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2.1.  Introduction 

In this high precision experiment you will drop steel and nylon balls from a fixed height and measure the 
time t taken to fall between two light beams which are placed a distance y apart. 

 

a

r

b
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2nd Beam

T = 0
T = T

Ball

0
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y(t)

t = 0
Y = 0
Y = a

Y = a + r
Y = a + r + b  

• Figure 2.1.  Ball dropper Setup.  Note the two types of variables used, the lower case variables, y, r and t are 
measured values.  For example: t, corresponds to the time interval, as measured with the PM2525 meter, for the 
ball to travel between the first and second light beams.  The upper case quantities, Y and T, are variables to be 
determined in the data analysis. For example: the ball has zero velocity at  T = 0. 

Free Falling Object Without Air Resistance 

The equation of motion for a freely falling object is: 

mg
dt

ydm =2

2

  (2.1.) 

Integration yields: 

( ) gtvtv += 0   (2.2.) 
where vo is the velocity when the ball passes the first light beam.  Integrating this equation yields: 
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These equations account for the presence of a gravitational force only.  In practice, air provides a drag 
force which can have a significant effect on a falling object. 

While y(t) represents the actual distance that the ball has dropped in a time interval t, (see figure 2.1), in 
the actual experiment the distance r will be read with high accuracy from a calibrated vernier.  The 
distances a and b, (see figure 2.1), which are on the order of a few millimeters, can not be measured 
directly because they depend, among other factors, on the exact position where the ball interrupts the 
light beam which triggers the timer.  A rough approximation for both values should be found before you 
begin the experiment and, as you will see later, very accurate determinations of both a and b will be 
made.  

Keeping in mind that 

( ) ( ) btrty +=   (2.4.) 
then g can be determined by linearizing equation 2.3 and applying a least square fit to a straight line.  
How do you linearize equation 2.3?  Divide it by t; fitting that equation vs. t results in a linear equation 
with slope g/2 and intercept v0. 

What is the effect of b, which at this point is not known with great precision?  When we linearize 
equation 2.2 we get: 

( ) ( ) gtv
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=   (2.5.) 

If we introduce a small error, δ, in b and then assume that b' = b + δ   we arrive at: 
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0   (2.6.) 

Figure 2.2 shows a plot of equation 2.6 vs. t for different values of δ.  The asymptotic effect that the δ/t 
term produces at t = 0 can clearly be seen. 

y/t vs. t for different values of delta
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• Figure 2.2.  y/t vs. t for different values of δ. 

Hence, the "best" value for b can be determined by selecting a few well chosen values of b' and 
calculating the resulting χ2: Only when b' = b, i.e. for δ = 0, will the data approach a straight line at t=0.  
For all other values of b', the data will deviate from a straight line and the fit will produce a large value of   
χ2.  Therefore, a minimum χ2 corresponds to the best value of b.  The least square fit automatically also 
calculates the best values for g/2 and v0. 
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Free Falling Object with Air Resistance 

For a ball falling in air, the equation of motion, 2.1 becomes: 

n

dt
dykmg

dt
ydm ⎟

⎠
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⎜
⎝
⎛−=2

2

  (2.7.) 

where the second term on the right is the drag force and k specifies the strength of the retarding force.  
The value of n depends on the shape of the object and its velocity.  For large velocities, n approaches 
unity which corresponds to Stoke’s law of resistance.  At small velocities, like the ones acquired by the 
balls in this experiment, the resisting force is proportional to the square of the velocity, in which case it 
obeys Newton’s law of resistance: 
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This equation can be integrated to yield the solution: 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

ttt

t

V
gt

V
v

V
gt

g
V

ty sinhcoshln 0
2
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where Vt is the terminal velocity which is related to k: 

k
mgVt =2   (2.10.) 

If we have a system with Y(T=0)  and v0=0 , then equation 2.9. can be solved for T: 
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Since the effect of the drag force is not very transparent in this equation, the following expansion in Y 
may be more illuminating: 
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The correction due to drag appears in second and higher terms.  Setting Vt=∞ , which is the case when 
no retarding media is present, reduces it to the familiar equation 2.3. (with v0=0 ).  From the resolution 
of our measurement instruments and knowing that Vt is at least on the order of 1000 cm/sec or larger, 
we only need to consider the first two terms in equation 2.12. Rewriting this in terms of k we find that T  
is a function of Y and m, i.e. the mass of the object: 
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12,   (2.13.) 

This equation shows that when the mass of the object approaches infinity, the second term, which 
corresponds to the drag force on the object, goes to zero; in that case, a value for g can be determined 
which no longer is affected by air resistance.   

 

In reality, it is impossible to drop an object with an infinite mass and density.  Therefore, we use the 
time differences that you measure for balls of different density to fall the same distance Y.  From this we 
can infer the time it would take for an object of an infinite mass to drop the same distance. 
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From equation 2.13, we see that the time difference for two objects of mass m1 and m2 to drop a 
distance Y is: 
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( )∞→mYT ,   can be determined from the steel and nylon ball data by calculating: 
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and 
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Solving these two equations for Tm→∞  (for a specific value of Y) and eliminating k results in: 

nylonsteel

nylonnylonsteelsteel
m mm

mTmT
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Two issues deserve some additional comments:  In deriving equation 2.17, it was assumed that k is 
identical for both the steel and nylon ball.  That is reasonable since k depends mainly on the shape and 
surface roughness of the object.  Also, equation 2.17 was derived for a situation where all the initial 
conditions were set to zero.  This is not the case in our actual measurements where  v(t=0)≠0.  
Nevertheless, it can be shown that equation 2.17 still holds under such circumstances and that for a 
particular y: 
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Furthermore, the uncertainty in ∞→mt   is given by: 
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Finally, using a least squares fit of ∞→mty   vs. ∞→mt   produces a value of g that is independent of drag 
forces. 

Terminal Velocity 

Equation 2.8. can be also be written as: 
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where g’ represents the acceleration of an object due to gravity in a resistive medium and Vt is the 
terminal velocity for the particular object.  An average value of g’, i.e. g ′  , is obtained for both the steel 
and nylon data by fitting y/t vs. t for each set of data.  The corresponding values of Vt can then be found 
by solving equation 2.20: 
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gg
gvVt ′−

≅   (2.21.) 

and observing that the average velocity v   for an object dropped from a maximum height ymax (in our 
case the largest vernier setting) is: 

2
maxyg

v
′

≅   (2.22.) 

2.2. Apparatus 

Ball Dropper 

Balls of nylon and steel are available, and all have a diameter of 0.750 inches. The masses of the nylon 
and steel balls are 4.09 and 28.17 grams, respectively.  Two ball drop apparatuses are available; use 
the same apparatus for acquiring all of your data and specify in your report which one you used.  Do 
not interchange parts between them! 

Before you start taking data you must adjust the apparatus so that it is exactly vertical using the plumb 
bob.  Any tilt in the apparatus introduces a systematic error in your time measurements which, to first 
order, is proportional to the angle of tilt.   

Replace the ball dropper mechanism and add the plumb bob and place the blue, two inch aluminum 
disc with the small hole in the center in the lower aperture.  Raise or lower the upper aperture to a 
height where the plumb bob is located directly above the surface of the lower disc.  Adjust the three 
screws on the base until the bob is centered exactly in the hole of the disk at the lower aperture. 

The ball release mechanism uses a partial vacuum to hold the ball in place.  The ball is released after a 
few seconds when the pressure from a slow leak becomes sufficiently high.  To "arm" the suction 
device, push the brass knob away from the stem and depress the piston; while pressing the ball against 
the O-rings at bottom of the suction device, pull the piston back until it ratchets in.  Now place the 
suction device with the ball carefully on the upper aperture and wait a few sections until the ball drops.  
Your TA will demonstrate the operation if you have trouble. 

When you drop the balls, make sure that they never hit the apparatus itself or the floor where they pick 
up dirt.  The first objective is achieved by setting the apparatus vertical with the plumb bob (as has been 
described above).  In order to prevent the balls from hitting the floor, various boxes with padding have 
been provided.  Tests have shown that handling the balls with tissue paper or gloves increases the 
accuracy of the experiment. 

 Vernier Scale 

The upper aperture can be set to different positions and its distance from the lower aperture, r, is read 
with the ruler and the vernier scale located on the back of the apparatus.  Reading a vernier scale (see 
figure 2.3) is a two step process:  First, the "overall" distance is read to within a millimeter by 
determining where the lower zero on the vernier scale intercepts the ruler.  Second, from the Moiré 
pattern formed between the vernier and the ruler scale, the position can be read with additional 
precision. 

If you have never used a vernier scale, you may want to read carefully through the following example. 
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10 2 3 4 5 6 7 8 9 0

Ruler Scale

Vernier Scale
  

• Figure 2.3.  The upper scale corresponds to the ruler while the lower scale is the vernier scale.  The marks on the 
metric side of the ruler are engraved in one millimeter intervals and the number refer to centimeters.  The 
numbers on the vernier scale correspond to tenths of millimeters and each mark corresponds to 0.02mm.  (On the 
actual ball dropper the scales are vertical instead of horizontal.) 

As explained below, Figure 2.3 corresponds to a reading of 603.46±0.01mm.  The lower (left) zero on 
the vernier scale intercepts the ruler at about 60.3 cm or, to be more precise, at 603mm + ε.  Without 
using the vernier scale, a reasonable value for ε is 0.5 mm and our reading would be 603.5±0.2mm. 

With the aid of the vernier scale, ε can be determined to a much greater precision.  This is done by 
observing which mark on the vernier scale lines up exactly with a mark on the ruler scale.  From figure 
2.3, you should observe that the marks between 4 and 5 on the vernier scale begin to line up fairly well 
with marks on the ruler.  If you look very careful at the figure, you should notice that the marks to the left 
of 4.6 (on the vernier scale) fall to the right of the nearest marks on the ruler; similarly, marks to right of  
4.6 (on the vernier scale) increasingly begin to fall to the left of their nearest marks on the ruler.  
Therefore, a reasonable value for ε is 0.46±0.01mm.  (Remember, the vernier scale reads tenths of 
millimeters!)  (If one compares rate at which the marks begin to "unalign" to the left and right of 4.6 then 
it looks like 4.7 would be even a better guess...)  Putting everything together, we find the figure 2.3 
corresponds to a reading of 603.46±0.01mm. 

Our final result of 603.46±0.01mm is fairly close to our first guess of 603.5±0.2mm which was arrived at 
without the aid of the vernier scale.  While this should be no big surprise, and presents a good method 
for double checking your answers, it shows that using the vernier scale has improved the accuracy (or 
uncertainty) of the reading by a factor of 20!  Therefore, use the vernier scale for all your distance 
measurements. 

Before you start taking data, make absolutely certain that you understand how to read the vernier 
scale:  Set the upper aperture to some arbitrary position and then write down what you think is the 
correct r; compare your result with the one from your lab partner and also check with the TA!   

Both, English and metric units can be read using the vernier.  Theoretically it doesn’t matter which type 
you select but for the sake of grading we want you to use CGS units! 

When taking data, don’t attempt to set the vernier to an exact position, for example 10.000cm.  Doing 
so will waste a lot of your time and will decrease the accuracy of your height measurements.  (Why?)  
Instead, move the vernier approximately to the position at which you want to take data and then read 
that position accurately! 

Electronic and Timing 

The light beams and timing are provided by infrared LED's (F5D1QT) shining through 0.030 inch 
diameter holes and viewed by an infrared photo diode (PN334PA)  through a 0.015 inch diameter hole.  
A circuit, consisting of a comparator, converts the pulses generated by the photo diodes into an 
appropriate form so that their time separation can be measured using an RS type flip-flop and a Phillips 
PM2525 meter in its time period measuring mode.  These circuits are located in the red "Ball Dropper" 
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boxes.  Make sure they are plugged in and turned on; the switch is on the back.  Do not interchange 
boxes; each box belongs to a specific ball dropper. 

To measure the time period turn on the Philips PM2525 meters; the switch is located on the back of the 
meter.  Push  the "s" button on the left twice.  On the LCD display, you should see a symbol like this: 

. 

Test the setup:  interrupt the upper beam with your finger.  This will set the RS-type flip-flop and start 
the timer.  You should also observe a TIMER READY red LED on the front of the Ball Dropper box 
being on.  Interrupting the lower beam (with your finger) will reset the RS-type flip-flop and stop the 
timer and turn off the TIMER READY LED.  The time resolution of the meter is quoted as 10 μsec. 

Note, when placing the suction device with the ball dropper on the upper aperture, the flip-flop can be 
inadvertently triggered by small vibrations.  Therefore, while waiting for the ball to drop during a 
measurement, always keep an eye on the TIMER READY LED.  If you should have accidentally 
triggered the flip-flop, quickly reset it by interrupting the lower beam with your finger! 

2.3. Data Taking 

Though you should be ready to collect data now, pause for a while and consider your "strategy."  (A 
vital step which is all too often ignored and compensated for by the quantity of data.)  In this experiment 
you will be graded on how you chose to acquire the data.  You may find a suitable strategy after 
answering the following questions, which must be addressed in your report. 

 

i) Use equation 2.3., set v0 = 0, and derive an equation for the uncertainty in y/t as a function of the 
uncertainty in your time measurements, σt , and the uncertainty in your distance measurements, σy , i.e. 
calculate σy/t (t,σy,σt). 

ii) Now determine your time resolution, σt Steel  and σt Nylon.  Make several (5 to 10) time measurements 
for both a steel and a nylon ball approximately in the middle of height, r.  (Sometimes the balls become 
dirty or dented; therefore, try a different ball if you should observe very large fluctuations in the time 
measurements.)  How does your value of σt compare with the previously quoted resolution for the 
PM2525? 

iii)  How well can you measure r, i.e. how large is σy?  Use the information provided on the ruler or 
your own estimate. 

  

You should now be able to answer the following questions: 

iv) When taking data, should you take a lot of measurements of r and few measurement of t, or is it 
best to take few measurements of r and many of t?. 

v) Should you take more measurements at a large r, or at small r, or should they be evenly spaced? 

vi) Finally, if you plan to take more than 3 time measurements per height per ball you are probably 
wasting your time.  Why? 
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For the data analysis, time measurements at 20 different heights covering the entire range of the ruler 
should be sufficient.  Be sure you take time measurements for both, the steel and the nylon balls, at the 
same height settings; you will need these data to correct for drag forces.   

2.4. Possible Data Analysis Strategies 

The value of g is determined by a least squares fit of y/tm→∞  vs. tm→∞ .  This is requires that you first 
determine accurately tm→∞    and b.  The analysis follows closely the discussion of section 2.1. 

For the analysis you must use a spreadsheets, such as Excel.  An analysis done with pre-packaged 
data analysis programs such as Origin or Kalidograph will not be acceptable.  The reason for not 
allowing such commercial programs is that they tend to obfuscate the analysis process and it is the 
main intention of this experiment to teach you how to look at data and its analysis.  You should learn 
what is "good" and what is "bad" data and what a good analysis consists of.  Since you will be using 
least squares fitting extensively be sure you read and understand Appendix B fully!  Finally, remember 
what follows is only suggestion: if you find a better method use it! 

When analyzing the data, there are two main strategies on how to deal with the numerous time 
measurements that were made for the steel and nylon balls at a particular height, ri.  On the one hand, 
one could average the time measurements for a particular ri and then use only one average time for the 
steel ball and another one for the nylon ball; this reduces the number of data points to be fitted.  On the 
other hand, one can use all the time measurements obtained, meaning that for a particular ri more than 
one data point will be fitted which is perfectly legitimate.  While both methods should lead to the same 
result it can be shown that in the first method the final result is more susceptible to a single bad data 
point which could easily be identified and eliminated by the second method.  Therefore, using all of your 
data unaveraged is the preferred method. 

 

2.4.1. Use your data and determine tm→∞.  From your data, select appropriate values to calculate  
∞→mtσ . 

2.4.2. Enter the data from 2.4.1. into your least square fit spreadsheet program from your homework 
assignment or your C program.  Fit y/tm→∞    vs. tm→∞    to a straight line using a "reasonable" value for b 
and the weights as determined in section 2.3.  Carefully study χi and χi

2 for each data point.  You may 
find a plot of χi vs. i very useful; include it and a plot of your original data in your report and be sure to 
save the original data before you continue! 

2.4.3. Before you begin fitting your data check it for consistency and "bad data" points.  See 
Appendix B! If you observe in the data from 2.4.2 values for χi or χi

2 that are many sigma's off (i.e.  
σ>>1), then you may delete these points, though be prudent!  Remember, before deleting your data, 
make sure you keep a copy of the original data!  Also, do you get a reasonable χ2  (or reduced χ2) for 
the fit?  (Read Appendix B of this manual)  Otherwise use your judgment to increase or decrease your 
errors as estimated in 2.3.1 to make it reasonable.  What should your reduced χ2 be? 

2.4.4. Now find the "best" value for b and determine σb by trying different values for b and observe χ2  
(or the reduced χ2).  (Note:  this “b” has occasionally been confused with the variable “b” which is 
sometimes used to label the slope of a least squares fit.  The “b” in this experiment always refers to the 
distance shown in figure 2.1 and is not the slope of the least squares fit!)  Plot χ2  vs. b.  From this plot 
determine the best value for b and σb.  (Read appendix B.10. of the lab manual.)  After determining the 
best value for b, is χ2 still reasonable or did you go too wild with deleting data points and adjusting your 



 
 

23 
 

errors?  If so, go back to 2.4.2.  In your report include the plot of χ2 (not the reduced χ2) vs. b and clearly 
label your best estimate of b and σb.  How does it compare to the picture given in Appendix A, page 
124?  Also, include plots of χi vs. i and χi

2 vs. i using your best value of b. 

2.4.5. Having determined the best value of b you should easily obtain the values for g and σg, v0 and 
σv0 from your fit.  Finally, state the values of σt Steel , σt Nylon  and  σy that you used in your analysis.  How 
do they compare to values determined in section 2.3? 

2.4.6. Compare the value of σg from section 2.4.5 with the best “theoretically” achievable value:  Use 
equation 2.3, set v0 = 0 and calculate ( )

∞→mtyg y σσσ ,,  using the “best” value for y and the uncertainties 

that were used in the previous analysis.  Should your calculated value for σg  agree to within a order of 
magnitude with the value obtained in section 2.4.5? 

Your report should include a discussion of any additional sources of systematic error in the experiment 
if you think they exist.  Can you suggest means for improving the accuracy of this measurement? 

Important:  When you hand in your report explain your results and show how you obtained the 
equations that you were required to derive! 

2.5. Additional Information 

From The Handbook of Chemistry and Physics: 

( ) ( ) HCosCosg 62 10086.320069.025928.2616.980 −×−+−= ϕϕ   (2.23.) 
where ϕ is the latitude and H the elevation above sea level in centimeters.  (Latitude for Minneapolis   is 
approximately 47 degrees and its elevation is about 700 feet above sea level.) 

A recent measurement by the geophysics department determined a value of g here at the University as 
g = 980.58 cm/sec2. 

For more information see also: K. Wick and K. Ruddick, "An accurate measurement of g using falling 
balls," American Journal of Physics. 67 (11), 962 - 965 (1999). 
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Ball Dropper Experiment Grading Form 

 Name:………………………………… 

 

 Total Pts:……………….. 

Theory 

 Max 
Pts. 

 Comments 

  Overall  
  σ y/t (2.3, i)  

  σt steel,  σtnylon ,  σy , determination  
 

Questions 

 MaxP
ts  

 Comments 

  Data collection strategy (2.3, iv 
and v) 1 pt explanation, 1pt  doing 
it 

 

  χ2, χ2
v, g, σ g, vo, σ vo (2.4.5)  

  b, σ b (2.4.4)  
  sigma σg “best” one drop (2.4.6)  

    
  Overall  

 

Presentation 

 Max 
Pts 

 Comments 

  Sections labeled, figures labeled  
  Figures referenced  
  Overall (Spelling)  

 

Comments: 
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