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Abstract 

 

Students often struggle with the fundamental concepts covered in a first course in rigid 

body dynamics.  Difficulty visualizing the connection between homework assignments and real 

world situations and low motivation for solving seemingly contrived problems only compounds 

the problem of understanding and correctly applying the learned material.  To add student 

motivation and increase interest in the study of kinetics, a course project has been developed at 

the United States Air Force Academy using the LEGO
®
 Mindstorms Project kit.  The project 

involves the design and construction of a race car capable of competing in both a maximum 

speed as well as a hill climb competition with minimal configuration changes.  Following 

introduction of the project, various homework problems were also developed and integrated into 

the project to increase the hands-on design, construction, and analysis components.  

Experimental determination of the mass moment of inertia of wheels and axles, analytical study 

of go cart dynamics, experimental determination of center of mass and other assignments are 

used to prepare the students for a detailed analysis of their race car.  Students used these 

problems to analytically determine the maximum acceleration of their cars during a 50-foot race 

and the time required to complete a hill climbing contest.  The stall torque of the car’s motor(s) 

is calculated using an incline test, then compared to the published motor torque of 0.276 in-lbs.  

If the students choose to use gearing or pulleys for their cars, they are required to calculate the 

effective output torque using appropriate gear ratios and estimated power losses.  Using the 

determined values for the vehicle center of mass, the mass moment of inertia, and the motor 

torque, the students calculated the cars’ theoretical acceleration.  As a final analysis, the 

calculated performance is compared to the actual acceleration of the car from timed races.  

Students seemed to enjoy building the cars, and really enjoyed the competitive races that are 

performed at the end of the project.  The LEGO
®
 Mindstorms Car Competition provides a fun, 

real world problem that helps motivate students to learn rigid body dynamics. 
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Introduction 

 

Undergraduate dynamics is considered one of the most difficult of all engineering courses.  

Many of the concepts involved are not intuitive, and typical lecturing cannot provide students 

with adequate physical understanding of fundamental course principles.  At the United States Air 

Force Academy, we are continuously trying to improve the motivation of our students by 

providing hands-on experiences with various physical and real-world projects.  Before discussing 

these projects, it is first necessary to highlight the differences between the US Air Force 

Academy and a traditional institution.  Time is very limited, as military and physical demands 

routinely compete with academic requirements and place severe temporal constraints on the 

cadets.  Fortunately, our semester-long dynamics course is a double hour class – the cadets’ 

schedule is cleared for two full hours each class lesson.  Additionally, we are on a fortnight 

schedule, which means that each class meets five times every two weeks.  The students are given 

the option to remain in the classroom during the second hour to work on homework problems, 

and occasionally we have mandatory labs or projects during the second hour. 

 

Finally, USAFA is an undergraduate only institution where education is the top priority.  Class 

sizes are small, averaging 15 students per class section.  This allows us opportunities that may 

not be practical at traditional universities with large class sections.  Many of our projects could 

be used in a traditional university as interesting class demonstrations, or could be used in a 

recitation section.  Some examples include a model rocket launch, a catapult project, and a 

Charpy test demonstration.  Details of these projects (Self and Redfield, 2001) as well as 

different assessment techniques (Self et al, 2003) have been previously reported.  During the past 

year, we added a LEGO
®
 car competition laboratory to help students understand the fundamental 

concepts of rigid body kinetics. 

 

LEGOs
®
 aren’t just your children’s simple playthings anymore.  Educators are using advanced 

mechanical products to teach students about compound belt drives, gearing, and pulleys 

(www.lego.com).  LEGO
®
 Mindstorm includes a programmable “brick” that is being used to 

teach robotics (Klassner, 2003), chemical engineering concepts (Levien and Rochefort, 2002; 

Keith, 2002), computer science (Williams, 2003), and design (Puett, 1995; Wang, 2001; Goff, 

2001; Campbell, 2002).  The Mindstorm products are relatively inexpensive, versatile, and 

usually fun for the students. 

 

Most of the literature discusses fairly involved projects that take multiple lessons to complete, 

such as soccer playing robotic competitions (Lessard, 2002) and fire-fighting mobile robots 

(Avanzato et al., 1998).  Our goal was to create an in-class competition that could be completed 

in only one or two class sessions that would provide a hands-on motivational project to help 

reinforce important kinetics concepts learned in previous lessons.  One other recent effort at 

Worcester Polytechnic Institute has been reported that has a similar goal; this project utilizes a 

four bar mechanism to investigate planar rigid body mechanics (Jolley, et al., 2003). 
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Methods 

 

The project that was given to the students is provided in the Appendix.  The handout outlines our 

overall approach: (1) assign related homework problems to secure a foundational knowledge and 

understanding of the governing equations and parameters affecting the problem, (2) design and 

build the car with an emphasis on maximizing the car’s performance for the competition, and (3) 

compare experimentally determined results to theoretical calculations.  Students work on the 

assignment in teams of two or three, assigned randomly. 

 

The first assigned homework problem asks the students to determine the mass moment of inertia 

of a tire.  The following parameters are given:  mass of the tire, the slope of the hill it rolls down, 

the radius of the tire, and the time it takes to roll a given distance.  This provides them the 

method to experimentally determine the mass moment of inertia of their LEGO
®
 car tires. 

 

The second homework assignment teaches the 

students to analyze the kinetics of a go-cart (see 

Fig. 1).  The following information is provided:  

mass and mass moment of inertia of the wheels, 

total weight of the car and driver, location of the 

center of mass, and the torque applied to the rear 

wheel.  They must find the acceleration of the car.  

Students are also provided a Mathematica 

template that solves a set of five simultaneous 

equations.  They can modify this program to 

handle the set of 11 equations that results from the 

go-cart problem.  In the LEGO
®
 competition, they 

use the same basic framework to find the 

theoretical acceleration of their car. 

 

Two lessons later during second hour, the students 

design, build, and perform preliminary tests on their 

race car (Fig 2).   The design effort is enhanced by the 

student’s understanding of how parameters such as 

wheel weight and mass moment of inertia affect the 

theoretical acceleration of the car.  The competition-

based project also provides substantial motivation for 

the students to invest time and effort into theoretical 

analysis to maximize the performance of their car.  

They record the variables listed in the Appendix, 

calculate the mass moment of inertia of the wheels or 

wheel/axle combinations, and plan to rebuild the car 

the following lesson.  This allows the student teams to 

familiarize themselves with LEGO
®
 Mindstorms, and 

to have a little fun before the competition begins. 

Figure 1.  Go-cart (Bedford and Fowler, 2002). 

Figure 2.  Preliminary design of LEGO
®
 cars. P
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The following lesson, the students are required to 

rebuild their cars.  In order to experimentally 

determine the motor torque of the car, they are 

asked to determine its stall torque (see Part 3 in the 

Appendix).  The students must draw a full free body 

diagram of the car, and list any simplifying 

assumptions (e.g., friction on the front wheel is 

negligible). Most students use some type of gearing 

or pulleys, and must use gear laws to help them 

calculate their motor torque.  We also add in a 5% 

“loss factor.”  The first semester we assigned the 

project, we also had them compete in a hill climb, 

but this proved to be too time intensive.  

 

After building the car (Fig. 3) , the students 

record the time, at 10 ft intervals, as the car 

travels over a 50-80 foot track (the Fairchild 

Hall International Drag Strip).  Using these 

times and distances, they calculate the velocity 

and acceleration of the racecar.  This 

acceleration is compared to the one they 

calculate using the stall torque and rigid body 

kinetics (similar to the go-cart homework 

problem).  At the end, we usually have a free-

for-all race where five or six cars are all 

released at once (see Fig. 4). 

 

 

 

Discussion 

 

In undergraduate dynamics, we constantly strive to find interesting real world examples and 

demonstrations of difficult concepts.  While long, sophisticated projects can be very enlightening, 

there is seldom enough time in the semester to cover all the necessary topics.  The LEGO
®
 car 

project demonstrates critical kinetic skills, including gear ratios, free body diagrams, calculation 

of accelerations from position data, and experimental determination of mass properties.  Two 

different homework problems were assigned that were directly related to the project and were 

substituted for normal homework assignments.  Since we have the added benefit of the second 

hour, we allowed our students two different opportunities to design and test their cars.  They 

raced on the third day, and were given one week to complete their analysis package.  In a normal 

class setting, we would recommend one day for design and test, and a second day for building 

and racing.  The typical class size at USAFA is 16, so time should also be adjusted for larger 

sections.  Instructors will need to allot approximately two hours to familiarize themselves with 

LEGO
® 
and will have some additional grading. 

 

Figure 4.  Free-for-all race. 

Figure 3.  Building the car on race day. 
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Student perception was generally positive; especially the second semester the project was 

assigned.  During the Fall semester (the first time we tried this), there were some organization 

difficulties.  Multiple course sections existed at the same time; therefore, classes were forced to 

share the LEGO
®
 kits.  Some of the instructions were not clear to the students, which is 

understandable the first time you try something new.  At the end of the semester, we asked 

students to rate the three best things about the course and three things that needed to be changed.  

Ten students rated the LEGO
®
 project as one of the best aspects of the course, while six 

mentioned that the project took too much time away from class or needed to have better guidance.  

Some of the written comments included: “Rocket and LEGO
®
 projects were very motivating”, 

“Organization of LEGO
®
 lab was terrible”, and “I thought that the rocket catapult & LEGO

®
 

project added interest because I thought they were really fun.” 

 

After incorporating many student and instructor suggestions, we improved the project to the 

format in the Appendix.  In comparison to the Fall semester feedback, thirteen students listed the 

LEGO
®
 project as one of the three best things in the course.  Only one student complained that 

“the amount of work required for the LEGO
®
 lab” was something that needed to be changed.  

Most comments were very positive, including: “LEGO’s are fun”, “The rocket and LEGO
®
 

projects were by far the most motivating projects.  They made me happy to be a mech major”, 

and “We need a lot of hands on things like the LEGO
®
 car.”  One student did mention that “For 

the LEGO
®
 project, I understood the idea behind it, but in regard to the actual calculations we 

did, I admit that I was lost.  I especially got lost with the gears and the torque things, because I 

thought we were working on rigid body motion.”   

  

Conclusions 

 

This paper presents an approach implemented at the USAF Academy to facilitate the 

understanding of fundamental concepts in rigid body kinetics.  By tapping into the competitive 

human spirit and the fun of playing with LEGOs
®
, we have developed a highly motivational and 

educational race car competition project.  Theoretical analysis backed by competence gained in 

the completion of homework assignments is used to design a car with optimized components 

capable of maximum performance.  Experimental testing of velocity and acceleration verifies the 

validity of the analysis in a final race competition.  Student learning of difficult dynamic 

principles is successfully enhanced through this hands-on experience. 
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the U.S. Air Force and his B.S. in Aeronautical Engineering from Embry-Riddle Aeronautical 

University in 1984. The current focus of Dr. Wood’s work is development of empirical testing 

methods using similitude-based approaches that afford the capacity for functional testing using 

rapid-prototyped components.  This approach provides a significant potential for increasing the 

efficiency of the design process through a reduction in required full-scale testing and an 

expansion of the projected performance profiles using empirically-based prediction techniques. 
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LEGO Car Project/Competition 
 

This assignment is to be done only with your group members. You may only obtain assistance from 

members of your group or an EM 320 instructor. You may only consult published materials or personal 

notes of your group members. 
 

Objective:  Experimentally determine the acceleration of your LEGO car and compare it to the 

theoretical acceleration calculated from the published torque of the LEGO motor. 
 

In this project you will analyze, build and race a car constructed using a LEGO MindstormsTM Robotic 

Invention System 2.0 kit.  The kit contains motors and a selection of drive train components which you 

are free to use in your car design.  The project begins with construction and test of a car capable of 

achieving the highest speed possible.  Both velocity and acceleration will be measured for subsequent  

analysis.  Performance of the drive motors and determination of moments-of-inertia of critical rotating 

components will be determined using experimental methods to improve the accuracy of the predictions.  

The theoretical acceleration of your design will be calculated for comparison with test results.  
 

Part 1.  Due Lesson 29 -- Complete Problems 18.130 & 18.137 (10 points).   We will provide you with an 

example Mathematica program to solve for 5 equations and 5 unknowns.  You have the option of 

modifying the program to solve for the 11 equations and 11 unknowns required for problem 18.137 – 

make it flexible so you can use this in your future calculations. 
 

Part 2. Car Construction & Competition (14 points) 

a. Construct your car using only the components provided in your kit.  Your design must include the 

main controller unit (brick) and be electrically powered.  You will have second hour during L30 

to design, build, and perform preliminary tests on your car. 

b. Measure and record the critical design characteristics of your car in the table below.  You will 

need these for performance analysis of your design.  You may use the digital scales in the 

Applied Mechanics Lab at 2J2 (we will also try to bring a scale up to the classroom). 

c. Use the table below to record the required performance data and calculate your car’s top speed. 

d. Using Excel, graph your car’s velocity and acceleration as a function of time. 

e. During L31 you will have 30 minutes to re-build your car, which will then compete on the FHIDS 

(Fairchild Hall International Drag Strip). 

 

 

 

 

 

 

 

 

Variable  Dist (ft) Time(s) Dist (ft) Time(s) 

masscar body (g)  0  45  

massfront wheels (g)  5  50  

massrear wheels (g)  10  55  

A (in) (see fig)  15  60  

B (in) (see fig)  20  65  

C (in) (see fig)  25  70  

D (in) (see fig)  30  75  

rfront  (in)  35    

rrear  (in)  40  Max v=  

cg 

A 

B 

C 

D 

rfront rrear 
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Part 3. Empirically Determine Motor Performance (12 points) 

a. Using an inclined surface with enough traction to prevent slipping, measure the incline angle 

where the car no longer has the power to continue climbing – this is called the stall torque. 

 

b. Neglecting the frictional force on the non-driven wheels, calculate the resulting torque at the 

driven axle by the friction on the driven wheels.  Hint:  draw an FBD of the car on the ramp 

to determine the frictional force on the driven wheels, and then draw an FBD of the driven 

wheel only to calculate the torque on the driven axle. 

 

c. Determine the torque (T) provided by the motor(s).  If gearing is used the torque at the 

motor(s) can be determined using the following gear laws: 

 

in

out

in

out

in

out

teeth

teeth

r

r

T

T

#

#
==  

 

 To add accuracy to your model, reduce the torque out by 5% at each gear or belt 

interaction to account for energy lost due to frictional and other phenomena. 

 

d. Compare the value calculated in part “c” with the theoretical value of 0.276 in-lb provided by 

the motor manufacturer and discuss any significant differences. 

 

Part 4. Moment-of-Inertia of Moving Parts (6 points) 

In order to correctly calculate the theoretical acceleration of your car, you should determine the moments-

of-inertia of all rotating parts.  To simplify your analysis, you are only required to consider the rotational 

effects of the wheels and axles.  Experimentally determine I of these components (see Prob.18.130).  
Compare these values with theoretical approximations using the appropriate expressions provided in your 

text. 

 

Part 5. Car Acceleration (14 points) 

a. Using the experimentally determined values of motor torque (T) and I, determine the 
theoretical acceleration of your car design. 

b. In a paragraph, discuss possible sources for discrepancy between the experimentally 

determined acceleration from Part 2 and the theoretical acceleration. 

 

Part 6. Turn-in Requirements (4 points) 

 

a. Your report of results must include the required information, including all supporting 

calculations and data, for each part. 

b. List the contributions of each team member – what parts of the project did each member do?  

Each member should sign a documentation statement, and you must staple your final 

submission together! 
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