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A Mastery-Based Learning model for an upper-level vibration analysis course 

Background 

The origins of mastery-based-learning (MBL) find a root in the idea that, with enough time, all 
students with the appropriate prerequisite understanding could master any new topic [1].  In a 
traditional grading scheme, all students progress through topics and the same rate.  At the end of 
a unit, an exam is used to assess student mastery.  All students then move on to the next unit 
regardless of their performance on the previous exam.   

In a typical mastery-based approach, an individual student must demonstrate mastery of one 
topic before progressing to the next topic [2, 3, 4, 5].  An MBL approach built upon a large 
number of tiered specific skills guarantees all students earning a particular grade in a course have 
demonstrated mastery of critical skills [6].   

MBL courses are become more widespread in engineering curricula [7, 8, 4].  Specifically, in 
Mechanical Engineering, an increase in the usage of this assessment structure is emerging [9, 6, 
10, 11, 12].  In this assessment environment, students do master key skills at significantly higher 
rates [9, 10, 6].  Of course, many students must spend additional time on these key topics before 
proceeding to others, so the increased performance on these skills does come at the expense of 
other skills [6].  This trade-off is worth the cost when skills are prioritized in tiers or levels 
requiring mastery of the most important skills before moving into less critical skill sets.   

However, using this approach can make it difficult to manage classroom sessions, with students 
studying different topics in parallel.  Some courses may require a more structured approach to 
the topics, with students progressing through the content in the traditional all students at once 
structure.   

Problem Statement 

An assessment structure was desired where all students gain proficiency with core competencies 
in the course, and progress through course topics together.  The structure must also challenge 
students to go beyond core competency to higher levels of mastery in most topics.   

Solution 

Presented here is an MBL structure for a vibration analysis course with four areas of study: 
Analytical Mechanics (Lagrangian Mechanics, 1-Degree-of-Freedom (DoF) Vibration, multi-
DoF vibration, and the Wave Equation).  In each unit, an exam consists of two parts: Proficiency 
and Mastery.   

Final grades were determined by the number of units in which students demonstrated 
proficiency: +1/3 letter grade for each unit where students demonstrated 90% or higher-level 
work on the Proficiency section of the exam.  Students also earned higher grades by 
demonstrating competency in the Mastery problems on exams and by completing four 
experimental analysis and modeling projects.   



Course Level Details (Methods)  

The course is a 400-level course in our multidisciplinary Engineering major – Mechanical 
Engineering concentration.  The four units of the course cover oscillatory behavior, from a 
single-degree-of-freedom (1-DoF) to solving the wave equation (Table 1).  The course focuses 
on oscillatory inputs.  Step and impulse inputs are covered extensively in our control theory 
course.  The catalog description: Lagrangian formulations for three-dimensional motion of 
particles and rigid bodies. Linear free and forced responses of one and multi-degree of freedom 
systems and simple continuous systems. Introduction to vibration control/absorption. The course 
objectives focus on ABET outcome 1 [13]: The students will learn to use Lagrangian mechanics 
to solve advanced problems in dynamics and vibrations and set up the wave equation (ABET 
outcome 1). They will learn to use MATLAB® and other computational tools to solve equations 
of motion, the wave equation, and model complex systems (ABET 1).  Emphasis is on multi-
degree of freedom oscillatory systems.  Students will solve realistic, complex engineering 
problems (multi DOF vibrating systems) using modern analytical tools (MATLAB® and 
Simscape MultibodyTM [14]), including a special emphasis on appropriate approximation 
methods (ABET 1).  Students will design vibration isolators (ABET 2). 

Table 1: Course topics. 

Unit Topic Sessions Assessments 
1 Lagrangian Mechanics 4 Exam I 
2 1-DoF systems and Simscape 

MultibodyTM 
7 Exam II and Project 1 

3 Multi-DoF Systems 8 Exam III and Project 2 + 
Simulation 

4 Wave Equation 6 Exam IV and Project 3 
 

Each of the exams is in two parts.  The first section of each exam assesses the core competency 
of the unit.  This section is called the Proficiency portion of the exam.  Students must 
demonstrate competency to a level of 90% or higher on this section of the exam to earn credit for 
Proficiency in this unit.  The Proficiency assessment aims to ensure all students have the skill 
level needed to navigate the subsequent units of the course successfully and targets 
comprehension of required terms, concepts, and equations and application of those 
understandings through a procedural analysis problem.  The Mastery portion of the exam 
assesses less scripted open-ended analysis, synthesis, and evaluation [15].  In the Mastery 

portion, students are required to solve problems 
with non-standard conditions, interpret results, 
and predict behavior.     

In the second unit, 1-DoF systems, the 
Proficiency section requires the students to set 
up the equation of motion for a forces mass-
spring-damper oscillator (for example, Figure 1), Figure 1: 1-DoF system. 



and apply the governing equation for these systems to express the response amplitude and phase 
shift.    

In the Mastery portion of the exam, students might be asked to determine the physical 
characteristics of a system from reported data on the vibration of the system, or to set up and 
solve for the motion of a non-standard system including both steady-state and start-up effects.   

In the proficiency section, before exam day, students are provided with clear information on 
what will be tested and the type of system of analysis.  Here, the students must demonstrate 
competency at a level consistent with a traditional grade of 90% or higher – no conceptual errors 
in the analysis.  Students may retake any Proficiency assessment on subsequent exam dates 
(Table 2).   In the Mastery section, all topics or types of analysis covered in the unit homework 
assignments could be included.  Mastery is assessed at four levels: No credit(0), Fair(1), 
Good(2), and Excellent(3).  Students can retake any Mastery assessment on the Final Exam date.   

Students also earn higher grades through experimental analysis and simulation project 
assignments.  In these projects, students perform experimental analyses of physical systems: 1 
DoF, 4 DoF, and continuous, approximate non-linear behavior and damping, compare to 
theoretical expectations and simulate using the MATLAB® ode45 and Simscape MultibodyTM 
simulations.  Each project assignment requires a formal write-up and is assessed on a 4 point 
scale: Poor (1): some portions missing or demonstrating poor understanding of the system, Fair 
(2): some portions incomplete or work is sloppy and unprofessional, Good (3): minor errors in 
analysis or writing/formatting, Excellent (4): outstanding report.  As with the Mastery exams 
assessments, the four scores are averaged at the end of the semester for grading (Table 2). 

Altogether, students earn a C-level grade by demonstrating competency on the proficiency level 
exams combined with “fair” work on take-home applications of the material.  B-level grades 
require some combination of stronger work in the take-home applications or demonstrating 
higher-order mastery of some of the course topics.  A-level grades require both strong work on 
the application assignments and full mastery of most of the course topics.    



Table 2: Grading Summary. 

Grading System 

Item Proficiency Proficiency 
Attempts Mastery φ Mastery 

Attempts 
Exam 1 +1/3 grade 4 +1/3 grade 2* 
Exam 2 +1/3 grade 3 +1/3 grade 2* 
Exam 3 +1/3 grade 2 +1/3 grade 2* 

Exam 4 (FE week) +1/3 grade 1 N/A 
Project 1δ +1/3 grade 1 N/A 
Project 2δ +1/3 grade 1 +1/3 grade 1 
Project 3δ +1/3 grade 1 N/A 

Homework** +1/3 grade  Cumulative N/A 
φ Mastery is assessed at four levels: No credit(0), Fair(1), Good(2) and Excellent(3).  The three 
Mastery scores are averaged at the end of the semester.  If you average 0.50-1.49: +1/3 letter 
grade; 1.50-2.49: +2/3 letter grade; 2.50-3.00: +1 full letter grade 
* On the final, you can retake any Mastery assessments.  Highest score is used in grading.   
δ At the end of the term, your average assessment across the 4 evaluations (2 for the second 
project) will determine the grade modification.  If you average 0.50-1.49: +1/3 letter grade; 
1.50-2.49: +2/3 letter grade; 2.50-3.49: +1 full letter grade; 3.5+: +4/3 letter grade. 
** To meet HW expectations, students must average 90% on Homework assignments (20% 
lowest of Homework will be dropped) 

Grades start at F.  There are 12 possible increases in the grade.  Meet any 11 for a Grade of A 
(any 5 for C, any 8 for B, etc.). 

 

Results 

Parallel data were available for the first 3 of 4 units to compare performance under this model to 
a traditional grading scheme.  Traditional exam grading (2018) was compared to the described 
MBL system in 2019.  In 2018, exams featured core proficiency problems (one or two) along 
with problems that stretched students to demonstrate a higher-order understanding of the 
material. Students had the opportunity to take an optional post-exam quiz retesting them on the 
core principles with the grade averaged with the original exam grade.  Only 47% of the students 
scoring less than 90% on the core principles problems took advantage of this opportunity.  In the 
end, 53% of the students demonstrated 90%+ competency on the proficiency level analyses for 
all three units (Figure 2).   

In 2019, Students scored much higher on the original proficiency problems on the typical exam: 
85% of the students scored 90% or higher on these problems, compared to 25-45% of the 
students scoring this high on the 2018 exams.  The 2019 students also took retake assessments on 
skills they did not demonstrate competency on at twice the rate of the 2018 students.  At the end 



of the semester, 95% of the students had demonstrated competency on the proficiency level 
analyses for all three units.   

 

 

Figure 2: Average Performance on Proficiency Assessments.  Solid green bar indicates 
Mastery demonstrated on the first attempt.  Dotted green bar indicates Mastery 
demonstrated by the end of the semester.  Red hashed bar indicates mastery not 
demonstrated. 

Success on the Mastery level problems did not change significantly from 2018 to 2019.  
Performance on the project type assignments was also unchanged.  Final course grades were also 
similar between the two populations, with an average grade of B- in both groups (Figure 3).  
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Figure 3: Percentage of students receiving a final course grade in each range. 

Discussion and Conclusions 

The presented MBL approach, provides a more unified course structure, with all students 
progressing through topics together.  Other MBL structures often feature self-paced learning 
modules [6, 10, 11, 12].  In courses like the one here, with tiered content – each topic building 
directly on the previous – setting up an assessment plan separating proficiency and mastery skills 
sets fosters improved student mastery of core principles across the entire sequence of topics.   

The increased success rate on the proficiency level work by the students is likely due to several 
interrelated causes, including shifted expectations and having the foundation necessary for the 
next topic.  Students appreciate the clearly defined expectations required for the proficiency level 
competency (also access to a C-level grade).  The instructor now also know precisely where 
these students have demonstrated competency at the end of a course.  When competency in 
procedural analysis is conflated with the ability to handle more open-ended analyses and 
evaluate and predict behavior, students with grades of C often were not able to fully apply the 
material to solve the proficiency level problems.  This, in turn, set the students up for similar 
struggles in the next topics.   

Knowing they must demonstrate full competency on the proficiency analysis motivates 
preparedness in the students.  The students in this course responded to the new expectation, the 
percentage of students demonstrating competency in the proficiency level problems on exams 
soared from one-third to 85%.  And the 15% not demonstrating competency? 95% of the time, 
they had achieved competency by the next exam date.  As we move to the next topic in the 
course, all students are on track with the skills they need to tackle that next topic.   

One challenge was motivating even the strongest students to prepare for the more open-ended 
portions of the exams.  With such clear goals for the proficiency analyses, many of the best 
students over prepared for these problems, at the expense of the higher-order skill set.  Students 
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may need coaching on how to balance their preparation and how to develop the higher order 
skills.   
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