS and a course project.

The helped me learn the material. The was interesting and motivating
Catapult project | Spool IBLA | Cylinder/Pipe | Catapult project Spool Cylinder/Pipe
IBLA IBLA IBLA
3.93 411 4.38 3.96 3.83 4.12

Additionally, they were asked “When did the behavior of the spool finally make sense to you
(e.g., in the middle of the activity, after you talked to your team about it, after it was discussed in
class, when you took the quiz, after you saw the quiz solution, it still doesn’t make sense....)?”.
The same question was asked about the behavior of the different rolling cylinders. Responses
were coded and are tabulated in Table 6.

T1'T9/.°€Z abed



Table 6. Student responses as to when they understood the concepts in the IBLAS.

Spool IBLA Cylinder-Pipe IBLA
Understood beforehand 10 10
During/after quiz 10 2
During activity 36 52
Talking with team 42 36
After activity 6 7
Discussion in class 37 19
Studying it later 5 11
After homework N/A 22
Still confused 22 7

Finally, we asked students if they had any suggestions to improve various course components.
Only six students targeted the IBLAs — in the future we will ask more directed questions
immediately after the activity and not at the end of the quarter.

Several of the comments requested more guidance during the activities, as shown below:
Tell us how the cylinders should behave and have us experiment to prove that that's true.

Have teacher explain more or give hints to why before the spool and cylinder. We already
get what you are trying to do, and don't want to sit there not understanding what is going on.

Maybe have them do the math out for the rolling cylinders, then test to see it work, rather
than try to guess on which one looks like it rolls faster, because it's pretty impossible to tell.
We ended up just doing the math anyway to make sure because our visual results varied each
time.

Discussion and Conclusions

It is evident that the Cylinder/Pipe IBLA was more successful at clearing up the targeted
misconceptions than the Spool IBLA. Even after the Spool IBLA, over a tenth of the students
were still confused about the direction of the friction force. Our final exam question was slightly
more in-depth (at an arbitrary angle) than the initial pre-activity quiz, but it is still disappointing
that the students did not perform better on it. It should also be mentioned that the Spool IBLA
targets more difficult topics than the Cylinder/Pipe one. The direction of the friction force
cannot be visualized — only the direction of the motion can be explicitly seen. In the future, we
plan to have a more in-depth discussion after the first horizontal pull, then have them complete
the second portion with the vertical pull. We are also planning on developing a simulation
module that would indicate the direction of the friction under different forces. Additionally, we
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will assign a homework problem, including some conceptual questions, to help solidify their
learning.

The Cylinder/Pipe IBLA was successful, but we did encounter some difficulties during
implementation. It is important to make the ramp angle shallow — otherwise small differences
are exacerbated as the objects “race” to the bottom. As noted in student comments, the results
are also somewhat dependent on the release of the objects. This may end up reinforcing student
misconceptions — if the heavy steel cylinder beats the lighter, smaller wooden cylinder by even
an inch, some students will decide that heavier cylinders will always beat the lighter ones. In the
future we will experiment with an inexpensive “starting gate” to help alleviate this situation.

By carefully constructing inquiry-based activities where students must make predictions,
experiment with a physical artifact, and explain the results, we can force students to confront
their misconceptions head-on. Initial testing revealed that we must carefully craft the IBLAS in
order to maximize conceptual conflict, and to develop proper conceptual understanding. Our
engineering students seemed motivated by the experiments, and a great deal of good discussion
could be heard as we walked around the room. In future work, we hope to ascertain exactly
when students seem to understand the concepts, and the exact components necessary to make an
effective inquiry-based learning activity for dynamics.

Acknowledgements: Support for this work was funded by the National Science Foundation,
NSF 1044282, Using Inquiry-Based Activities to Repair Student Misconceptions in Engineering
Dynamics. Any opinions, findings, and conclusions or recommendations expressed in this
material are those of the author(s) and do not necessarily reflect the views of the National
Science Foundation.
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APPENDIX A

Spool Laboratory

1. Discuss the question from last night (pull on the string gently, which way will the disk move?

(Indicate # of votes): Right Left Won’t Move

2. Pull gently on the string in the configuration shown. Which way does it
move? Which direction is the friction force?

Now pull on the string a bit harder so that it isn’t rolling without slip. Which way do you think
the friction force acts? It is probably in the same direction as above, but now it will be equal to
what value?

3. Now pull gently on the string vertically. Which way does it go?
Which way does the friction go?

4. Try varying the angle of your pull, and how hard you pull on the string. When is the friction
force equal to uN? wN? Explain your answers.

Post Spool IBLA Quiz

1. The spool shown has a cable wrapped around its OUTER diameter and rolls on its INNER
diameter. Note that this is the opposite of the spools you have been playing with in class. This
spool has an outer radius of 250mm and INNER radius of 50mm. The cord wrapped around the
OUTER diameter is subjected to a pulling force of 2 Newtons. The spool has a mass of 1 kg and
can be modeled as a uniform disk. If u=0.3 and w,=0.2, determine the acceleration (magnitude
and direction) of the center of the disk. Also determine the friction force and in your reflection,
compare it to the Tension force.

Ro=250mm

Note for a uniform disk: 1 =%mr2

T=2N
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Appendix B: Cylinder-Pipe IBLA

Cylinder vs Pipe Laboratory

Setup

Create an incline with the ramp with a height of several inches using a book or steps.

Experiment

0o,
{ o\ Y
\.

\
W

Place the rolling objects close to the top of the ramp and side by side. Create a ‘starting gate’
with the clipboard. To initiate the race, flip up the clipboard with both hands. When the objects
roll to the bottom of the ramp catch them or use a cushion to stop them. Run the following
scenarios and respond to the prompts.

Exercises

¢ Roll the big metal solid cylinder and the black metal pipe. (Same radius, length, and mass).

State your prediction. State the post-race result. How do you explain the race result using
principles of Dynamics?

e Next, roll the small metal solid cylinder and the wood solid cylinder. (Same radius and
length, but different mass).
State your prediction and state the post-race result. How does mass influence rolling
behavior?

¢ Roll the big metal solid cylinder and wood solid cylinder. (Same length and shape,
different mass and radius).
State your prediction and state the post-race result. How do the cylinders compare to each
other?
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e Roll the small PVC pipe and big PVC pipe and grey metal pipe. (Same length and shape,
different radius and mass).

State your prediction and state the post-race result. What is the rolling behavior of pipes?

e Which has bigger Kinetic Energy when it reaches the bottom, the big metal solid cylinder or
black metal pipe? (same mass and radius)

e Which has bigger Kinetic Energy when it reaches the bottom, the small metal solid cylinder
or the wood solid cylinder big metal solid cylinder?

Quiz Question Before the Cylinder/Pipe IBLA

In the picture above, the cylinder (A) and the pipe (B) above have the same outer radius and the same
mass. If they are released from rest and roll without slipping down identical ramps. which of the
following statements 1s true?

a) The cylinder A will get to the bottom of the ramp first

b) The pipe B will get to the bottom of the ramp first

c¢) The cylinder A and the pipe B will get to the bottom of the ramp at the same time

d) There 1s not enough information to tell
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Homework Due After the Cylinder/Pipe IBLA

1. Use the Work-Energy Equation to show that a cylinder will always reach the bottom of the
ramp faster than a pipe with a small thickness, independent of mass or radius.

2. A homogeneous sphere S, a uniform cylinder C, and a thin pipe P are each released from rest
on the incline shown. Knowing that all three objects roll without slipping. Each has the same
outer radius of 10 cm and the same mass of 1 kg. After rolling for 3 meters, calculate the linear
velocity of each rolling object.

Final Exam Problem Assessing the Cylinder/Pipe IBLA

The thin disk (a) and ring (b) both have the same mass and radius, They are both released from rest in
the horizontal position shown, Which will have the higher angular acceleration when they are released?

a. The thin disk (a) will have the higher angular acceleration
b. The ring (b) will have the higher angular acceleration

¢. The disk and ring will have the same angular accelerations

d. Not enough information to tell

(a) (b)
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