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Work in Progress: Refining a Rigid Body Dynamics Concept Inventory with Expert
Feedback and Preliminary Student Testing

Abstract

Following the initial development of a new Rigid Body Dynamics Concept Inventory (RBDCI),
our ongoing efforts have focused on refining the instrument through targeted feedback
collection. The two key sources of feedback include a survey from experts in the field and initial
testing of the concept questions with students. The expert survey gathered feedback on the 11
proposed concepts identified through our previous efforts and the original DCI Delphi study
results. Experts were asked to rate the importance of each concept and estimate the percentage of
students who struggle with each one. These results provided valuable insights for refining and
narrowing down the number of concepts tested in the RBDCI.

Additionally, we piloted subsets of the proposed concept questions with a diverse group of
students from various universities. The students answered all questions for each subset, and for
select questions, they also provided written responses, rated their confidence, and assessed the
perceived effectiveness of the questions. The analysis of the student results identified areas of
strength and weakness in the current questions. The results revealed misunderstandings related to
problem statements and figures, and improvements were made to questions that involved
multiple concepts. It was important to refine each question to effectively target only one specific
rigid body dynamics concept.

The combination of expert feedback and student testing will continue to improve and lead to a
finalized RBDCI that can be used by all mechanics instructors. Our current work involves further
iterations of student testing with problem subsets to continue refining and clarifying the
questions. This paper presents the key findings from the expert survey and preliminary student
testing, highlights the changes informed by these results, and outlines the path forward toward a
validated Rigid Body Dynamics Concept Inventory.

Introduction

Concept Inventories have become useful tools to identify student misconceptions across
numerous disciplines including physics, engineering, biology, and geology [1]. These concept
inventories are used as diagnostic assessments that can identify how students understand, or
misunderstand, principles of the different topics. Many of these inventories have also helped
inform instructional practices or evaluate the changes in instructional methods [2]. One of the
earliest and influential examples was the Force Concept Inventory (FCI) which helped lead
change to instruction methods used in physics [3]. Informed by the success of the FCI, an
original Dynamics Concept Inventory (DCI) was developed to assess and update Dynamics
instruction with a focus on particle dynamics [2, 3]. The original DCI has been downloaded over
150 times from the Concept Warehouse website [1, 2, 4, 5]. The results from the original DCI
have provided insights into common student misconception in particle dynamics, while also



identifying instructional differences amongst teaching approaches [6-8]. The DCI covers particle
dynamics well, but it does not adequately address rigid body dynamics which is a topic that is
challenging for many students. Research by Fang has identified that rigid body motion and
rotational dynamics are considered by students as some of the most difficult concepts in
dynamics courses [9].

Recognizing this gap and need for a focus on rigid body problems, a research team has worked to
develop a new Rigid Body Dynamics Concept Inventory (RBDCI). The RBDCI focuses on rigid
body concepts which expands on dynamics topics not included in the original DCI with the
intent for it to become a targeted diagnostic tool to address the conceptual challenges associated
with rigid body dynamics. The initial proposal for the RBDCI included 11 core concepts and was
presented at the 2024 ASEE Annual Conference and Exposition [10]. Table 1 lists the initial 11
concepts proposed for the RBDCI.

Table 1: Initial 11 concepts proposed for the new Rigid Body Dynamics Concept Inventory (RBDCI)

Concept | Title

1 Different points on a rigid body have different velocities and accelerations.
The inertia of a body affects its acceleration and velocity.
The forces and acceleration of a rigid body are dependent on one another.
A rigid body can have both translational and rotational kinetic energy.
In general, the total mechanical energy is not conserved during an impact.
Coriolis acceleration occurs in rotating reference frames.
The angular momentum of a rigid body depends on the reference point.
If the net external force F on a rigid body is not zero, then there is an
acceleration of the center of mass of that body.
9 Angular velocities and angular accelerations are properties of the rigid body.
10 Points on an object that is rolling without slipping have velocities and
accelerations that depend on this constraint

11 The action of friction opposes the relative velocity at the contact point. Or acts to
prevent relative motion at the contact point.
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As part of the development process of the RBDCI, it was important to ensure reliability and
validity of the proposed concepts. The team used a Delphi method to gather feedback amongst
the experts that these proposed concepts are fundamental for rigid body dynamics. The Delphi
method has been used in many different fields as a process to get consensus on topics from
experts [11]. For the RBDCI, the same process was used that was implemented in the second
round of Delphi testing done for the original DCI [2]. This method ensures that the RBDCI
reflects expert opinion on the important concepts and instructional needs for rigid body dynamics
and provides feedback to the research team to further refine and reduce the list of proposed
concepts.



Expert Survey and Feedback

One of the next steps in the development of the RBDCI is to finalize a set of 10 concepts from
the initial list of 11 presented in Table 1 based on feedback from the experts and discussion
amongst the team. The decision to reduce the inventory to 10 concepts is based on the practical
considerations of test length and depth. The final version of the RBDCI will include three
questions per concept resulting in a 30-question inventory. This balances content coverage
providing adequate diagnostic results for each concept while keeping the length manageable for
test takers. Following the presentation of the initial concepts at the 2024 ASEE Conference and
Exposition, a Qualtrics survey was designed and distributed to experts in the field of mechanics.
The survey was developed based on the same Delphi process that had been used in expert
surveys for other concept inventories [2, 11]. The survey was shared through the ASEE
Mechanics Division mailing list in two sperate communications: a stand-alone email and a
follow-up opportunity as part of the Mechanics Division Fall Newsletter. This allowed broad
participation from instructors who are part of the division to participate in the survey.

The survey was completed anonymously but included two experience-related questions about the
number of years the responder had been an instructor and the number of semesters they had
taught undergraduate dynamics. Table 2 provides a breakdown of the experience levels for the
faculty that responded to the survey.

Table 2: Experience level of faculty members surveyed

Years as Instructor | No. of Faculty SEMESET Te_achlng No. of Faculty
Dynamics
1-5 2 1-5 5
6-12 3 6-10 1
12-20 3 11-15 2
20+ 3 16+ 3

There was a total of 11 faculty who completed the entire survey. An additional six faculty started
the survey but did not rate the concepts, so their responses were excluded from the analysis. The
instructors’ experience was evenly distributed across the different categories for teaching
duration, while nearly half of the responders had taught introductory dynamics for five semesters
or less.

Following the experience questions, the survey asked each responding faculty to rate the
importance of the 11 concepts relative to an introductory engineering dynamics course and to
estimate the percentage of students who understand the concept at an acceptable level at the end
of the introductory dynamics course. The ratings were provided on a scale of 0 to 10, with 0
indicating “I do not cover this topic”. The remaining rating scale was 1 — is not important/less
than 10% of students understand, to 10 — very important/between 90%-100% of students
understand. Table 3 summarizes the average ratings for each concept



Table 3: Results from experts’ evaluations of proposed concepts in terms of importance and
student understanding

Concept 1 2 3 4 5 6 7 8 9 | 10 | 11
No. Faculty 1M | 11| 11 ] 10| 10 8 | 9 | 11 | 11| 10| o
Importance 955|927 | 991 | 920 | 840 | 6.50 | 8.11 | 9.09 | 9.00 | 8.40 | 7.44
Student 782 | 745 | 927 | 6.80 | 6.10 | 3.78 | 5.78 | 7.64 | 7.09 | 6.40 | 5.50
Understanding

Difference

(Importance— | 1.73 | 1.82 | 0.64 | 2.4 | 23 | 272 | 233 | 145 | 191 | 2 | 1.94
Understanding)

*For Concept 6 and 11 there was one faculty member that selected “T do not cover this topic” for
Importance but gave a numerical rating for the Student Understanding question.

The trends revealed that the concepts rated higher in importance often had higher student
understanding ratings. This correlation might reflect the emphasis placed on these concepts
during instruction or a result of the nature of the concept and how accessible it is within the
dynamics curriculum. Figure 1 illustrates the relationship between importance and student
understanding ratings, highlighting the consistent trend across most concepts.

Average Instructor Ranking
)

2 —®— I portance
1 Student Understanding
0
1 2 3 - 5 6 7 8 9 10 11
Concept

Figure 1: Average Ranking for Importance and Student Understanding of Each Concept

Notably from Figure 1, Concept 3 has the highest rating in student understanding with an
estimated 90% or more of students that achieve acceptable understanding by the end of the
semester. Concept 6 had the lowest rating for both importance and understanding, with several
faculty indicating that they did not cover it.

After reviewing the expert feedback, it was determined that all 11 concepts were important to
rigid body dynamics (all receiving an importance rating above 6). However, this feedback will be




considered when reducing the number of concepts for the final RBDCI which aims to have only
10 concepts. The survey also included open-ended questions allowing instructors to:

1) Identify any concepts that need more clarification.
2) Suggest additional rigid body dynamics concepts.
3) Provide general comments or suggestions for the RBDCI.

There were several responses to each of these prompts that are being discussed amongst the team
and being used to clarify the 11 concept titles. The responses also helped identify any possible
gaps or missing information. The expert feedback was instrumental in guiding the next phase of
the RBDCI development, but based on these results, all 11 concepts were still included to get
additional data from the student testing phase. This will provide multiple data sources of
information that will be used to evaluate which concepts should be included in the final RBDCI.

Initial Student Testing

In parallel with surveying the experts, the project team collaboratively drafted possible problems
for each concept. Each member proposed multiple questions, which were reviewed and modified
through team discussions. This process narrowed down the questions and finalized the answers
for the first round of student testing. Questions were uploaded to the Concept Warehouse
(https://conceptwarehouse.tufts.edu/cwy/), a free online tool that houses concept questions,
several concept inventories, as well as instructional tools. Table 4 summarizes the initial number
of draft questions per concept along with the corresponding Concept Warehouse problem
numbers.

Table 4: Summary of concept questions developed and corresponding Concept Warehouse numbers

Number of draft
guestions

6 7358, 7359, 7360, 7361, 7371, 7372
7334, 7341
7367, 7375, 7376, 7377, 7378, 7379
7336, 7337, 7335
7362, 7363, 7370, 7373, 7374
7338, 7339,7340
7364, 7366, 7368, 7369

Concept Concept Warehouse numbers
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7395, 7396, 7397, 7398, 7399
7404, 7408, 7411, 7415
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The target was to have 3-6 questions per concept for testing and based on the results the
questions will be revised or reduced. Two concepts (8 and 11) did not have any problems created
for the first round of testing due to the team prioritizing other concepts and a lack of consensus



on suitable rigid body questions at the time of this paper. These concepts will be tested in the
next phase of testing.

The initial student testing was conducted across the five universities represented by the project
team, ensuring a diverse student population. Each team member was responsible for testing up to
four questions per concept and focusing on two specific concepts with some additional questions
included at their discretion. Due to varying enrollment sizes, class types, and question
distributions, the number of students tested was not evenly distributed across the questions.
Table 5 presents the percentage of students who answered each concept question correctly, along

with the total number of students tested on each question provided in parentheses.

Table 5: Percent of students that correctly answered each question during initial student testing

Concept | Question 1 | Question 2 | Question 3 | Question 4 | Question 5 | Question 6

1 60% 44.4% i 100% ] 90.6%
(10) ) (10) (32)

5 31.4% 79.5% i ] ] ]
(86) (39)

3 60.5% 67.2% 35.1% 73.7% ] 68.4%
(38) (61) (37) (38) (38)

4 50.8% 39.5% 40.2% ) i i
(128) (129) (127)

5 50% 40% 46.9% 80.6% 78.9% )
(72) (65) (64) (62) (71)

6 22% 18.4% 22% ) i i
(59) (109) (59)

7 38.1% 80.5% 55.6% 68.3% ) )
(42) (41) (18) (41)

9 65.2% 62.5% 95.8% 73.5% 76.5% )
(23) (32) (24) (34) (34)

10 10.5% 36.8% 10.5% 31.6% ) ]
(38) (38) (38) (38)

The initial testing results provide insights into the difficulty of each concept and question. The
most notable results include:

e Two questions from Concept 1 and one question from Concept 9 had over 90% correct
responses, suggesting that these questions or their answer choices might by too easy.
While an easy question can serve as a baseline, revising the distractors can help better

identify student misconceptions.

e For Concept 10 there were two questions that had less than 11% correct responses. These
questions included more than five answer options each, potentially leading to confusion
with the large variety of choices. The results for these questions can help refine the
answer choices to improve clarity.



e Concept 9 had the highest percentages overall, while Concept 6 had the lowest
percentages across the questions. This could reflect the level of understanding that the
students have with these concepts or their familiarity with the topics.

e Most of the questions proved challenging to students, with performance varying across
the questions in the same concept. Having success with one question did not correlate to
success in the other questions for that concept.

These findings will guide the revisions for the next round of testing to ensure a balance between
question difficulty and conceptual coverage.

Analysis of Question-Specific Results

Comparing student responses within the same concept is a critical aspect of the question design
and refinement process. For example, looking at two questions from Concept 3 — “The forces
and acceleration of a rigid body are dependent on one another,” highlights how students perform
differently based on the figure shown, question phrasing, and answer options. Figure 2 includes
two questions that can be compared from Concept 3.

A uniform rod of length Z and weight ¥ is supported as shown. Before the cable 1s cut,
the reaction at 4 is equal to half the weight of the bar. At the instant right after the
cable at B is cut, which statement is true about the reaction at 4?
Concept
Wareh(_)use ‘:15 A.The reaction at A4 is equal to the total weight W
Question B. The reaction at A4 is larger than
7376 A B C. The reaction at 4 is less than W
o] D.The reaction at 4 remains unchanged
The two rods have the same mass and length and are held in the horizontal position as shown.
Bar A is released from rest and Bar B is given an initial angular velocity, @. What statement is
true about the reaction force at the pin O at the instant shown?
Concept A.The reaction forces are equal
Warehouse | A F _ B B. ;‘iz tr;?cmn force for rod 4 is
H (& (&}
Question N L > N L 2 C. The reaction force for rod B is
7377 greater
D. The reaction force will be zero for
both cases

Figure 2: Examples of two RBDCI questions for Concept 3



The results are summarized for these two Concept 3 questions in Table 6.

Table 6. Comparison of student responses for Concept 3 questions

Answer Question 7376 Question 7377
A 13 9
B 8 1
C 13 28
D 3 0
Total No. Students 37 38
% Correct 35.1% 73.7%

The results indicate that Question 7377 is an easier question for the students, as nearly 74%
answered correctly. This may be the result of having a lack of strong distractor answers. It could
also indicate that students understand or have the intuition that an initial angular velocity in the
system results in a higher reaction force at the pin. Question 7376 had lower success, around
35%, likely because the answer is not immediately obvious from the figure. The Answer A, a
static solution, was a desirable distractor for the students to select, but the student responses were
distributed across all the answer choices suggesting student confusion or misconception for that
problem.

Despite these differences in the results, the project team values both questions for the final
RBDCI. There will be discussions to develop better distractors, particularly replacing Answer D
for Question 7377, to further improve the quality of the question.

Another example of how initial student testing will inform question refinement is provided by
Concept Warehouse Problem 7408, which is shown in Figure 3.

The wheel is rolling without slip and the speed of the wheel is
increasing. What direction best describes the velocity of point A?

N\ -
A.Direction 1
B. Direction 2
N end
3 E. Direction 5
4 2 F. Direction 6
5% 1 G.Direction 7
6 3 8 H.Direction 8

1. Direction 9 (The vector is zero)
9 - zero

Figure 3: Example of an RBDCI question for Concept 10



The results for this question are summarized in Table 7.

Table 7: Student responses for Concept 10 question

Answer Question 7408
A 4
B 14
C 15
D 1
E 2
F 0
G 0
H 1
I 1
Total No. Students 38
% Correct 36.8%

These results suggest that Answers A and C are good distractors, as they attracted a decent
amount of student responses. However, the other answers were rarely selected and do not make
good distractors for this question. This data supports reducing the number of answer choices to
four or five by focusing on the most chosen distractors.

A key consideration for this question and others like it is whether it is best to keep the current set
of nine directional answer options. There is much of the education literature that supports fewer
multiple-choice answers including reducing all multiple-choice tests to three answer options,
which could have benefits on reducing cognitive load and allowing for more items to be tested
[12]. However, it was decided, at least for the initial testing phase, to maintain consistent
direction choices for all questions that included a directional wheel to simplify the test-taking
experience. There are currently 10 questions that use a directional wheel for the answers with
varying correct answers amongst the nine wheel options, so to prevent the students from having
to interpret a new set of directions for each questions it was decided that a uniform directional
wheel will be used to minimize variability on answer choices to allow students to focus on
answering the question rather than interpreting each new set of directions for each question. The
project team is evaluating the trade-off of reduced answers compared to consistency across the
test when finalizing the question design.

In addition to the quantitative results for each question, the team collected qualitative responses
to gain deeper insights into the student thoughts and effectiveness of each question. The students
could comment on how they approached the problem and their thoughts on the question
effectiveness. Their responses are currently being analyzed and categorized to identify the
different strategies students used to solve the problem. This will involve correlating the students’
thought process with their answer selection. This correlation will create a confusion matrix for



each question with four categories including: correct answer with helpful reasoning, correct
answer with unhelpful reasoning, incorrect answer with helpful reasoning, and incorrect answer
with unhelpful reasoning. These matrices will provide an understanding of student performance
and reasoning patterns.

Additionally, categorizing student thought processes into themes will provide further insights
into how students respond to specific concepts. These themes will further help improve question
effectiveness, problem statement ambiguity, distractor answer choices, and identify any major
misconceptions students may have about rigid body dynamics concepts. The combination of the
quantitative and qualitative feedback is key to improving the RBDCI to become a useful tool to
assess undergraduate students in rigid body dynamics concepts.

Discussion

The refinement process for the RBDCI has presented several challenges. It has been important to
balance the cognitive load and question clarity while also creating opportunities to diagnose
student understanding from the results that could be valuable to the instructor. To achieve these
goals, it is essential that each question effectively targets only a single concept while aligning
with common instructional practice. It is an iterative process, but the feedback from experts and
students has been crucial in supporting the development. These results have identified several
opportunities for improvement to both the concept titles and the questions.

The expert survey provided insights into the importance and clarity of the proposed concepts.
There were several concept titles that faculty offered recommendations for rephrasing, clarity, or
slight modifications. The concepts rated as less important or with lower ratings for student
understanding will require careful consideration when finalizing the RBDCI’s 10 concepts.

The student testing revealed significant variation in question performance across the concepts.
The questions with the lowest correct response, such as those in Concept 10, are being
reevaluated to improve clarity and answer choices. While the questions with the highest correct
response, like those in Concept 1 and 9, are being evaluated to determine whether the answer
choices need adjustment to improve the diagnostic results to better understand misconceptions.
The creation of better distractor answers based on common student misconceptions is a key
priority. The qualitative student responses will also add to the ability to identify these
misconceptions to refine the questions accordingly. This process will ensure that the RBDCI test
results will assess both student understanding and provide instructors with insight on the areas of
weakness for their students.

Next steps

The project team is currently focused on analyzing the qualitative results from the first round of
student testing, refining questions based on the feedback received, and preparing for a second
round of student testing. The second round will involve a new cohort of students, offering fresh
data on the RBDCI. There will be an emphasis on addressing gaps identified during the initial



testing, such as the lack of questions for Concepts 8 and 11, while continuing to improve clarity
and refine the other concepts.

As part of the next phase of development, it is important to establish validity and reliability of
the RBDCI [2]. To guide this process, the Evidentiary Validity Framework will be used, which
has been used for other concept inventories to establish validity [12]. This framework requires
gathering multiple sources of evidence to support the interpretation and intended use of the test
scores including evidence based on the concepts tested, the responses, the likelihood for
misconceptions, and the consequences of the results [13]. The validation efforts include
analyzing the question specific responses with the student’s qualitative responses to determine
misconceptions, surface level misunderstanding, guessing, or insight into how the students
interpret the questions. The team will also use statistical analysis methods like item-total
correlations to assess the consistency of questions within in the same concept. This will identify
questions that have inconsistent performance or fail to discriminate between student
understanding and may result in further revision or removal from the inventory. A final source of
evidence will include collecting feedback from instructors who use the RBDCI in their
classroom. This is evidence for consequential validity to understand how the inventory can
inform instruction and to evaluate the practical use of the RBDCI.

Reliability will be evaluated by testing the inventory across diverse student populations at
multiple institutions. Consistency of question performance across different cohorts will evaluate
the reliability and generalizability of the RBDCI. Other reliability metrics, like Cronbach’s
alpha, will be calculated to assess the internal consistency of the overall inventory and individual
concepts.

Through addressing the feedback and challenges at each iteration, the team aims to develop a
robust and practical tool to measure student understanding of rigid body dynamics. The RBDCI
is intended to identify areas of weakness and student misconception, but also become a valuable
resource to enhance dynamics education and support deeper student learning of rigid bodies in
dynamics courses.
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