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type of air drag.3 One task for the students is to find out if a 
clear discrimination between these two models can be made 
based on their measurements, a task that will turn out to be 
not as straightforward as one may anticipate.

Performing the experiment
To carry out the experiment, a student on a bicycle rolls 

down a slope, without using the pedals or brakes, with or 
without initial speed. The bike is equipped with a small mag-
net on one of the spokes and a reed switch on the frame. The 
time of each closure of this switch is sent to a memory chip. 
The measuring unit is stored in a box installed on the lug-
gage carrier of the bike. Full details are given in an electronic 
addendum.11 At the end of the ride, the cyclist goes to the 
teaching assistant, who uses a LabVIEW virtual instrument12 
to transfer the recorded data to a computer using a USB cable 
and resets the clock in the measurement device so that a next 
experiment can then be undertaken.

It is important that the slope is a stretch of road descend-
ing under a fairly constant angle θ. In our case the total length 
of the stretch is about 300 m and it has a reasonably constant-
slope angle θ ≈ 2.0° 0.3°, corresponding to a slope of tan θ ≈ 
3.5%  0.5%.

All measurements are done during the first session of the 
project. The students work in small groups of three or four 
students. Several groups can carry out the experiments in 
parallel. Aside from the teaching assistant, a technician is also 
present at this session to install the mobile measurement de-
vice on the bicycles. Recording the necessary data takes a few 
hours at maximum. The students are themselves fully respon-
sible for the completeness of their data. The table of times 
collected during a “run” can be used to construct an (x, t) 
graph, with x expressed in wheel perimeters. After measuring 
the diameter of the wheel, x is easily converted into a distance 
in meters. Here enter some of the important goals of a first-
year physics laboratory. The students have to think about ac-
curacy and precision. How accurate is this conversion? How 
important is this accuracy? Other points of concern are, as  
mentioned before, the slope angle and its constancy, the effect 
of local imperfections of the stretch, variations in wind (both 
speed and direction), mass, and perhaps an estimate of the 
cross section. A variety of measuring devices (including an 
anemometer and a digital level meter) is put at the students’ 
disposal. The students are advised to repeat the measurement 
under similar conditions to get a feeling for the precision.

To obtain a deeper insight in the role of the different vari-
ables, each group is asked to make variations in their proce-
dures, for example, by trying different masses (more than one 
person on a bike), using different cross sections (taking along 
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To familiarize first-year students with the important 
ingredients of a physics experiment, we offer them a 
project close to their daily life: measuring the effect of 

air resistance on a bicycle. Experiments are done with a bicy-
cle freewheeling on a downhill slope. The data are compared 
with equations of motions corresponding to different models 
for the air resistance on a moving object. The relevant param-
eters are extracted from the data and the validity of the differ-
ent models is be discussed. Finally, findings are presented in a 
poster session.

Air drag
The subject of air drag or air resistance has been used in 

undergraduate labs many times, both for spherical1-3 and cy-
lindrical4-5 objects, and even for irregular shapes such as the 
human body.6 All of these deal with falling bodies for which 
the only friction is due to the surrounding air. When one 
rides a bicycle, in addition to air drag, rolling friction also has 
to be taken into account.7,8 Studies have demonstrated that 
different cycling conditions, such as different masses, cross 
sections, and tire pressure changes, allow one to isolate varia-
tions in aerodynamic and rolling resistances.9 We provide our 
undergraduate students, along with their course handbook, 
the short, descriptive article by L. J. F. Hermans in Europhysics 
News.10 

Accordingly, the frictional force is written as the sum of 
the rolling friction and the drag force. The rolling friction is 
taken proportional to the normal component of the weight 
and is written as mg cos (θ)CR, where θ is the slope angle. The 
drag force is written as ½ρAv2CD.1,7,8 The symbols have their 
usual meaning: m is the total mass of the moving object, v is 
the speed, g is the acceleration of gravity, ρ is the density of air, 
and A is the exposed surface. CR and CD are dimensionless co-
efficients. However, as ½ρAv2CD is not derived for the irregu-
lar shape of a cyclist and as A is somewhat difficult to define 
in this case, we introduce the coefficient D [expressed in N/
(m/s)2] and write the drag term simply as Dv2. This represents 
a quadratic model, which will be one of our test models.

As an alternative test model, a resistance force equal to 
the sum of the rolling force and a term proportional to v is 
proposed: mg cos (θ)CR+ kv. This corresponds to the Stokes’ 
model students find in their textbook for low Reynolds num-
bers, if the coefficient k [expressed in N/(m/s)] absorbs all the 
factors in the normal expression for the Stoke’s law.

Approximating the Reynolds number by R = ρLv/η, with ρ 
the air density, L a typical length scale of the bicycle, and η the 
viscosity, one obtains R ≈ 105 for v = 1 m/s. Since R » 1 (large 
Reynolds number regime) the quadratic model for the air re-
sistance is expected to give a better description than a Stokes’ 
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initial speed. As can be seen, the line on the graph becomes 
more of a straight line as the speed approaches its terminal 
value. Such a distance-versus-time graph tends to mask the 
imperfections of the measurement. These are much more vis-
ible in a speed-versus-time graph, as in Fig. 2. Here the speed 
was obtained by making a simple numerical differentiation of 
the data from Fig. 1, i.e., vi+1 is taken as (xi+1 – xi)/(ti+1 – ti), 
with the index i running over the data.

Figure 2 shows that the speed increases with time and 
approaches a terminal value. The expressions from Eqs. (4) 
and (10) are fitted to the black curve in Fig. 2. Our students 
use the software package Graphical Analysis from Vernier 
Software.13 Also Eq.  (11) was used to fit the data on Fig. 1 [in 
principle also Eq. (5), but this is indistinguishable from  
Eq. (11) and is omitted for clarity]. Note the highest speed 
actually reached during the descent is slightly lower than the 
fitted “terminal speed”: to reach the latter, a longer runway 
would be needed. But it is not so easy to find a long smooth 
stretch with a constant slope angle.

As can be seen immediately in Fig. 2, it is nearly impos-
sible with a single measurement to tell which of the two mod-
els is the better one. Both fits visually nearly coincide and the 
root mean square error of the residuals with respect to the 

an opened umbrella), starting with different initial speeds, 
and riding with underinflated tires. A particularly interest-
ing but somewhat difficult variation is to go uphill instead of 
downhill. This requires careful revision of the math done.

Data analysis
In the following sessions, data are analyzed. First, the 

equation of motion has to be solved for both test models. De-
fine an x-axis along the slope and pointing downward. Let the 
initial speed be v0 and choose x(t =0) = 0. 

For the linear model, obtaining the solution is straightfor-
ward and students are expected to do the math on their own. 
It is summarized in Table I.

As can be seen from (4), the speed evolves with time to-
wards the constant vE, the terminal speed at which the friction 
balances the component of gravity along the slope. Solving 
the quadratic case is somewhat harder and surpasses the pres-
ent capabilities of the students. Therefore, the solutions are 
simply given (see Table II). Again, vE is the terminal speed.

A typical measurement is shown in Fig. 1. It displays the 
distance traveled as a function of time for a descent with zero 

Equation
of motion      (1)

Abbreviations                                                      (2)                                                             
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v v
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Table I. Equation of motion and solutions for the “linear” model.

Table II. Equation of motion and solutions for the “quadratic” 
model.

Fig. 1. A typical result for a descent with zero initial speed. 
As the speed approaches its terminal value, the curve 
becomes a straight line.

Fig. 2. Speed vs time (in black) compared to the linear  
[Eq. (4)] and quadratic [Eq. (10)] models.
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starting position is the same, these a0 values are extracted for 
the same slope angle θ, and thus the uncertainty on θ is re-
moved. Plotting a0 as a function of v(t = 0) should according 
to Eq. (1) provide a linear relation with slope –k/m and in-
tercept g sin θ – gCr cos θ. Equation (6) gives a linear relation 
when plotting a0 as a function of v2. As is illustrated in Fig. 3, 
this experiment demonstrates that the quadratic model [Eq. 
(6)] is a good description.

To illustrate the kind of information students could ob-
tain by carrying out experiments under different conditions, 
the results of three experiments are presented in Table III. It 
concerns a reference measurement, a measurement with an 
enhanced cross section (an open umbrella was held behind 
the  student’s back), and an experiment with underinflated 
tires (0.8 bar gauge pressure instead of 2.5 bar in the reference 
measurement). Although the values of the parameters ob-
tained are anecdotal, they illustrate the order of magnitude.

The results are in line with expectations: although differ-
ent values for vE are obtained under different conditions, they 
all have, within the error bars, the same value for CD. The pa-
rameter D thus indeed scales with the cross section.

The values in Table III are in line with CD and CR values 
reported by Lim et al.9 The value of CR must be between zero 
and tan θ = 0.035; otherwise, the bicycle would not begin to 
roll in an experiment with zero initial speed. The large uncer-
tainty on CR is related to the uncertainty on the slope angle 
θ (Δθ = 0.3°) because the fitting procedure only provides a 
value for sin θ − CR cos θ. But what clearly can be seen is that 
the rolling resistance increases in the case of underinflated 
tires. The larger cross section has, within the obtained accu-
racy, no influence on CR. To graphically illustrate the forces 
that act on the cyclist along the stretch, the rolling resistance 
and the air drag are plotted in Fig. 4 as a function of speed for 
the three experiments in Table III.

Presentation of the results and discussion
After working everything out properly, the students have 

to make a report. This must be done in the form of a poster. 
The tutors give advice on how to make a decent poster. They 
help the students to select the presented material and give tips 
to make full use of the two-way communication between the 
presenter and the audience—an extremely useful exercise!

experimental data is almost equal.
The reason why one cannot distinguish 

between both test models using a single experi-
ment is the “flexibility” of the fitting curves re-
lated to the presence of two fitting parameters 
(vE, τ).  Moreover, it should also be remarked 
that experimental conditions are not perfect: 
the slope angle is not as constant as one would 
like, there are local imperfections on the stretch, 
wind may influence the motion (the equation 
of motion is in principle only valid if there is no 
wind), and turbulences can be important. Be-
cause of this even a “theoretically correct” model will not fit 
the data perfectly. 

Therefore, the students are asked to make multiple mea-
surements on the same slope for different initial velocities. 
For each measurement they should extract the initial ac-
celeration, a0 [the tangent of the v(t) curve at t = 0]. If the 

Fig. 3. Plot of ainitial as function of v0
2. According to Eq. (6) 

a linear relation should be obtained, which is indeed the 
case.

Fig. 4. Frictional forces acting on the bicycle as function of 
the speed. Dotted and full lines represent the rolling friction 
and the drag force, respectively. The black line is the refer-
ence measurement, and the red and blue lines represent 
experiments with underinflated tires and students holding 
an umbrella behind the bicycle, respectively. The curves 
end in the obtained terminal speed, where the total force 
acting on the bicycle is zero.

Table III. Results from curve fitting using the quadratic model for experiments 
carried out under different conditions. t and vE are fitting parameters, CR and 
D are derived using Eqs. (7) and (8). CD is obtained from D using D = ½rACD.

Reference measurement Larger cross section 
(with open umbrella)

Underinflated tires

t = (301) s
vE = (10.10.2) m/s

t = (21 1) s
vE = (6.5  0.2) m/s

t = (34 1) s
vE = (7.5 0.2) m/s

CR = (0.005 0.002)
D = (0.35 0.02) Ns2/m2

CD = (0.85 0.13)

CR = (0.006 0.004)
D = (0.74  0.02) Ns2/m2

CD = (0.910.14)

CR = (0.016  0.004)
D = (0.40 0.02) Ns2/m2

CD = (1.04  0.16)
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At the end, a poster session is organized which staff mem-
bers of the department are invited to attend. Besides learning 
a lot from questions and comments, students gain a much-
needed element in their education: signs of interest in what 
they are doing.
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