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Reverse Engineering a Pullback Racer 

 

Objectives 

The objectives of this experiment were to develop an empirical model describing the operation of 

the pullback racer, use reverse engineering to develop a theoretical model of the racer, compare 

the two models, and enumerate possible sources of error and potential opportunities for 

improvement. 

 

Background 

Reverse engineering is defined by the Oxford English Dictionary as: 

 
The examination of a product in order to determine its construction, composition, or 

operation, typically with a view to manufacturing a similar product; the reproduction of 

another manufacturer's product through such a process1. 

One historic example of reverse engineering involves the acquisition and subsequent dissection 

of an Enigma encryption system by the Allies during World War II, the detailed knowledge of 

which allowed them to decrypt and read the German naval code providing an incalculable 

advantage thereafter2.   

Procedures 

The experiment was conducted in accordance with the procedures detailed in the lab handout 

(Appendix A). 

 

In summary, the rollout distance, or the powered distance the racer traveled upon release (as 

opposed to coasting), was measured as a function of the pullback distance, or the distance the 

racer was rolled in reverse.  Rollout distances were measured for pullback distances of 0.5, 1.0, 

and 1.5 ft, respectively.  Seven runs were conducted for each pullback distance for a total of 21 

runs.  For each pullback distance the largest and smallest rollout distance value was discarded 

leaving a total of 15 runs, five at each pullback distance. 

 

The racer was then carefully disassembled, with special attention paid to component positions.  

Manipulation and inspection were used to discern the operation of the racer’s gear box.  

Observations were made with regard to what effect turning the rear wheels had on the coil 

spring.  All gears were labeled and the number of teeth counted for each.    
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Results, analysis, and discussion 

The results of this experiment are included in Appendix B.   

 

Operating the racer it was clear that it had three distinct modes of operation:  

 Mode 1: pullback, characterized by increasing opposing torque on the rear wheels as the 

racer is pulled backward 

 Mode 2: rollout, characterized by decreasing opposing torque as the car is allowed to roll 

forward 

 Mode 3: coast, characterized by free-spinning (unpowered) wheels following rollout. 

As outlined in the procedures section, the racer was pulled back a specified distance, in ft, and 

the rollout distance was measured using a measuring tape, also in ft.  The average rollout 

distance was calculated for each pullback distance and the experimental results as well as the 

average values for each pullback distance and the linear fit of the average values are shown in 

Figure 1. 

 

 
 

Figure 1: Experimental Results - Rollout Distance as a Function of Pullback Distance. 

From the figure above it is clear that the relationship between the pullback distance, plotted 

along the x-axis, and the rollout distance, plotted along the y-axis, is approximately linear.  As 

such, a linear regression was used and the empirical model for the pullback racer was determined 

to be: 
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 𝐷𝑅 = 7.5 ⋅ 𝐷𝑃 − 1.58 (1) 

 

In Equation (1, DR is the rollout distance, and DP is the pullback distance.  In other words, for 

every foot the racer is pulled back, it will rollout 7.5 ft.  The non-zero y-intercept is a product of 

the linear regression and is a manifestation of the experimental error and/or the fact that a linear 

model was used to describe a system that was not entirely linear.  The MATLAB code used to 

create Figure 1 and the other plots included in this report can be found in Appendix C. 

 

Furthermore, it was observed from the racer’s basic operation that the spring used to store energy 

during rollback was not a torsional spring, otherwise the rollout distance would have been equal 

to the pullback distance. 

 

Following the experiment, the racer was carefully disassembled.  A camera was used to 

document the findings.   

  
Figure 2: the Left-Most Layer of Gears in the Racer's Gearbox (labeled for reference) 

Figure 2 shows how gear A is attached to the axel of the rear wheel (lower left).  It connects to 

the adjacent large gear, B, which shares a common shaft with gear C.  In this configuration, gear 

B connects to gear D.   

 
Figure 3: the Center Layer of the Gears in the Racer's Gearbox (labeled for reference) 

Figure 1Figure 3 shows gear G, which shares a common shaft with gear H.  These two gears are 

also connected to a coil spring (behind gear H, fixed to the mounting plate shown).  When the 

racer is pulled back, gear A turns on the drive shaft, which connects to B, D, G, and ultimately 

coils the spring.   



 4  

 

 

Figure 4: the Final Layer of Gears in the Racer’s Gearbox (labeled for reference) 

Figure 4 shows the remaining gears.  In this configuration gear H (Figure 3), connects to gear E, 

which shares a common shaft with gear F, which connects to gear C, which connects to gear A 

and the rear wheels. 

Beneath gears D and E/F the holes in which the axels ride are oblong as opposed to circular.  

This allows the gears to slide in and out of the gear train.  In mode 1 (pullback), the torque on 

gear B pushes gear D down into position, engaging gear G, winding the spring.  In mode 2 

(rollout), the torque on gear H pushes gear E/F into position, engaging gear C, which connects to 

gear A and the rear wheel axel, turning the wheels.  In mode 3 (coast), both gears D and E/F are 

allowed to slide out of the gear train, allowing the rear wheels to spin freely, disengaged from the 

spring. 

The number of teeth, N, on each gear was counted and the results are included in Table 1. 

Table 1: the Number of Teeth for each Gear in the Racer’s Gearbox 

Gear Number of Teeth, N 

A 9 

B 12 

C 10 

D 10 

E 18 

F 10 

G 14 

H 40 

.   

When the gearbox was assembled, in mode 1, one complete revolution of the drive wheels 

resulted in 25 out of 40 teeth passing a fixed point on gear H.  Thus, for each revolution of the 

drive wheel the spring was wound 0.625 revolutions.  In mode 2, one complete revolution of the 

drive wheel resulted in five of 40 teeth passing a fixed point on gear H.  Thus, for each 

revolution of the drive wheel the spring was unwound 0.125 revolutions.   
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Using the equations provided in the lab handout, the gear ratio for mode 1 was calculated using 

Equation (2) below: 

 

 𝐺1 =
𝑁𝐵

𝑁𝐴
⋅

𝑁𝐶

𝑁𝐴
⋅

𝑁𝐷

𝑁𝐶
⋅

𝑁𝐺

𝑁𝐷
 (2) 

 

The result is that 𝐺1 = 1.556.  Similarly, the gear ratio for mode 2 was calculated using Equation 

(3) below: 

 

 𝐺2 =
𝑁𝐹

𝑁𝐻
⋅

𝑁𝐶

𝑁𝐸
⋅

𝑁𝐴

𝑁𝐵
 (3) 

 

For mode 2, 𝐺2 = 0.1042.  From this result, the following theoretical model of the racer 

describing rollout distance as a function of pullback distance was developed: 

 

 
𝐷𝑅

𝐷𝑃
=

1

𝐺1 ⋅ 𝐺2
 (4) 

 

The calculations used to develop Equation (4) are included in Appendix D.  Inserting the results 

found in Equations (2) and (3) yields: 

 

 𝐷𝑅 = 6.167𝐷𝑃 (5) 

 

In other words, for every foot the racer is pulled back, it will roll out 6.167 ft.  The two models, 

empirical and theoretical, were compared and the result shown in Table 2: Experimental Versus 

Theoretical Models Describing Rollout Distance as a Function of Pullback DistanceTable 2. 

 
Table 2: Experimental Versus Theoretical Models Describing Rollout Distance as a Function of Pullback Distance 

𝐷𝑝 (ft) 𝐷𝑅,𝑒𝑥𝑝 (ft) 𝐷𝑅,𝑡ℎ𝑒𝑜 (ft) Error (%) 

0.5 2. 6 3.1 -16.1 

1.0 5.3 6.2 -14.5 

1.5 10.5 9.3 12.9 

 

The percent error was calculated using the following equation: 

 

 percent error =
(actual-ideal)

ideal
⋅ 100% (6) 

 

In Equation (6), the empirical model was considered the actual case and the theoretical model 

was considered the ideal case.  The results from Table 2 were also plotted and are shown in 

Figure 5. 
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Figure 5: Rollout Distance as a Function of Pullback Distance, both in ft. 

In the Figure 5, the distance between the two trend lines represents the error of the empirical 

model compared with the theoretical model.  Sources of error may include wheel slippage on 

pullback, reducing the amount of energy stored in the spring; a delay in gear engagement while 

transitioning from mode 1 to mode 2, increasing the rollout distance for a given pullback 

distance; friction between the gears and also between the axels and hubs; and measurement error 

associated with the subtlety of the racer transitioning from mode 2 to mode 3, which could either 

shorten rollout measurement (stopped before the spring energy was completely dissipated) or 

lengthen it (accidentally allow the kinetic energy of the racer to carry it further than its powered 

distance). 

 

Possible improvements to the racer might include stickier tires to preclude wheel slippage during 

pullback, although this might also reduce the rollout distance.  Increasing the gear ratio for mode 

1 would wind the spring to a greater degree for an equal amount of pullback distance, which 

would benefit the primary user, children, who have short arms.  Decreasing the gear ratio for 

mode 2 would increase the rollout distance, providing a longer powered distance, but will likely 

also reduce the top speed of the racer, which is likely more important to the primary user.  

Reducing gear and axel friction would also increase the amount of energy stored in the spring 

during pullback and released to the wheels during rollout.   
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Conclusions 

The objectives of this experiment were to develop an empirical model describing the operation of 

the pullback racer, use reverse engineering to develop a theoretical model of the racer, compare 

the two models and enumerate possible sources of error and potential opportunities for 

improvement.  Both models were determined to be linear.  The empirical model predicted 7.5 

units of rollout distance for each unit of pullback distance whereas the theoretical predicted 

6.167.  The error, or difference between the two models, was at most 16.1% and at least 12.9% 

over the range of the study.  Likely sources of error were wheel slippage, gear slippage, and 

experimental error.  Potential opportunities include increasing tire friction, increasing mode 1 

gear ratio, decreasing mode 2 gear ratio, and decreasing gear and axel friction. 
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Appendix A: Reverse Engineering a Pull-Back Racer Lab Handout  

 
Objectives  

1. To understand reverse engineering by careful dissection of an everyday, but sophisticated, 

machine. 

2. To practice measurement, theoretical analysis, and error analysis in a realistic engineering 

system. 

3. To practice a formal method of technical reporting using an accepting engineering memorandum 

report format. 

4. To use MATLAB to help enhance analysis, data presentation, and technical reporting by using 

built-in statistical and plotting functions. 

 

Overview 

At some point, everyone has played with a pull-back car toy: you pull 

the car back, winding up some kind of spring, let the car go, and it 

quickly shoots forward under its own power. These simple toys are 

widely, and cheaply, available. Without much thought, you might 

think they simply contain some cheap plastic and a spring, and you’d 

be right! But how, exactly, do they work? A bit of reflection will 

reveal some sophistication in their design.  

All pull-back racers (at least all the ones I’ve played with) have three 

modes of operation: 

1. pull-back (energy storage) 

2. forward acceleration (energy release) 

3. coast (energy dissipation) 

When you pull the car back, you are storing energy in a spring (mode 1). Then, letting the car go, you 

release that energy (mode 2). As you measure your car’s performance, you’ll notice that it powers forward 

(mode 2) much farther than you pulled it back (mode 1). In other words, the toy designer made it so that 

you don’t have to pull the car back very far in order to store lots of energy. That’s a good feature: little 

children have short arms and lack coordination, so if a long pull-back was required to make the car go far 

or fast, it is likely to be unpopular. But how is this accomplished? 

At some point after the car is released, the spring energy is exhausted, but the car continues to move forward 

and coast until it comes to a stop due to friction effects (mode 3). This coast mode greatly extends the 

distance the car will travel and makes the toy that much better. How does the car “know” to switch between 

modes 2 and 3? 

Your first guess as to the innards of this toy car might have been a spring wrapped around the drivewheel 

axle. Having considered the three modes, hopefully you see that this simple idea could not produce the 

three different modes. Consider that question to start this project: How would the toy car perform if there 

was simply a torsional spring attached to the drive wheels? What exactly would happen when you released 

the car after pullback? 



 

 

Project Guidance: Reverse Engineering (First Week) 

1. Using your favorite on-line or print resource, look up a good definition of “reverse engineering” 

and provide that in your report. Please cite some historic (or current) military examples of reverse 

engineering. 

2. Before dissection, observe and measure the function of the pull-back racer. First, can you observe 

the three different modes of operation? Now, measure the forward acceleration distance (mode 2) 

for three different pull-back distances (mode 1). The forward acceleration distance is your 

dependent variable (DV), and the pull-back distance is your independent variable (IV). Complete 

the following table, making seven measurements of the DV for each IV point. Discard the high and 

the low values for each so that you are left with a total of fifteen data points. 

Pull-Back Distance (IV) 

feet 

Forward Accel Distance (DV) 

feet 
0.5  

0.5  

0.5  

0.5  

0.5  

0.5  

0.5  

1.0  

1.0  

1.0  

1.0  

1.0  

1.0  

1.0  

1.5  

1.5  

1.5  

1.5  

1.5  

1.5  

1.5  

 

 

3. Proceed to reverse engineer the toy pull-back racer. You may need the following tools: 

 Philips screwdriver 

 needle-nose pliers 

You will need to be very careful. Before you begin, consider what precautions you should take 

when working with delicate and small parts. How could you use a digital camera (even one on your 

cell phone) to your advantage? When you ultimately write a report explaining your reverse 

engineering, what pictures might be beneficial? 

4. You will find a series of gears. Try to deduce the function of the racer by sketching out how the 

gears fit together. Label the gears (e.g. “A,” “B,” “C,” etc.). Pay special attention to the holes which 

hold the gear axles; you should find two that are oblong instead of circular. These oblong holes 



 

 

allow these two gears to shift positions, thereby engaging or disengaging from other gears. How do 

these two oblong shaft holes enable the three modes of operation? 

5. To proceed to the analysis section of this project, you will need to determine the following from 

your reverse engineering: 

a. gear train path for each mode of operation (as an example, for mode 1, you might observe 

something like wheel-A-B-D-F-spring, which explains how the motion of the wheel goes 

through gears A, B, D, and F to finally get to the spring) 

b. number of teeth for each gear—use a marker to indicate gear teeth to help you count 

c. rough estimate: during the pullback phase (mode 1), for one revolution of the drive wheel, 

how many revolutions (or fractions thereof) occur on the spring? 

d. rough estimate: during the forward acceleration phase (mode 2), for one revolution of the 

drive wheel, how many revolutions (or fractions thereof) occur on the spring? 

 

Project Guidance: Engineering Analysis (Second Week) 

Now that we have observed the performance of the racer, dissected it to make careful measurements, we 

need to analyze these data to confirm its operation (and potentially help determine how it could be 

improved). The first step in engineering analysis is to determine the appropriate theory/principle and its 

associated assumptions.  

The pull-back racer operates with a set of spur gears in a gear train. A simple gear train of three gears is 

shown below as circles: 

 

 

 

 

 

 

If gear A is spinning clockwise, gear B spins counter-clockwise, and gear C spins clockwise. In any gear 

train, the input, or driving gear is called the pinion. The output, or driven gear, is simply called the gear (it 

doesn’t have a special name). Each gear spins with a different rotational speed, ω, as indicated. To analyze 

gears, we use the following principle: where two gears mesh together, they move with the same speed, v. 

This principle is also an assumption, and our analysis will be correct only to the extent that it is true in 

practice. Consider your observation of the gears in motion from your dissection: how accurate is this 

principle? 

This principle can be stated with the following equality: 

𝑣𝐴 = 𝑣𝐵 

The definition of angular velocity is 

𝑣 = 𝑟 ∙ 𝜔 

where r is the radius of the wheel or gear and ω is the angular speed in radians/time. Combining this 

definition with our principle above yields 

𝑣𝐴 = 𝑣𝐵 

A 

B C 

v 

ωA 
ωB 

ωC 



 

 

𝑟𝐴 ∙ 𝜔𝐴 = 𝑟𝐵 ∙ 𝜔𝐵 

Since rA < rB in the above picture, this principle implies that ωA > ωB (gear B will spin slower than gear A): 

Does that match with your intuition? 

A gear ratio is a ratio of the speed of the pinion gear (the input, or driving, gear) to the output gear. For the 

above gear train, the gear ratio from the pinion gear A to the gear B is 

𝑔𝑟𝐴−𝐵 =
𝜔𝑖𝑛𝑝𝑢𝑡

𝜔𝑜𝑢𝑝𝑢𝑡
=

𝜔𝐴

𝜔𝐵
=

𝑟𝐵

𝑟𝐴
=

𝑁𝐵

𝑁𝐴
 

where N is the number of teeth on the gear. We switched from gear radius, r, to the number of gear teeth, 

N, since the latter is often more accurately and easily measured, and since the two are directly proportional, 

they are interchangeable in a ratio. 

From gear B to gear C, the gear ratio is 

𝑔𝑟𝐵−𝐶 =
𝑟𝐶

𝑟𝐵
=

𝑁𝐶

𝑁𝐵
 

And the overall gear ratio for the gear train consisting of gears A-B-C in terms of number of gear teeth is 

𝑔𝑟𝐴−𝐵−𝐶 =
𝑁𝐵

𝑁𝐴
∙

𝑁𝐶

𝑁𝐵
=

𝑁𝐶

𝑁𝐴
 

To use the gear ratio, note that the output gear speed multiplied by the gear ratio gives the input gear speed: 

𝜔𝐶 ∙ 𝑔𝑟𝐴−𝐵−𝐶 = 𝜔𝐴 

For a gear train where the input (pinion) gear is small, and the output gear is large, as is the case for gears 

A-B above, the input speed is reduced and gr > 1. Thus, you can think of a gear ratio as a “speed reduction 

ratio.” An everyday example of a gear train is that in an automotive transmission. Typical automotive gear 

ratios range from 3.5 (1st gear) to 0.5 (highest gear or overdrive). That means that in first gear, the engine 

rotates 3.5 times for every single revolution of the car’s wheels. This makes the wheels spin slowly (but 

with high torque). In the highest gear, the wheels are actually spinning faster than the speed of the engine, 

but with little torque. 

1. From your measurements of gear teeth, and from your observations of the engaged gear trains for 

each mode of operation, calculate the following gear ratios: 

a. wheel-to-spring in mode 1 (pull-back mode) 

b. spring-to-wheel in mode 2 (acceleration mode) 

2. Assume that the spring uncoils to the same extent that it was coiled, i.e. the spring always returns 

to the same uncoiled state after the car is pulled back. (Is that a good assumption?) Under this 

assumption, the spring will rotate the same amount in mode 1 and mode 2. Use this assumption 

with your gear ratios estimate of the ratio of forward acceleration to pull-back distance. That is, 

how far should the racer power forward for any given pullback distance? 

3. Use your result above to calculate the expected forward acceleration distance for each pull-back 

distance. Calculate an average from your five measured forward acceleration measurements for 

each pull-back distance. Then calculate the percent error between your average measured distance 

(the “actual” measurement) and the expected distance (the “ideal”). Use the table below to record 

your results. To calculate percent error, find the percent deviation from the more accurate, or 

accepted, or ideal measurement: 

  

percent error =
(actual-ideal)

ideal
 

 



 

 

Pull-Back Dist. (IV) 

feet 

Avg. Accel Dist. (DV) 

feet 

Expected Accel Dist. 

feet 

Percent Error 

0.5    

1.0    

1.5    

 

Project Guidance: Engineering Communication and Reporting (Third Week) 

Please address all aspects of the project in your report. Go back through each section and check for any 

questions that were asked. For example, on the bottom of page 1:  

 

 

Be certain you address that question, and any others, that were posed during the previous parts of this 

project. When you address these questions, integrate your thoughtful answers into the prose of your report. 

Do NOT provide enumerated answers to every question. 

There is no minimum length for a lab report. It is often more difficult to write a shorter report than a longer 

one, and given the same content, more credit will be given to a shorter report. If your report is too long, it 

may be returned to you to redo. On the other hand, if your report is incomplete, you will, of course, lose 

credit according to the grading rubric. 

In addition to the questions posed throughout the project, please include or address the following points in 

your lab report: 

1. Please include a drawing (hand or computer) that clearly illustrates the gear trains for each of the 

three modes. You may need three drawings—carefully consider how best to explain the operation 

of the gear train to a reader who hasn’t dissected the racer. Label the drawing(s) with gear names 

and number of teeth. 

2. Please include professionally formatted data tables which give your measured data, calculated data, 

and calculated percent error. These data need to be reformatted from the data sheets provided in 

the lab handout. Consider if you can present all the data in one large table, or if it is better to separate 

the data apart for better readability. 

3. Please explain in your report how the toy works, using your drawing(s) and data. How, exactly, 

does the vehicle achieve each of the three modes? 

4. Please offer some ideas as to why your calculated estimate of forward acceleration distance doesn’t 

match exactly with the measured data. Please do NOT dwell on sources of human error, which are 

ubiquitous and obvious, and should be minimal. For example, arguing that “I measured incorrectly” 

simply means you need to redo the measurements, and is not an interesting or appropriate answer 

to this question. Instead, use your observations from the dissection and from your measurements to 

offer at least one thoughtful reason why theory and reality don’t exactly match. 

5. Please offer some ideas for improvement. Can you come up with any reasonable way to improve 

this toy without significantly changing its cost? 

How would the toy car perform if there was simply a torsional spring attached to the 

drive wheels? What exactly would happen when you released the car after pullback? 



 

 

Project Guidance: Professional Data Presentation using MATLAB (Fourth Week) 

In this final part of the racer project, we will use MATLAB to create a professional plot of the data and 

integrate it into the revised memorandum report. Your objective is to create a single MATLAB plot which 

shows forward acceleration distance on the vertical axis and pullback distance on the horizontal axis. The 

plot should neatly show all the experimental (measured) data, the average of that data, and the expected 

results from the gear train analysis. Make sure your plot has the following attributes: 

 properly labled axes 

 raw experimental distances (5 points per pull-back distance) shown as data markers, but not 

connected with lines 

 expected distances shown for each pull-back distance connected with a solid line, without data 

markers 

 average of the raw experimental data shown for each pull-back distance connected with a dashed 

line, without data markers 

 legend (see below for help) 

 axis limits changed to 0 – 2 feet on horizontal and an appropriate range on vertical (see example, 

note that the example has slightly different data and axis limits) 

There are many good formats in which to save your final figure for importing into a word processing 

document; I suggest PNG files for good quality and low file size. 

An example MATLAB plot is shown below: 

 

Hint on the legend: You may find you only want to add a legend for some of the features on the plot; that 

is, you don’t want to have legend entries for each of the data markers (each “x”). You can tell MATLAB 

to label only certain plot features by giving MATLAB the “handle” to only those parts you want labeled. 

A “handle” is a (random) number that MATLAB assigns to each plot feature so that you can adjust any part 

desired. For example, in the following MATLAB code: 

 

h(1) = plot(x1, y1) 

hold on; 



 

 

h(2) = plot(x2, y2) 

h(3) = plot(x3, y3) 

h(4) = plot(x4, y4) 

 

The handle numbers are stored for each of the four plot features in the vector h. Then, if you only wanted 

to label some of these features in a legend, you could do the following: 

legend(h(2), ‘Pullback Distance (ft)’); 

which would apply the label only to the second plotline. The following MATLAB command 

legend(h([1:2 4]), ‘Label 1’, ‘Label 2’, ‘Label 4’); 

selectively labels the first, second, and fourth plot feature. 

 

For extra credit, create an additional alternative plot in MATLAB (you still need to make the first one!). 

On this plot, remove the individual data markers for each measured point. Instead, plot errorbars off of the 

line connecting the average measured data, and make the errorbars equal to one standard deviation in each 

direction from the mean. Include single data markers on the errorbar line. You will want to use the 

MATLAB functions 

std 

errorbar 

An example is given below: 

 
 

  



 

 

Appendix B: Experimental Data - Rollout Distance as a Function of Pullback Distance 

 

Pull-Back Distance (IV) 

feet 

Rollout Distance (DV) 

feet 

0.5 2.6 

0.5 2.6 

0.5 2.4 

0.5 2.4 

0.5 2.8 

0.5 2.6 

0.5 2.6 

1.0 4.8 

1.0 5.3 

1.0 5.9 

1.0 5.0 

1.0 4.3 

1.0 5.7 

1.0 4.9 

1.5 6.4 

1.5 10.4 

1.5 11.2 

1.5 10.7 

1.5 9.2 

1.5 11.2 

1.5 8.8 

 

  



 

 

Appendix C: MATLAB Code Used to Create Plots 

 
clc; clf 

 

%% Plot the raw data 

h(1) = plot(raw_data(:,1),raw_data(:,2),'kx'); 

title('Rollout Distance as a Function of Pullback Distance') 

xlabel('Pullback Distance [ft]') 

ylabel('Rollout Distance [ft]') 

axis([0 2 0 12]) 

 

%% Parse the data into 0.5, 1.0, and 1.5 ft rollout distances 

rd1 = raw_data(1:5,:); 

rd2 = raw_data(6:10,:); 

rd3 = raw_data(11:15,:); 

 

%% Calculate the average  

avg_rd1 = mean(rd1,1); 

avg_rd2 = mean(rd2,1); 

avg_rd3 = mean(rd3,1); 

avg = [avg_rd1; avg_rd2; avg_rd3]; 

 

%% Plot the mean values 

hold on 

h(2) = plot(avg(:,1), avg(:,2), 'ko'); 

 

%% Linear regression 

linreg = polyfit(avg(:,1), avg(:,2), 1); 

x = 0:0.1:2; 

y = linreg(1).*x + linreg(2); 

h(3) = plot(x,y,'k-'); 

linreg(1) 

legend(h,'Experimental Data','Average Value','Linear Fit','Location', 

'NorthWest') 

  

%% Plot theoretical line 

m_t = 6.167; 

y_t = m_t.*x; 

h(4) = plot(x,y_t,'k--'); 

legend(h,'Experimental Data','Average Value','Linear Fit',... 

    'Theoretical','Location', 'NorthWest') 

  



 

 

Appendix D: Theoretical Model – Rollout Distance as a Function of Pullback Distance 

 

 

It was assumed that the spring uncoiled to the same extent that it coiled based on a small number 

of cycles, material properties, and the small space allowing for minimal deformation.   

 

It was assumed that the spring wound and unwound by the same amount (angular position, 𝜃) 

each time.  Thus: 

 𝜃𝑠𝑝𝑟𝑖𝑛𝑔,1 = 𝜃𝑠𝑝𝑟𝑖𝑛𝑔,2 (1)  

 

In the above equation, the subscripts 1 and 2 stand for modes 1 and 2, respectively.  In mode 1, 

the wheel is the driving gear and the spring is the driven gear, thus: 

 

 𝐺1 =
𝜃𝑤ℎ𝑒𝑒𝑙,1

𝜃𝑠𝑝𝑟𝑖𝑛𝑔,1
 (2)  

 

In mode 2, the spring is the driving gear and the wheel is the driven gear, thus: 

 

 𝐺2 =
𝜃𝑠𝑝𝑟𝑖𝑛𝑔,2

𝜃𝑤ℎ𝑒𝑒𝑙,2
 (3)  

 

Combining the three equations and simplifying: 

 

 
𝜃𝑤ℎ𝑒𝑒𝑙,2

𝜃𝑤ℎ𝑒𝑒𝑙,1 
=

1

𝐺1 ⋅ 𝐺2
 (4)  

 

As the angular position is related to the arc length and the radius by the following expression: 

 

 𝑆 = 𝑟𝜃 (5)  

Equation 4 can be rewritten in terms of arc length, which is also the distance along the ground: 

 

 
𝑆2/𝑟2

𝑆1/𝑟1
=

1

𝐺1 ⋅ 𝐺2
 (6)  

 

Since in both cases (mode 1 and 2) the wheel has the same radius, it cancels out of Equation 6 

leaving: 

 

 
𝐷𝑅

𝐷𝑃
=

1

𝐺1 ⋅ 𝐺2
 (7)  

 


