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Abstract 
 
 The standard acceleration due to gravity near the surface of the earth, ‘g’, is defined by standard as 9.80665 
m/s2. The goal of this experiment is to measure ‘g’ in a laboratory setting by applying the ideal gas law. Holding 
constant both the amount of gas and the temperature within a rigid, sealed container of variable volume, the ideal 
gas law, PV = nKT, establishes an inverse relationship between the volume of the container and its internal air 
pressure. Here, the rigid container is a 10-ml polypropylene syringe with a movable plunger. The front tip of the 
syringe has been sealed shut with epoxy. The internal volume of the sealed syringe changes as the plunger moves. 
Per the ideal gas law, any change in the sealed syringe’s internal volume is accompanied by a corresponding inverse 
change in its internal pressure. In this experiment, a known mass is attached to the bottom end of the plunger. Under 
the influence of gravity, the plunger’s position, and thus the internal volume of the sealed syringe, both change as 
the mass suspended beneath the plunger is varied. The product of the sealed syringe’s internal pressure and the 
corresponding internal volume is expected to always remain constant. Given that each change in the internal volume 
of the syringe is caused by the gravitational force of a known mass, then ‘g’, the standard acceleration due to gravity 
near the surface of the earth, may be calculated directly from the ratio of the starting internal volume of the sealed 
syringe to the subsequent changes in its internal volume. Applying this experimental method yields a value for ‘g’ of 
11.3 +/- 2.2 m/s2. 
 
 

I. Introduction 
 
Modern science depends on standardized 

units of measure that are universally 
accepted. These allow for, among other 
things, consistency in comparing the results 
of experiments performed by different 
researchers. Toward this end, the 
International Committee for Weights and 
Measures (CIPM) wanted to establish a 
standard thermometric scale. This scale 
depends on the boiling point of water. The 
boiling point of water in turn depends on 
atmospheric pressure. Atmospheric pressure 
in turn depends on measuring the weight of 
a column of mercury of height 760 mm. But 
weight in turn depends on the force of 
gravity. Thus, a standardized value for the 
acceleration due to gravity at sea level, ‘g’, 
was needed. Although the “true” value of 
the acceleration due to gravity varies by 
location due to the distribution of mass of 
the earth, in 1901 the third General 

Conference on Weights and Measures 
formally set the standard value of ‘g’ equal 
to 9.80665 m/s2 [1]. 

Historically, measurements of ‘g’ have 
been made through a handful of methods, 
e.g., measuring the rate at which objects fall, 
or the periods of pendulums. Unfortunately, 
measurements of this physical constant 
remain contentious. For example, with 
regard to the gravitational constant ’G’, 
“[A]lmost all the Big G measurements made 
over the last 20 years” have been well 
outside the currently accepted value [2]. 
Measurement of the force of gravity 
(whether through ‘g’ or ‘G’) remains a 
subject of great interest in the physics 
community.  

This experiment departs from traditional 
methods of measuring ‘g’ by looking at 
changes in air pressure. It is based on the 
tradition of the Magdeburg hemispheres [3]. 
Here, two hollow metal hemispheres of 
identical dimensions are joined together to 
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make a complete, closed sphere; and the air 
within the internal cavity is removed. Given 
the difference in the air pressures inside and 
outside of the joined hemispheres (near 
vacuum within the cavity versus normal air 
pressure at sea level outside), it takes a great 
deal of force to pull the two hemispheres 
apart. This force is directly related to the 
cross-sectional surface area of the 
hemispheres. Given the air pressure 
differential and the cross-sectional surface 
area of the hemispheres, the amount of 
weight needed to pull the hemispheres apart 
can be calculated. For Magdeburg 
hemispheres that are currently available for 
demonstration in a college physics 
laboratory, with a diameter of approximately 
4.75 inches (12.065 cm), the amount of 
force required to pull them apart is almost 
1,160 Newtons (about 261 lbs.) [4]. Such a 
large force makes using Magdeburg 
hemispheres to measure ‘g’ impractical in a 
college physics laboratory setting. 
Nevertheless, comparing air pressure 
differentials offers a unique method for 
measuring ‘g’. 

The method used in this experiment 
looks at volume changes in a sealed 
industrial syringe as varying masses are 
attached to its plunger and allowed to hang 
freely. Data collection occurred periodically 
from late February 2018 through early April, 
2018, in the Department of Physics at 
Northeastern Illinois University. 
 

II. Experimental Method 
 

A. Experimental set-up 
 
The syringe used in this experiment was 

a Duda Energy 10 ml Luer Lock syringe 
with a 15 gauge blunt fill needle. It is rated 
“For industrial use only.” The variable 
volume of the syringe ranges from 0 ml to 
10 ml. The needles were removed and 
discarded, as they were not used during the 

course of this experiment. Once a volume 
setting had been chosen for each syringe 
(e.g., 2 ml, 3 ml, 4, ml, etc.), the front tip 
was sealed shut with epoxy. The epoxy was 
allowed to cure over a 24-hour period. This 
means that the sealed syringe holds a fixed 
mass of air at room pressure and room 
temperature prior to the start of each trial. 
The plugged syringe was then clamped to a 
vertical rod, which was itself clamped 
securely to a laboratory table. The 
orientation of the syringe, up or down, 
depended on whether the goal of the trial 
was to expand the inner volume of the 
syringe or to compress it. Expansion trials 
had the syringe tip point upward, and 
compression trials had the syringe oriented 
with the tip downward. 

Initially, a small plastic loop was used to 
attach the masses to the plunger. In later 
trials, four small holes were drilled in the 
bottom plate of each plunger, and two thin 
nylon fishing lines were looped through the 
plunger base to act as an anchor for the 
suspended masses. 

 
B. Expansion of internal volume 
 

By anchoring the sealed syringe and 
attaching known masses to the bottom of the 
plunger, a change in volume due to each 
change in the suspended mass determines 
the air pressure differential between the 
inside and the outside of the sealed syringe. 
The masses suspended are the independent 
variable, and the resulting volume is the 
dependent variable. By creating a free-body 
diagram and using the resulting formula that 
balances the forces on the syringe plunger, 
each change in volume is converted to a net 
force which then becomes the dependent 
variable. This results in a graph whose slope 
should be ‘g’, the acceleration due to gravity 
at sea level.  
 



3 
 

 
 
Figure 1. Syringe experimental setup – expansion of  
internal volume. 
 

 
 
Figure 2. Mass suspended from plunger – expansion  
of internal volume. 

. 
C. Compression of internal volume 

 
The syringe setup is not limited to  

having masses suspended from the plunger, 
pulling it down and increasing the internal 
volume of the syringe. The syringe can be 
inverted so that the masses are instead 
pulling the plunger “down” into the sealed 
syringe, decreasing its internal volume. It is 
expected that this inverted setup still obeys 
the ideal gas law. Nevertheless, this inverted 
experimental set-up may prove useful in 
indicating the existence of systematic errors. 
 

 
 
Figure 3. Syringe experimental setup – compression 
of internal volume. 
 

 
 
Figure 4. Mass suspended from plunger –  
compression of internal volume. 
 

III. Modeling and Prediction 
 

A. Overview of model – expansion of 
internal volume 
 

Air pressure at sea level corresponds to 
14.7 lbs/sq. in, or 101,325 Pascals (N/m2). 
The room temperature in the college 
laboratory room is assumed to be a constant 
20o Celsius. The ideal gas law, PV = nKT, 
can be used to translate changes in volume 
and pressure as the sealed syringe’s plunger 
moves. If the amount of gas within a rigid 
container of variable volume is held 
constant, along with its temperature, then the 
right-hand side of the ideal gas law equation 
remains constant. If the right-hand side of 
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the ideal gas law equation remains constant, 
then the left-hand side of the equation must 
also remain constant. This means that any 
changes in pressure or volume vary 
inversely with respect to changes in the 
other variable. Increasing the internal 
volume of the sealed syringe decreases its 
internal pressure, and vice versa. Since air 
pressure is force divided by cross-sectional 
surface area, i.e., Pressure = Force / cross-
sectional surface area; and the force of 
gravity is mass times acceleration due to 
gravity, i.e., Fgravity = mass * ‘g’, we derive 
the formula for ‘g’ in this experimental set-
up as being: 

 
‘g’ = (1/massmeasured)   

* cross-sectional surface area  
* (1- Vinitial/Vmeasured)         (1) 

 
with both the cross-sectional surface area of 
the sealed syringe plunger and the initial 
volume,  Vinitial, being constant (Appendix 
A). The mass of the plunger, which is also 
constant, is included in massmeasured. The 
only variables to be measured are the mass 
suspended beneath the sealed syringe 
plunger, and the resulting internal volume 
setting of the sealed syringe, each time that 
the plunger moves to a new level after 
additional mass has been added. 

In an expansion trial, it is expected that 
the volume should increase in a linear 
fashion as more mass is added. It is also 
expected that the resulting increase in force 
due to the increase in suspended masses 
should be linear with respect to total mass 
added. Given that the plunger has a radius of 
1.55 x 10-2 m, the cross-sectional surface 
area of the syringe is 1.77 x 10-4 m2. 
Assuming an atmospheric pressure of 14.7 
lbs./sq. in., or 101,325 Pascals (N/m2), then 
it is expected that the largest amount of mass 
that could be suspended beneath the sealed 
syringe, assuming that a near vacuum could 
be created within the internal volume of the 

sealed syringe, would be approximately 1.8 
kg, or 4.0 pounds. This amount of mass is 
manageable in a college laboratory setting. 
 

B. Overview of model – compression of 
internal volume 

 
Inverting the syringe and using the  

masses attached to the plunger to compress 
the internal volume of the sealed syringe 
changes the formula only slightly: 
 
‘g’ = (1/(massmeasured)  

*[cross-sectional surface area  
* (Vinitial/Vmeasured - 1)]      (3) 

 
C. Other possible factors 

 
It is suspected that friction between the  

front rubber end of the plunger which 
remains within the sealed syringe and the 
internal wall of the syringe is a force that 
opposes both the weight of the suspended 
mass pulling on the plunger and the external 
air pressure pushing against the cross-
sectional surface area of the plunger. This 
friction depends on the coefficient of static 
friction, μstatic, and not the coefficient of 
kinetic friction. More mass has to be 
suspended from the plunger just to 
overcome this static friction until the 
plunger settles to its new resting position. It 
is also assumed that this force of friction is 
constant throughout each trial, as it is 
expected to be due only to the normal force 
of the inner wall of the syringe on the rubber 
end of the plunger. Once this force of 
friction is incorporated into the model, the 
formula for ‘g’ becomes 
 
‘g’ = (1/massmeasured)  *[Ffriction + 

cross-sectional surface area  
* (1- Vinitial/Vmeasured)]              (4) 

 
However, as the force of static friction is 
presumed to be constant, it can be accounted 
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for by allocating a constant amount of the 
total suspended mass to overcoming it; and 
the remainder of the suspended mass 
counters the force of external air pressure on 
the plunger. The equation for ‘g’ can now be 
re-written as 
 
‘g’ = (1/(massmeasured – massovercome friction))  

*[cross-sectional surface area  
* (1- Vinitial/Vmeasured)]      (5) 

 
for the expansion trials, and 
 
‘g’ = (1/(massmeasured – massovercome friction))  

*[cross-sectional surface area  
* (Vinitial/Vmeasured - 1)]      (6) 

 
for the compression trials. 
 

IV. Data Analysis 
 

A. Initial calculation of ‘g’ 
 

Measurements were first taken without 
any consideration for possible systematic 
errors, including friction. It was important to 
determine first whether this experimental 
method was viable. It was also important 
that any experimenter biases or pre-
determined judgments would not affect the 
experimental set-up. It was expected that 
visual inspection of the graphical results of 
the initial trials would provide some 
indication as to the possible existence of any 
systematic errors.  
 
Table 1. Internal volume expansion trials 
 

Level Trial ‘g’ (m/s2) σ 
2 ml 1 7.2 0.7 

 2 8.7  
 3 7.4  

3 ml 1 9.4 2.0 
 2 6.6  

 

B. Graphs of data collected – friction 
effect not recognized 

 

 
 
Figure 1. Syringe method – 2 ml start – Force vs.  
Mass with linear trend line – Trial 1. 
 
 

 
 
Figure 2. Syringe method – 2 ml start – Force vs. 
Mass with linear trend line – Trial 2. 
 
 

 
 
Figure 3. Syringe method – 2 ml start – Force vs. 
Mass with linear trend line – Trial 3. 
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Figure 4. Syringe method – 3 ml start – Force vs. 
Mass with linear trend line – Trial 1. 
 
 

 
 
 
Figure 5. Syringe method – 3 ml start – Force vs. 
Mass with linear trend line – Trial 2. 
 

C. Analysis of initial trials 
 

1. Experimental value of ‘g’ 
 

The results obtained for the value of ‘g’ 
are not in line with the currently accepted 
value, 9.80665m/s2. The 2 ml expansion 
trials gave an average value for ‘g’ of 7.7 +/- 
0.7 m/s2 (79% of the accepted value). The 3 
ml expansion trials gave an average value of 
8.0 +/- 2.0 m/s2 (82% of the accepted value). 
Overall, the two sets of trials are in very 
close agreement with each other. This may 
imply that any difference from the standard 
value of ‘g’ is due to some combination of  
experimenter, random, and systematic error, 
and that the same sources of error are 
operating across all trials to date. At this 

stage of the experiment, friction is the only 
likely candidate. 

Visually, the data appear to behave well 
as long as the data points at the extreme 
ends are ignored. This implies the existence 
of some systematic error(s) operating at the 
very beginning and the very end of the 
sealed syringe trials. Again, friction is the 
most likely candidate for the data points at 
the beginning of each trial. If this data 
endpoint behavior is indeed indicative of a 
systematic error, all of the trials appear to 
share it and express it to some degree.  

 
2. Systematic error – friction 

 
The systematic error could be due to the 

fact that, at the very beginning of each trial, 
with the internal and external air pressures 
being identical, the frictional force of the 
rubber cap at the end of the plunger against 
the internal wall of the sealed syringe makes 
more of a relative difference. That is, the 
amount of weight required at the beginning 
of the trial has to be relatively greater 
because the air pressure differential is 
nonexistent; and only the frictional force of 
the rubber end of the plunger against the 
internal wall of the sealed syringe is 
significant. Also, the rubber cap could 
simply be “stiffer” when basically “at 
rest”—that is, with no or very little external 
stress or force acting on it, other than the 
normal force as it touches the inner wall of 
the syringe. 

The initial trials did not take into 
account any friction between the rubber end 
of the plunger that remained within the 
sealed syringe and the internal wall of the 
sealed syringe. The behavior of the data at 
least at the very beginning of each trial may 
be an indication that the effect of friction is 
significant and must be taken into account. 
Visual inspection of the graphs supports this 
hypothesis. 
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In trying to understand how friction 
could have affected the data at the 
endpoints, it is important to realize that, as 
each trial progressed, and the air pressure 
differential between the inside and the 
outside of the syringe increased, increasing 
the amount of mass suspended beneath the 
syringe means that the frictional force may 
not have been as important in the overall net 
force applied to the plunger later in each 
trial. This could be the result of the air 
pressure differential being so great that the 
frictional force progressively becomes 
relatively less important. Toward the very 
end of each trial, however, the data points 
tended to flatten out. This implies that there 
might be some other systematic error 
operating which has not yet been 
determined. 

A more likely explanation would be that, 
at the beginning of each trial, the rubber cap 
of the syringe plunger is under no stress. 
Thus, there would be no expected 
deformation of the material. The normal 
force on the rubber end of the plunger would 
be at its lowest. As the stress between the 
rubber cap and the internal wall of the sealed 
syringe increases, the normal force may 
increase, which would increase the force of 
static friction. As each trial progressed, the 
rubber edge would have been deformed by 
stress and heat (stress from the ever-
increasing amount of mass added, and 
continued heating as the plunger slid from 
one static hold position to the next). 
Deformation of the edge of the rubber end of 
the syringe plunger is a possible candidate 
for systematic error in the measurement of 
‘g’, although it is believed that its effect is 
incorporated into the force of friction.  

Thus, the force of static friction is now 
accounted for in the calculation of the net 
force that results with each change in mass 
suspended from the plunger. In addition to 
accounting for friction, the end of the 
plunger can be slightly torqued to see if this 

affects the change in internal volume. This 
should be done both during the trials to 
determine the frictional force between the 
rubber end of the plunger and the internal 
wall of the sealed syringe, and during all 
succeeding experimental trials. 

 
3. Systematic error – air leakage 

 
Other possible sources of systematic 

error would be air leakage occurring as each 
trial progressed, structural factors 
concerning the syringe itself, and perhaps 
even the methods used to both secure the 
sealed syringe during each trial and to attach 
additional masses to the syringe plunger. It 
may be that the sealed syringe wall deforms 
throughout the course of each trial due to the 
increasing differential in air pressure. 
However, the polypropylene that the syringe 
is made of appears to be quite sturdy.  

The epoxy used to plug the front end of 
the syringe worked better than expected. 
The epoxy used was a type that should not 
have been used because it does not bond 
polypropylene directly to polypropylene, 
which is the type of plastic that the syringe 
is made of. However, the epoxy did act 
extremely well as a plug. No air leakage 
could have occurred on the front end of the 
syringe. Had it done so, then the experiment 
would have failed the first time that a mass 
sufficient to overcome static friction and 
move the plunger had been added. Once the 
plunger would have begun to move, the 
immediate increase in the internal volume of 
the sealed syringe would have caused the air 
pressure within the sealed syringe to quickly 
re-normalize and equal the air pressure 
outside the syringe. If there had been an air 
leak, then, once the plunger would have 
begun to move, it would not have stopped 
until it was completely out of the syringe. 
Another possible source of air leakage could 
have occurred at the rubber end of the 
plunger within the sealed syringe. But, 
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although it was observed that the rubber end 
was tilted at times, the plunger always 
stopped moving. Any air leakage would 
have meant that the plunger, once moving, 
would have continued moving until it was 
out of the sealed syringe. It is not believed 
that air leakage occurred during any of the 
trials, nor that it is a factor to be considered 
when investigating possible sources of 
systematic error. 

After each trial, the added masses were 
removed; and the plunger was observed to 
return back almost to its original starting 
point throughout the trials. The plunger 
returned to a level slightly lower than its 
original starting point (for example, 
returning to 2.2 ml instead of 2 ml, or 3.2 ml 
instead of 3 ml). At the beginning of each 
new trial, the plunger was manually re-set to 
the correct starting level. It is not believed 
that the level that the plunger returned to 
after all the suspended mass had been 
removed is the result of air leakage during 
each trial. Rather, this bolsters the case for 
friction being involved. At the start of each 
trial, the rubber edge is presumed to have 
been at its thinnest—its “factory setting.” As 
each trial progressed, the rubber edge may 
have become deformed due to repeated use. 
Because the rubber edge essentially became 
more “flexed” as each trial progressed, the 
contact surface area of the rubber edge may 
have become greater. A deformed surface 
area would imply a change in the normal 
force, which could lead to a change in the 
amount of friction.  

 
4. Systematic error – experimental set-

up 
 

Another possible source of systematic 
error may lie in the way in which the syringe 
was anchored. A large clamp was used to 
anchor a vertical metal bar to a laboratory 
table. To this vertical bar, a smaller clamp 
was used to both hold the sealed syringe 

firmly in place and to support the weight of 
the masses that were to be suspended 
beneath the sealed syringe. A slight amount 
of “pinching” of the syringe wall was 
observed in most trials. The clamp used to 
secure the syringe in a vertical position may 
indeed have affected the volume 
measurements. However, an attempt to 
correct for this was made by placing the 
clamp on the syringe so that it was above the 
level of the rubber cap. On some occasions, 
the suspended mass caused the syringe to 
slip within the clamp. Tightening the clamp 
to hold the syringe and the suspended 
masses in place may have altered the shape 
of the body of the syringe, and thus impeded 
the plunger’s ability to move freely within 
the syringe.  

Another possible source of systematic 
error may lie in the way that the masses 
were hung beneath the syringe. A thin, 
lightweight plastic fishing line was looped 
around the very bottom of the plunger of the 
syringe. Therefore, the masses were not 
hung exactly beneath the plunger, but rather, 
slightly off to one side. This could have 
contributed to the deformation of the rubber 
edge of the plunger, and to pulling the ribs 
of the plunger against the inner wall of the 
sealed syringe. Either of these effects could 
have increased the force of friction. In 
succeeding trials, the experimental set-up 
used holes drilled into the bottom of the 
plunger in order to provide a more even and 
symmetrical placement of the suspended 
masses. 

Related to this is that the masses that 
were added beneath the syringe were added 
by hand. It is not possible to be perfectly 
steady when adding small metal plates on 
top of other small metal plates. However, as 
great care was taken in increasing the mass 
suspended beneath the sealed syringe, and a 
reasonable amount of time was allowed for 
the plunger to settle to a new position, it is 
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highly unlikely that this led to any source of 
systematic error. 

 
5. Identification of systematic error 

 
Currently, the most likely source of 

systematic error for addressing the fact that 
the initial trials yield a value of ‘g’ only 
80% of the standard value appears to be 
friction of the rubber cap of the plunger 
against the internal wall of the syringe. 
 

D. Calculation of Friction 
 

There is contact between the rubber cap 
of the front end of the plunger and the inner 
wall of the sealed syringe. The syringe itself 
is made from polypropylene. It is unknown 
what material the rubber end of the plunger 
is made of, although it must be some type of 
plastic. Real rubber is only used in 
specialized applications, e.g., airplane tires, 
for its ability to quickly dissipate large 
amounts of heat. 

The friction at issue is static friction, and 
not kinetic friction. As more mass is added 
to the plunger, eventually, static friction is 
overcome, and the plunger begins to move. 
Although kinetic friction then comes into 
play, the plunger quickly settles to a new 
equilibrium point where the force of gravity 
acting on the suspended masses (and the 
mass of the plunger) is balanced against the 
net force of the air pressure differential 
acting on the plunger plus the force of static 
friction. A portion of the masses added 
beneath the sealed syringe balances against 
the force of static friction, and the remainder 
of the masses balances against the force of 
external air pressure. That is, 
 
-FStatic friction – FAir pressure + mTotal*’g’ = 0   (6) 
 
or,  
 
+ mTotal * ’g’ = FStatic friction + FAir pressure   (7) 

 
or, 
 
 (m1 + m2)*’g’  

= FStatic friction + FAir pressure   (8) 
 
where 
 

m1 = mass used to balance air  
pressure, and  

m2 = mass used to balance  
FStatic friction. 

 
In order to isolate the FStatic friction, masses 

were suspended beneath an unplugged 
syringe. This means that the air pressure on 
both sides of the plunger was normal air 
pressure. Thus, air pressure differentials 
were not present when determining the 
amount of friction that exists between the 
rubber end of the plunger and the internal 
wall of the syringe. As masses were added, 
the point at which the plunger began to 
move was recorded. During the two trials 
that were run to determine the frictional 
force, no lubricating agent was used on 
either the rubber cap of the plunger or the 
inner wall of the syringe. Curiously, as each 
trial to determine the amount of static 
friction progressed, more mass had to be 
suspended beneath the syringe. This 
suggests that, with repeated use within a 
trial, the contact of the rubber end of the 
plunger may deform in such a way that the 
force of friction increases. 

In order to better understand the nature 
of the frictional force involved with the 
plunger, a subsequent trial was made where 
the inner wall of the syringe was lightly 
coated with mineral oil. Unfortunately, the 
results were inconclusive. At first, starting at 
the 2 ml level, the mineral oil appeared to 
initially make the plunger even stickier. 
However, a point was quickly reached 
where, once the plunger began to move 
slowly downward, it never stopped moving. 
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Lightly lubricating the inner wall of the 
syringe in order to further understand the 
force of friction was a failure. 

The force of friction of the rubber end of 
the plunger against the internal wall of the 
syringe was measured as being 189 +/- 53 
gm. Using this value, the results of the initial 
trials were re-analyzed to strip away the 
effect of the systematic error brought about 
by the force of friction. The effect of friction 
was recognized in all remaining trials. 
 

E. Revised calculation of ‘g’ 
 

Additional trials were made for both  
expansion and compression of the internal 
volume of the sealed syringe at more initial 
volume settings. The results are: 
 
Table 2. Expansion trials – value of ‘g’ 
 

 
Table 3. Compression trials – value of ‘g’ 
 

 
V. Results 

 
A. Overall review 

The final value obtained for ‘g’ via the 
sealed syringe method over all trials, 
expansion and compression, is 11.3 +/- 2.2 
m/s2. The range of possible values plus or 
minus one standard deviation includes the 
standard value of 9.80665 m/s2. 

The error was calculated by Microsoft 
Excel, and assumes that all of the error in 
the data is random error. Excel calculates a 
total random error of 19%. However, 
propagation of error by quadrature yields an 
expected random error of only 11% 
(Appendix B). A larger than predicted error 
may be an indication that a systematic error 
exists. A visual inspection of the data, both 
the best fit line for each trial, and an 
overview of all of the trials by type, 
expansion versus compression, does confirm 
the existence of at least one source of 
currently unidentified systematic error.  

The data points at the tail end of each 
trial still exhibit the non-linear behavior that 
led us to suspect the effect of the force of 
friction as a systematic error in the first 
place. Although acknowledging the effect of 
friction between the rubber cap of the 
plunger and the inner wall of the sealed 
syringe brought us closer to the correct 
value for ‘g’, there is still apparently some 
non-linear behavior occurring at the tail end 
of the data. At the start of each trial, the 
systematic error was due to overcoming the 
initial static friction. As each trial 
progresses, it may be that the frictional force 
is relatively less important. The 
experimental set-up appears to settle into a 
stable equilibrium for a large “middle 
range” of masses. Only toward the tail end 
of each trial is there a flattening effect of the 
data. Here, it appears as though adding more 
mass has no effect on the position of the 
plunger. This cannot be the case. 

The data points at the tail end of each 
trial may be affected detrimentally by the 
experimental set-up. That is, as more mass 
was added to the plunger, it was observed 

Level 2ml 3ml 4ml 5ml 6ml Mean 

Trial 1 8.91 11.86 8.55 13.77 15.36 11.69 

Trial 2 10.59 8.12 8.42 11.46 15.31 10.78 

Trial 3 8.45 - 8.51 13.44 15.26 11.41 

Mean 9.31 9.99 8.50 12.89 15.31 11.29 

St. dev. 1.13 2.65 0.07 1.25 0.05 2.87 

Level 2ml 3ml 4ml 5ml 6ml Mean 

Trial 1 - 12.39 9.83 12.06 12.46 11.68 

Trial 2 - 11.43 9.60 11.66 12.19 11.22 

Trial 3 - 10.82 9.14 11.54 12.89 11.10 

Mean - 11.55 9.52 11.75 12.51 11.33 

St. dev. - 0.79 0.35 0.27 0.35 1.23 



11 
 

that the plunger was pulled toward one side 
of the syringe wall during expansion trials.  
 

 
 
Figure 5. Deviation of the rubber end of the plunger 
from the horizontal due to asymmetrical suspension 
of masses. 

 
It was also observed that the nylon 

fishing lines used to suspend the masses 
from the plunger were taut against the 
outside wall of the syringe during 
compression trials. This could have 
increased the frictional force at the tail end 
of each trial, and thus been one source of the 
flattening effect in these data points. 
 

 
 
Figure 6. Nylon fishing lines pulled taut against the 
outer wall of the sealed syringe by the suspended 
masses. 
 

Plotting the best fit values of ‘g’ from 
each trial yields the following graphical 
results: 

 

 
 
Figure 6. Results of ‘g’ – All trials – with  
standard value of ‘g’ in red. 
 
 

 
 
 
Figure 7. Results of ‘g’ – Expansion  trials –  
with standard value of ‘g’ in red. 
. 

 
 
Figure 8. Results of ‘g’ – Compression  trials –  
with standard value of ‘g’ in red. 
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Almost all of the trials, regardless of 
expansion or compression of the initial 
internal volume of the sealed syringe, 
overstate ‘g’. Indeed, the greater the starting 
internal volume, the greater the resulting 
value of ‘g’.  

Although the statistical means of the 
expansion and compression trials are 
extremely close, their standard deviations 
are not. In addition, visually, the expansion 
trials yield a wider range of possible values 
of ‘g’ than the compression trials. It is 
important to determine whether there is any 
statistical difference between the expansion 
and compression trials. Doing so would add 
more strength to the argument that an 
unidentified systematic error exists in the 
current experimental set-up. A two-sample, 
two-tailed t-test was used to test the null 
hypothesis that there is no difference  
between the expansion and compression 
methods at the 5% significance level. For 
the expansion trials, mean = 11.29 m/s2, 
standard deviation = 2.87, and the number of 
trials is 14 (cf. Table 2). For the 
compression trials, mean = 11.33 m/s2, 
standard deviation = 1.23, and the number of 
trials is 12 (cf. Table 3). The resulting p-
value is 0.965. The null hypothesis, that 
there is no difference between the expansion 
and compression trials, is accepted [5]. 
However, as almost all of the trials overstate 
‘g’ (cf. Fig. 6, 7, & 8), there clearly must be 
at least one systematic error that has not 
been accounted for.  

 
B. Calculation of systematic 

error 
 

The derived value for ‘g’, 11.3 m/s2, is 
15% higher than the standard value, 9.80665 
m/s2. A one-tailed t-test that compares this 
final result to a hypothetical mean of 9.8 
m/s2 (with SD = 2.2, n = 26) shows the 
difference to be statistically significant, with 
a p-value of 0.0019. Although there does 

appear to be a difference between the 
expansion and compression trials, the means 
for each are almost identical to each other. 
Thus, there is no systematic error assigned 
to the difference in experimental method. 
The measurement random error is 19%, and 
the systematic error is 15%. The complete 
error for the value of ‘g’ derived by this 
researcher is 11.3 m/s2 +/- 19% +/- 15%. 

 
C. Sources of systematic error 

 
1. Syringe construction and 

friction 
 

One possible source of systematic error 
could be that the syringe wall deforms as the 
relative difference in the pressures increases. 
In the expansion trials, the pressure outside 
remained at normal air pressure, while the 
internal air pressure fell. This may have 
deformed the wall of the syringe so that, 
along with any pinching effect of the clamp 
that was holding the sealed syringe 
vertically, the ability of the plunger to move 
freely was impeded. In the compression 
trials, the nylon fishing lines were resting 
against the outside wall of the sealed 
syringe, and this could have resulted in an 
increase in the force of friction. 

 
2. Ideal gas law 

 
Another possible source of systematic 

error may lie in the compressibility of air. 
Although the ideal gas law provides us with 
a simple model, any deviations from this 
would mean that a systematic error could 
occur regardless of whether the internal 
volume of the sealed syringe was expanded 
or compressed. As the internal volume of the 
sealed syringe expands, the molar volume of 
the gas within the sealed syringe may have 
been lower than that predicted under ideal 
conditions. This would mean that more force 
would be needed to stop the plunger from 
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moving. This may explain why, in the 
expansion trials, larger starting volumes 
resulted in larger values for ‘g’. With a 
greater amount of gas at the start, any 
decrease in the molar volume of the air 
would be less. As the internal volume is 
compressed, the opposite effect might occur. 
Compressing a larger volume of gas could 
mean that the molar volume within the 
sealed syringe would end up being greater 
than expected, thus requiring less force to 
stop the plunger from moving [6]. If the 
issue is not the compressibility of air 
undermining the behavior of the 
experimental set-up as expected under the 
ideal gas law, then it is possible that the 
systematic error may be related to the 
environmental conditions of the laboratory 
room, specifically, fluctuating  room 
temperature and room air pressure. 

 
3. Experimental set-up and 

friction 
 

It was apparent as the trials progressed 
that the experimental setup was not perfectly 
balanced. During the initial expansion trials, 
the nylon loop that was originally used to 
suspend the masses from the plunger pulled 
the plunger toward one side of the syringe. 
An attempt to rectify this was made by 
drilling holes in the bottom of the plunger, 
and looping through very thin nylon fishing 
line. This was an improvement, but it did not 
completely solve the problem. During the 
compression trials, the nylon fishing line 
that was used to suspend the masses pulled 
the plunger ribs against the inner wall of the 
syringe, and the nylon fishing lines 
themselves lay flat and taut against the outer 
wall of the syringe (cf. Fig. 6). This affect of 
the experimental set-up may have been one 
source of the non-linear behavior of the data 
at the tail end of each trial, at least for the 
compression trials. Toward the end of each 
trial, the data tended to flatten out, which is 

what would be expected if at some point the 
added masses no longer contributed to 
counteracting the relative difference in the 
air pressures. The unbalanced experimental 
set-up may have inadvertently increased the 
frictional force as each trial progressed. 

It was observed that, toward the end of 
each trial, if the end of the plunger was 
slightly torqued by hand, the plunger did 
move a bit more than it had by just letting 
the masses pull the plunger downward. 
Toward the end of the compression trials, 
the plunger was manually pushed down even 
more by hand, past each new equilibrium  
point, and then allowed to bounce back. 
There was a difference of about 0.2 ml in 
volume between the level that the plunger 
had already fallen to via just the newly 
added mass, and what it settled to after 
being manually pushed. 

 
4. Most likely candidate 

 
The most likely candidate for the 

systematic error that still exists in this 
experimental set-up is that all of the 
frictional forces that are applied in the 
experimental set-up are not sufficiently 
accounted for.  A better understanding of 
this could lead to a more robust 
experimental set-up which would not require 
a change in the current formula for ‘g’. 

 
V. Discussion 

 
A. Alternate methods 

 
Alternate experimental methods used by 

other researchers to calculate ‘g’ were based 
on measuring (1) pendulum periods, (2) the 
rate of flow of water under gravity, and (3) 
the amount of electromagnetic work needed 
to arrest a small, falling metal mass. 
Intuitively, the pendulum experiment should 
show the best results, both in terms of the 
calculated value of ‘g’ and smallest total 
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error. For small angle θ, the pendulum’s 
result for ‘g’ is independent of the mass 
used. Random errors result from 
measurement of the length of the pendulum, 
the radius of the pendulum bob, and the 
periods of oscillation. 

Next should be the syringe experiment. 
Random errors result from measuring the 
cross-sectional surface area of the plunger, 
the initial and subsequent internal volumes 
of the sealed syringe, and the masses 
suspended from the plunger (Appendix B).  

The water bucket experiment only needs 
to measure the cross-sectional surface area 
of the bucket, changes in water levels, and 
changes in time. The solenoid experiment 
relies on a formula whose variables may not 
lend themselves to accurate measurement 
and estimation of measurement errors; 
although, physically, the experimental set-up 
should be more stable. 

 
B. Chart of Results – All methods 

 
Each team’s value for ‘g’ and its random 

error were obtained. The latest results are: 
 
Team (Member) ‘g’ +/- % error 
Pendulum (BU) 10.1 +/- 2.9% 
Pendulum (ED)   9.8 +/- 0.5% 
Syringe (JK)  11.3 +/- 19%  
Syringe (LV)    9.5 +/- 12% 
Water bucket    7.5 +/- 23% 
Solenoid    1.3 +/- 8% 
 

 

 
 
Figure 9. Comparison of methods – Calculation   
of ‘g’ +/- 1σ – with standard value of ‘g’ in red. 
 
If errors were clearly presented in a 

team’s paper, they were used. Note that all 
of these errors are random errors, and do not 
include or separate out a calculation or a 
guess for the systematic error(s) present in 
the experiment. A reading of the papers 
obtained show that only the syringe team 
calculated expected random error based on 
the propagation of errors by quadrature 
(Appendix B), and only the syringe team 
made an effort to put a hard number on the 
percentage of systematic error (cf. sec. V. B. 
above).  

The random error for ‘g’, along with a 
calculation of the expected total random 
error by the propagation of error by 
quadrature (made by this researcher), are: 
 
Table 3. Random error reported and 
expected random error calculated by 
quadrature. 

 

Team 

(a) 
Random 

error 
reported 

(b) 
Random 
error by 

quadrature 

(a) – (b) 
Difference 

Pendulum 
(BU) 

2.9% 0.8% 2.1% 

Pendulum 
(ED) 

0.5% 0.8% -0.3% 

Syringe (JK) 19% 11% 8% 
Syringe (LV) 12% 11% 1% 
Water bucket 23% 1.60% 21.4% 

Solenoid 8% 2.70% 5.3% 

 
Both very small and very large 

differences are suspect. (And it may be moot 
whether absolute differences or relative 
differences compared to the error by 
quadrature are used.) Small differences 
mean that the data was normally distributed 
exactly as predicted by the propagation of 
error by quadrature. (A negative difference 
cannot be believed, as it implies that the 
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actual data resulted in a random error 
smaller than predicted by the experimental 
model, which makes no sense.) Error by 
quadrature is certainly useful if there are 
only a small number of measurements taken. 
But error by quadrature is really only an 
indication of where we would reasonably 
expect the neighborhood of the error to be. 
With a large amount of data, it would be 
expected that unforeseen errors not included 
in the original calculation, e.g., experimenter 
error or bias, would initially result in a 
larger random error. An example of small 
differences being suspect would be my 
esteemed colleague’s difference of 1%. This 
was obtained after a number of data points at 
the tail end of each trial were dismissed, and 
the origin was included in the graphs. This 
researcher’s difference of 8% resulted from 
no such alteration of the data.  

Very large differences would be a clear 
indication that the calculation of error by 
quadrature is incorrect, either because the 
experimental model is not correctly 
represented in the calculation, and/or that 
some form of systematic error exists. An 
example of this would be the water bucket 
experiment. The expected error by 
quadrature was 1.6%, whereas the actual 
random error was 23%. This observation, 
along with the fact that the higher the water 
level in the bucket, the higher the observed 
value of ‘g’, is a clear indication that there 
must be some unidentified systematic error. 

 
C.  Observations and position re 

alternate experimental methods 
 

There are sufficient issues with each of 
the other teams’ experiments that I would 
not agree to combining all of our results into 
one final “grand” calculation of ‘g’. 

Experiments with very small or very 
large differences in random error versus 
error by quadrature cannot be trusted. 
Experiments where potential systematic 

errors are not at least discussed are not to be 
trusted. 

Immediately, the water bucket team’s 
results would not be relied on for an 
accurate measurement of ‘g’. Reviewing the 
graph of the results in their paper, the 
calculated value of ‘g’ fell as more water 
continued to exit the bucket. This may mean 
that water pressure is a factor that was not 
properly considered in their experimental 
model. A higher starting water level in the 
bucket means a greater starting water exit 
pressure at the exit hole at the bottom of the 
bucket, due to a higher column of water. 
This may have forced water out of the exit 
hole at a faster rate at the beginning of the 
experiment, and at a progressively lower 
rate as each trial progressed. Although the 
water bucket experiment fundamentally 
relies on the Bernoulli effect, and the 
amount (or height) of water should not be an 
issue [7], nevertheless, the graph of results 
clearly shows that more water in the bucket 
yields a higher value for ‘g’. 

I would also discount the pendulum 
team’s results The results did not explicitly 
factor into account the effect of air 
resistance. Although air resistance was 
mentioned, the calculations did not account 
for it. One team member produced a chart 
that compared angle θ versus ‘g’; but, since 
the maximum angle used in the experiment 
was 5o, this alleged “systematic error” 
identified for larger values of angle θ was 
irrelevant. In addition, this particular team 
member’s difference between actual random 
error and error by quadrature  appears to be 
(.30)%! This means that, experimentally, 
this team member achieved results better 
than would have been predicted by 
propagation of errors by quadrature. This 
team member also appears to have obtained 
the exact “standard” value of ‘g’ at 
Northeastern Illinois University for the 
purpose of comparing this to his calculated 
result. This researcher has difficulty 
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believing this claim. Finally, both team 
members’ error results are so small that they 
are too good to be true. 

As for solenoid experiment, there is 
great uncertainty as to what the 
measurement errors are in the calculation of 
‘g’, let alone the proposed source(s) of 
systematic error. Regardless, the latest result 
for ‘g’ is too small to be accepted under any 
circumstances. 

The syringe team presents two values 
and errors for ‘g’ due to the fact that each 
team member made specific decisions 
regarding how to treat both the endpoints of 
the data, and whether the slope line for ‘g’ 
should include the origin. This researcher 
included the misbehaving data points at the 
tail end of each trial, and rejected including 
the origin in the graphs due to the fact that 
the effect of friction, which was greatest at 
the beginning of each trial, had been 
accounted for. Data points at the beginning 
of each trial resulted in negative or zero 
values for force, again, because it took 
approximately 190 gm of mass, on average, 
to even begin to overcome the force of static 
friction. Including the origin in light of this 
fact seemed inappropriate to this researcher. 
My esteemed colleague, however, has 
decided to discount, and thus exclude, data 
points at the tail end; and the origin is 
included in her graphs. These are 
philosophical differences regarding the 
proper approach to and handling of research 
data; but they affect a genuine attempt at a 
proper recognition of the total random error, 
which in turn may influence the guesstimate 
of any unidentified yet still present 
systematic error. 

 
D. Possible improvements to syringe 

experimental setup 
 

The laboratory room temperature and air 
pressure were not measured during the trials. 
This was not deemed necessary, as the issue 

was comparing the changes in the internal 
volume of the sealed syringe to the masses 
suspended beneath it. However, 
environmental changes may have been a 
factor. It would have been prudent to at least 
have made an attempt to measure these 
factors. Related to this is the fact that the 
syringe tips were not sealed with epoxy in 
the laboratory room. The fact that they were 
sealed in another environment may have 
affected the amount of air trapped within 
them, which in turn could have affected the 
experimental set-up. 

It is not believed that the epoxy could 
have affected the amount of air/gas within 
the internal volume of the sealed syringe, 
although it is not known if epoxy releases 
any chemicals in gaseous form as it cures. 
The epoxy used, Loctite® brand epoxy, 
general purpose, does have in its warning 
“Do not breathe vapors.” 

The size of the syringe may have been a 
factor in the quality of the data taken. The 
smallest, in fact only, syringe measurement 
marking was 0.2 ml. The measurement 
markings are quite large relative to the 0.2 
ml changes in volume. A larger syringe 
might provide a thinner measurement 
marking for each change in volume. This 
would reduce random experimenter 
observational error. Per the manufacturer, 
the syringes already come with a 4% 
random measurement error for volume. A 
larger syringe might come with a smaller 
measurement error. If a larger syringe had 
been used, with finer gradations of volume 
measurement markings, better volume 
measurements could have been made. In 
addition, a larger syringe may come with a 
larger, stiffer rubber cap at the front end of 
the plunger. This could mean that there 
would be less variation in the amount of 
frictional force between the rubber end of 
the plunger and the internal wall of the 
syringe. Finally, a better set-up that did not 
have the nylon fishing line, which 
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suspended the masses beneath the plunger, 
lying against the outer wall of the syringe 
might result in a reduction or even complete 
elimination of the apparent non-linear 
behavior of the data toward the end of each 
trial. 

 
Appendix A 

 
Equation (1) - Equating air pressure 

differentials to force of gravity 
 
Poutside – Pinside  

= (Foutside – Finside)/Area  
= Net Force/Area 
 

with Area = cross-sectional surface area. 
 
Therefore,  
 
Net Force  

= Area x (Poutside – Pinside), or 
 

= Area x  Poutside x (1- (Pinside /Poutside))  
 

= Area x  Poutside x  
(1- ((nKT/Vinside)/(nKT/Voutside)))  

 
= Area x  Poutside x (1- Voutside/Vinside)  

 
= Area x  Poutside x (1- Vinitial/Vmeasured)  
 

 
But Net Force  

= mass * agravity 
 = mass * ‘g’ 
 
Therefore, acceleration due to gravity,’g’, 
 

= (1/mass) * Area *  Poutside  
x (1- Vinitial/Vmeasured) 
 

with Area, Poutside   , and Vinitial being  
constant. 
 

Appendix B 
 

Propagation of errors by quadrature 
 
Sources of error in equation: 

 
Volume initial: 4% per manufacturer 
Volume measured: 4% per manufacturer 
Cross-sectional surface area of plunger:  
 Diameter measured with caliper =  

1.50 cm. Measurement error 0.05 
cm. Error in measuring radius = 
0.0005 m/0.0075m = 6.7%. Error in 
cross-sectional surface area = 9.4%. 

Masses suspended from plunger: Assumed  
to be 1% of 100 gm value imprinted 
on each mass. 

 
Propagation of error by quadrature: 
 
√((1%)2 + (9.4%)2 + (4%)2 + (4%)2) 
 = 11.01635% 
 = 11% 
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