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ABSTRACT 

A method for estimating the in situ coefficient of rolling friction of a parking garage incline 

is developed from fundamental physics principles and tested with experimental data. At Florida 

Gulf Coast University’s Parking Garage #1, between Levels 3 and 4, an SUV starts from rest at 

the top of the incline and accelerates down the slope under its own weight opposed by friction. 

Experimental measurements of displacement, time interval, and incline angle, along with the 

relevant physical analysis of rolling friction on an incline, produce an estimated value of 𝜇𝑟 =

0.04 ± 0.01 for the coefficient of rolling friction. In the trial conducted, 59% of the initial 

gravitational energy was lost due to friction (i.e. an efficiency of 𝜂 ≈ 41%).   

Keywords: Force analysis, coefficient of rolling friction, rotated coordinate system, conservation 

of energy, and efficiency 

THEORETICAL BACKGROUND 

When a car is positioned on a surface (generally a road), the tires of the car come into 

contact with the surface, which is usually cement. As the object is in motion, a force is created that 

opposes the direction of motion, called friction. Friction can also be seen as a force that prevents 
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the slipping or sliding down or on a surface, which is beneficially in the context of a car on an 

incline, interstate, or banked curve as it is a useful safety measure. 1 

This safety measure is important and is generally not conserved during weather conditions 

of rain and snow. This is why it is seen in the winter months of certain geographical locations; the 

tires of the car are switched to tires that can withstand the winter months. These tires are equipped 

to maintain traction control, braking, and produce friction that is lost as the roads are covered in 

ice and snow.  

The forces of motion, specifically, normal, frictional, and gravitational force cause the 

acceleration of the car to go in the direction of the motion, which is down the incline. Friction, the 

opposing force of motion is preventing the movement of the tires on the road to go in the direction 

of the motion. This example displays Newton’s Second Law of Motion, which describes the 

relationship between force and motion.2 

The coefficient of rolling friction is the ratio of the magnitude of frictional force over the 

magnitude of the normal force based on the texturing and material of the surface the object rolls 

on. This value is represented by 𝜇𝑟 in every equation. For comparison, the coefficient of rolling 

friction between rubber and concrete has previously reported to be 𝜇𝑟 = 0.02.3 There are other 

types of coefficients of friction, such as sliding friction. This requires a force that opposes the 

sliding of an object along a surface, while rolling is a force the opposes an object from rolling on 

a deformed surface. The friction between the tires and the cement are what determine your 

acceleration. In this study, acceleration was theoretically and experimentally calculated with a 

                                                 
1 Youth, H.D., Adams, P. W., & Chastain, R. J. (2020). Sears and Zemansky’s College Physics (10th ed., pp. 95-

134). Pearson Education Inc.   
2 Ibid, (pp. 95-134) 
3 Knight, R.D. (2017). Physics for Scientists and Engineers (4th ed., pp. 142). Pearson Education Inc. 
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series of equations that involve no friction, with friction, its rotated coordinated system, and the 

use of a kinematic equation.  

 

Figure 1: Physical model, free body diagram, and rotated coordinate system for a car rolling on 

an incline. 

The car rolling down an incline is accurately described with constant acceleration. Using 

calculus integration over an interval of time 𝑡, initial position �⃑�𝑖, and initial velocity �⃑�𝑖𝑥, the 

mathematical equation can be shown to be:  

 �⃑�𝑓 =
1

2
�⃑�𝑡2 + �⃑�𝑖𝑡 + �⃑�𝑖. Eqn. 1 

noting that �⃑�𝑖 = 0 and �⃑�𝑖𝑥 = 0 are the boundary conditions for the experiment investigated here. 

The resulting equation for experimental acceleration using time and position data is: 

 �⃑� =
2�⃑�𝑓

𝑡2
. Eqn. 2 

Additionally, we can relate the magnitude of the acceleration, a, to the coefficient of rolling friction 

and the angle of incline using Newton’s Second Law: 

 ∑ �⃑� = �⃑�𝑔 + �⃑�𝑓 + �⃑�𝑁 = 𝑚�⃑�, Eqn. 3 
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where �⃑�𝑔, �⃑�𝑓, and �⃑�𝑁 are the forces of gravity, friction, and normal, respectively. Using the 

definition of the coefficient of rolling friction: 

 �⃑�𝑓 = −𝜇𝑟𝐹𝑁 �̂�. Eqn. 4 

Combine Equations 3 and 4 and solve for acceleration. The solution is two dimensions, where 

naturally �⃑�𝑦 = 0, and �⃑�𝑥 is the result shown below: 

 �⃑� = [𝑔 sin(𝜃) − 𝜇𝑟𝑔 cos(𝜃)] �̂�. Eqn. 5 

So for example, the theoretical prediction for acceleration in the absence of friction would be  

�⃑� = 𝑔 sin(𝜃) �̂�. The significance of friction can be theoretically examined by combining the 

results of Equations 2 and 5. Solving for the coefficient of friction yields: 

 𝜇𝑟 = tan(𝜃) −
2𝑥𝑓

𝑔 cos(𝜃) 𝑡2
. Eqn. 6 

All four experimental variables: position, time, incline angle, and mass, when analyzed 

together through Conservation of Energy will produce a calculation for the amount of energy lost 

due to friction. Conservation of energy in its usual form relates the sum of work 𝑊, potential 

energy 𝑃𝐸, and kinetic energy 𝐾𝐸, and equates the total energy between an initial and final state: 

 𝑊𝑖 + 𝑃𝐸𝑖 + 𝐾𝐸𝑖 = 𝑊𝑓 + 𝑃𝐸𝑓 + 𝐾𝐸𝑓 , Eqn. 7 

where the usual equalities of energy 𝑃𝐸 = 𝑚𝑔ℎ and  𝐾𝐸 =  
1

2
𝑚𝑣2. Note that the potential energy 

height is computed geometrically through ℎ = 𝑥𝑓 sin(𝜃), and final velocity is computed with the 

kinematic velocity equation �⃑�𝑓 = 𝑎𝑡 �̂�, where the magnitude of gravitational acceleration is taken 

to be 𝑔 = 9.81
𝑚

𝑠2
. No energy enters the system so 𝑊𝑖 = 0. 𝑊𝑓 is energy lost due to friction and 

can be calculated by the equation:  



5 

 

 𝑊𝑓 = 𝑚𝑔𝑥𝑓 sin(𝜃) −
2𝑚𝑥𝑓

2

𝑡2
 Eqn. 8 

𝑊𝑖 and 𝑊𝑓 are part of the derivation of efficiency, and are used later to calculate. The vehicle mass 

of the SUV tested is approximately 2200 𝑘𝑔, as reported by the manufacturer, where the 

uncertainty could be assumed as ±100 𝑘𝑔 to account for the weight of the driver and any outside 

objects stored in the vehicle. 

The final theoretical equation that will be used to analyze data is efficiency, expressed in 

terms of the energy realized as kinetic energy and the total potential energy. The percent of energy 

successfully converted to kinetic energy is calculated by the equation 𝜂 =  
𝐾𝐸𝑓

𝑃𝐸𝑖
, the algebraic 

analysis results in the equality: 

 
𝜂 =

2𝑥𝑓

𝑔 sin(𝜃) 𝑡2
 

Eqn. 9 

This definition works when setting the final potential energy to zero.  

EXPERIMENTAL DATA 

Angle, time, and position measurements were all obtained from the system and their 

uncertainties were calculated using the method of adding percent uncertainty. The angle was 

measured using an app called, “I Handy Level”, where the app was calibrated and rested on the 

surface of the incline. Upon resting the device at multiple positions of the incline, it was soon 

discovered that the incline was uneven and the angles at multiple positions was recorded. The 

collection of angle measurements helped determined the mean and standard deviation of the 

system. Uncertainty of the angle was denoted as the sample standard deviation.  
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Experimental variable Measurement value 

Time interval 𝑡 22.9 ± 0.3 𝑠 

Final position 𝑥𝑓 65 ± 1 𝑚 

Incline angle 𝜃 3.5° ± 0.6° 

Table 1: The human reaction time supplies the uncertainty of time (approximately 300 ms)4, the 

position uncertainty is approximately half a car length 1 m, and the uncertainty of the angle is 

shown below. 

Angular measurements at different positions 

along the incline 
3.7 ˚, 3.8 ˚, 2.6 ˚, 3.5 ˚, 3.5 ˚, 3.8 ˚, 4.5 ˚, 2.6˚ 

Mean 3.5˚ 

Standard deviation (𝜎) 0.6˚ 

Table 2: All of the angle measurements that were recorded, with the mean and sample standard 

deviation listed in. 

The mass of the car was determined from the manufacturer’s website. From the website, 

the weight of the exact model and year of the car used in the system was not located, therefore the 

closest mass measurement to the model used in the system was allocated as the mass. The mass 

recorded includes the weight of the car, the two individuals in the car during the experiment, and 

any loose items that were in the car at that time. The uncertainty of the mass was 100 kg.  

Initial and final positions were measured using a 200ft tape measure. The initial position 

begun at the top of the incline and the final position was located at the bottom of the incline. Xi 

                                                 
4 Urone, P.P., Hinrichs, R., et al. (2020) College Physics (pp. 93). OpenStax and Rice University. 
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(initial position) was 0 meters. Xf (final position) was 65m. Uncertainty in the positions was 1m. 

This uncertainty was made by a reasonable estimation of the car’s length.  

 Time was collected by a stopwatch that was used by student. Once the car’s front set of 

tires left Xi, the time started. The time ended once the car’s back tires passed the Xf  position. 22.9 

seconds was the calculated time, and the uncertainty was 0.3 seconds, which is represented by 

human reaction time.5  

 As the experiment was conducted, many observations were made on the condition of the 

system. The incline did have unusual, elevated pieces of concrete and dips that could potentially 

skew the results; however, it is unlikely the conditions of the incline will impact the data 

significantly.  

RESULTS 

Experimental acceleration  �⃑� = 0.25 ± 0.01 
𝑚

𝑠2
 �̂� 

Coefficient of rolling friction 𝜇𝑟 = 0.04 ± 0.01 

Efficiency 𝜂 ≈ 41% 

Energy lost due to friction 50 ± 10 𝑘𝐽  

 

Table 3: Theoretical and experimental acceleration were calculated as well as the uncertainties 

for each. A quick theory calculation of acceleration on a frictionless incline results in an 

                                                 
5 Ibid. 
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acceleration of 0.6 
𝑚

𝑠2
, which is higher than the experimental result but the same order of 

magnitude. 

CONCLUSION 

From our data analysis, the value calculated for the coefficient of rolling friction was 0.04 

with an uncertainty of 0.01. The uncertainty of the rolling friction is relatively high, which is due 

to the high uncertainty in the angle of the incline. As previously mentioned, the incline had 

multiple elevations, dips, and cracks that required us to collect the angles at different positions 

and use the mean. We previously thought this would not have a major significance in our results, 

but that was an inaccurate hypothesis.  

 The acceleration without friction results were as high as expected because the 

calculations did not account for friction. It is known that from acceleration results (focusing on 

solely position and time) there were other factors involved in the incline system. 

 The car started from rest at a certain height, and at this point the car holds potential 

energy that is soon transformed into kinetic energy as the car moves along the incline. During 

this time, the car encounters friction that connects some potential energy into thermal energy. 

The energy lost due to friction was calculated from the use of Equation 8. Approximately, 50192 

J of energy was lost due to friction.  

 Overall, the study applied kinematic equations and the concept of Newton’s Second Law 

of Motion to understand the relationship between motion and rolling friction within Florida Gulf 

Coast University’s parking garage incline. 

 In the future, determining the angle of incline must be further investigated to lower the 

uncertainty, as well as determining the rotational kinetic energy that is at play in the system.  
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APPENDIX A – Uncertainty Analysis 

Percent uncertainty is an important factor is determining the uncertainty of a calculated 

measurement, and is estimated with the method of adding percent uncertainty. The equation 

constitutes the sum of percent uncertainties of the series of measurements in the equation.  

Uncertainty in the experimental acceleration, due to position and time uncertainty: 

%𝑎 =
𝛿𝑥𝑓

𝑥𝑓
+ 2

𝛿𝑡

𝑡
≈ 5% 

 

Uncertainty in the coefficient of rolling friction, due to angular uncertainty and position/time 

uncertainty: 

%𝜇 =
𝛿𝜃

𝜃
+ (

𝛿𝑥𝑓

𝑥𝑓
+ 2

𝛿𝑡

𝑡
) ≈ 20% 

Uncertainty in the gravitational and kinetic energies, respectively (use the larger of the two to 

estimate uncertainty of energy lost due to friction): 

(
𝛿𝑚

𝑚
+

𝛿𝑥𝑓

𝑥𝑓
+

𝛿𝜃

𝜃
) ≈ 20% 

(
𝛿𝑚

𝑚
+ 2

𝛿𝑥𝑓

𝑥𝑓
+ 2

𝛿𝑡

𝑡
) ≈ 10% 
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