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Abstract
The conservation of momentum and energy are fundamental principles in
physics, frequently introduced using illustrative examples of collisions.
However, conventional methods often neglect the dynamic processes
occurring during the collision itself. This paper presents a comprehensive
experimental investigation of a central elastic collision between two carts. By
utilizing digital sensors, the positions, interaction forces, and time
throughout the collision process were measured with high resolution,
enabling a precise examination of the conservation of momentum and
mechanical energy, as well as the work-energy theorem. The experiment
provides detailed insights into the dynamics of collision processes, revealing
the transformation between kinetic and potential energy, highlighting the
advantages of digital data acquisition for modern physics education.
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1. Introduction

The conservation of momentum and energy are
fundamental concepts in physics. They regu-
larly apply in current research and in everyday
life, especially in relation to collision processes.
Therefore, these concepts are important parts of
physics education at school, where they are intro-
duced and experimentally illustrated with com-
mon examples such as the collision of billiard
balls or carts or glider on tracks. At college and
university level science education, these concepts
are generally part of the introductory physics
courses and later extended to various subfields of
physics [1–6]

In traditional physics education, exper-
imental investigations of collision processes
often focused solely on the states before and
after the collision, leaving what happens during
the collision largely inaccessible. For instance,
Sawadthaisong et al [7] used photogates to meas-
ure the collision of gliders with rubber bump-
ers and picket fences on an air track, conclud-
ing due to the low temporal resolution of their
measurement method that momentum and kinetic
energy remained constant. Other implementa-
tions of such experiments investigate the conser-
vation of momentum and energy, and the energy
transfer during collisions of bodies. E.g. Bryan
[8] employed video analysis to investigate the
conservation of mechanical energy in typical
motion experiments. Brunt and Brunt [9] veri-
fied momentum conservation only using motion
sensors to examine elastic collisions of carts on a
track with magnetic bumpers. Cross [10] estim-
ated the impact forces during a billiard ball col-
lision with a spring model and compared it to
measurement with video analysis of a billiard ball
dropping on a piezoelectric disk. Mora et al [11]
explored multi-body collisions using gliders on
an air track, showing momentum conservation
throughout the collision while kinetic energy con-
verted into ‘elastic energy’. Pili and Violanda [12]
validated the conservation of energy and thework-
energy theorem through video analysis of a free-
falling object. Using dynamic carts Larson [13]
shows that momentum is always conserved, even
when kinetic energy changes during collisions.

However, none of these experiments with
higher temporal resolution thoroughly discussed
both the conservation of momentum and energy
throughout the collision process. They also did
not consider energy transfer via interaction forces
during the collision. As a result, it becomes chal-
lenging for learners to grasp the relationship
between energy transfer, interaction forces, and
conservation laws.

Also distinguishing between kinetic energy
and momentum often represents a challenge. As
the magnitude of both quantities are calculated via
the mass and the velocity of the moving object.
Thus, the fundamental difference between kinetic
energy and momentum becomes not obvious for
learners. In school-level education, one dimen-
sional movements are often considered, so the
vector nature of momentum, which is a key dif-
ference to kinetic energy, is prevalently apparent
from the sign of the values.

The slightly misleading conflation of these
two physical quantities is further reinforced by
generalized mnemonics in schoolbooks, such as
‘It is always the case that the sum of the momenta
after the collision equals the sum of the momenta
before the collision: […]. Furthermore, it is found
that the sum of kinetic energies always remains
constant’, translation from [5]. Even in phys-
ics textbooks for science education, one can find
phrasings that cause misunderstandings about the
concepts of momentum and energy during elastic
collisions. For example, ‘[..] everyday collisions
are inelastic but we can approximate some of
them as elastic; [..] we can approximate that the
total kinetic energy of the colliding bodies is con-
served and is not transferred to other forms of
energy,’ [6]

Therefore, it is important to analyse collisions
processes in more detail and summarize the find-
ings on the conservation ofmomentum and energy
in precise scientific language. Additionally, mod-
ern, computer-based measurement techniques
offer synchronized and digital acquisition of mul-
tiple data with a high temporal resolution. Such
systems facilitate demonstration experiments or
physics lab courses which enable learners to
have a deeper understanding and more complex
engagement with the subject matter.
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In this article, we propose an experiment and
its data analysis, which allows us to study the
conservations and transfers of momentum and
energy during a central elastic collision between
two bodies with high temporal resolution. In our
experiment two carts of equal mass collide on a
track. Positions and interaction force are meas-
ured simultaneously throughout the entire colli-
sion process. Based on these experimental data we
investigate the time dependencies of mechanical
energies and momenta as well as the relationship
between mechanical work and energy change.

2. Theory
For a central elastic collision of two bodies in a
closed system, the total momentum p⃗ and the total
energy E are conserved. The following equations
apply where the potential energy depends on the
position and the interaction of the bodies with
each other,

p⃗= p⃗1 + p⃗2 (1)

E= Ekin,1 +Ekin,2 +Epot . (2)

The momentum and kinetic energy of a body
are calculated via its massm and velocity v⃗ by the
equations

p⃗i = mi · v⃗i i = 1, 2 (3)

and

Ekin,i =
mi

2
vi
2 i = 1,2 (4)

respectively. The bodies involved in the colli-
sion exert forces on each other, which change the
momenta and their kinetic energies. During the
collision process, work is done, which can be cal-
culated using the work integral,

Wi =

ˆ
F⃗i (⃗si) d⃗s. (5)

In accordance with the conservation of
energy, the total work done must satisfy the fol-
lowing condition:

W1 +W2 = 0. (6)

Figure 1. Experimental setup for the central elastic
collision with carts on a track.

3. Experimental setup
On a horizontally levelled aluminium track, two
smart carts (PASCO Scientific Inc., USA) with
force sensors are positioned facing each other (see
figure 1).

Both carts are equipped with permanent mag-
net bumpers connected to their force sensors.
After initiating time-synchronized data recording
with 250 Hz acquisition rate for both the force and
the position sensors, the left cart (cart 1, blue) is
set in motion by being pushed manually towards
the right cart (cart 2, red). All experimental sensor
data were digitally recorded and analysed using
the software capstone (PASCO Scientific Inc.,
USA). This includes the numerical differentiation
of the position data to obtain the velocities and the
numerical integration of the force data to calculate
the work.

4. Results and data analysis
The momenta of both carts and their sum are cal-
culated using equations (1) and (3). The results
are plotted as functions of time (see figure 2).
During a central elastic collision between two
carts of equal mass, the momentum of cart 1
(blue dots in figure 2), which is initially in
motion, is fully transferred to cart 2 (red dots
in figure 2). Before the collision starts at ts
cart 2 is at rest and the total momentum (black
dots in figure 2) is solely determined by the
momentum of cart 1; similarly, when the col-
lision ended at te, the total momentum corres-
ponds to the momentum of cart 2. ts and te were
determined by the synchronized force sensors.
During interval [ts, te] both force sensors reach
values deviating from zero Newton, indicating the
mutual interaction of both carts. At time tm cart
1 transferred half of its momentum to cart 2 (see
figure 2). Also, friction influences the momenta
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Figure 2. Time dependence of the momenta during a central elastic collision between two carts of equal mass.
The colours of the dots represent the values for the carts 1 (blue) and 2 (red) and their sum (black).

of the rolling carts. Thus, the total momentum
is observed to decrease continuously by about
20% in the total time interval of the displayed
data of 1.1 s.

During the collision, the carts interact via
their magnets, continuously altering their velocit-
ies and momenta. However, the experimental data
clearly show that the total momentum remains
conserved throughout the experiment. It is only
reduced due to friction. Especially, it does not
indicate any major change in its time dependence
during the collision process where the individual
carts completely exchange their momenta.

The kinetic energy of both individual carts
and their sum are calculated using equations (2)
and (4). The results are plotted in dependence on
time in figure 3. The three inserts in figure 3 report
the total kinetic energies for the selected three
instants of time. The total kinetic energy before
the collision corresponds to the kinetic energy of
cart 1, as cart 2 is still at rest. Similarly, the total
kinetic energy after the collision equals the kinetic
energy of cart 2. As the total momentum, also the
total kinetic energy is observed to decrease due to
friction. However, during the collision, the total
kinetic energy initially decreases down to about

50% of the value just before the start of the col-
lision until it increases back to the value expec-
ted due to dissipation by friction. This observa-
tion clearly indicates that kinetic energy is not
conserved during the collision process. Obviously,
the conservation of kinetic energy only holds if
the momentum transfer from cart 1 to cart 2 is
completed.

The decrease of the total kinetic energy at
time tm down to 1/2 of its value just before the col-
lision is explained in the followingway: At time tm
both carts of equal masses have the same velocity
and momenta (compare figure 2). Thus,

v1 (tm) = v2 (tm) =
1
2
v1 (ts) .

Calculating the sum of the kinetic energies of
both carts for this instant of time leads to

Ekin,1 (tm)+Ekin,2 (tm) =
1
2
·Ekin (ts) .

During the collision the mutual interaction
forces between the two carts continuously accel-
erate cart 2 and reduce the speed of cart 1. Thus,
the accelerating force of cart 1 acting on cart 2 per-
forms work, which increases the kinetic energy of
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Figure 3. Time dependence of the kinetic energy during a central elastic collision between two carts of equal
mass. The colours of the dots represent the values for the carts 1 (blue) and 2 (red) and their sum (black).

cart 2. Simultaneously, the force of cart 2 acting
on cart 1 decelerates cart 1 and reduces its kinetic
energy.

Figures 4(a) and (b) plot the forces acting
on each cart depending on their distance trav-
elled during the collision. After cart 1 has trav-
elled 0.36m, the interaction begins (cf figure 2: ts)
with the still stationary cart 2 via the magnets. The

magnitudes of the interaction forces recorded for
both carts increase. While the travelled distance
of cart 1 increases, the systems of the twomagnets
gain their potential energy up to a maximum value
at the minimum distance between the two carts.
At this position the repulsion forces reach their
maximum extreme values. Their values of approx-
imately ±1.90 N agree within the measurement

Figure 4. Force distance plots for cart 1 (left, blue) and cart 2 (right, red) during a central elastic collision. The
highlighted areas represent the numerically calculated works performed on the respective carts during the collision.
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uncertainties of the force sensors. While the colli-
sion process continues the distance between the
carts increases, causing the interaction force to
decrease back to zero (see figure 4).

Thus, during the collision, a part of the kinetic
energy is transformed into potential energy of the
two opposing magnets on the carts. This potential
energy reaches its maximum value at the closest
approximation of both carts where the repulsing
forces also reach their maximum amplitudes, and
the kinetic energy of the systems shows its min-
imum. The potential energy is then reconverted
into kinetic energy as the magnetic bumpers move
away from each other until the collision process is
completed.

The numerical integrations of the curves in
figures 4(a) and (b) yield the work performed on
each of the two carts due to the collision. The res-
ulting values are given in the figures. It is notice-
able that the sum of both values is found to be
−0.01 Nm and, thus very close to zero as expec-
ted from (6). Since cart 1 performs work on cart
2, its work carries a negative sign. Conversely, the
work, which is done on cart 2, receives a positive
sign.

When comparing the magnitudes of the
works to the total kinetic energy at time ts, it
becomes evident that they are also almost of equal
magnitude. This corresponds to the expectation
of kinetic energy conservation before and after
the collision, as cart 1 transfers its entire kin-
etic energy to cart 2 via the work performing
on cart 2 during the collision. We conclude that
energy conservation is confirmed in our experi-
ment by numerical integration of two experiment-
ally observed force-distance curves (5).

5. Conclusion
In our experiment, we demonstrated that high tem-
poral resolution of digital data acquisition allows
for a detailed, step-by-step examination of phys-
ical phenomena, during a central elastic collision.
The detailed analysis of the experimental data
enables the precise calculation of momenta and
energies. The conservation of momentum can be
verified at any instant of time during the interac-
tion of the two bodies. It also allows us to demon-
strate that the conservation of kinetic energy only
holds if the momentum transfer is completed,

meaning no potential energy remains stored in the
system. In agreement to what has been already
clearly stated by Feynman [3] and to avoid mis-
conceptions or misleading generalized mnemon-
ics regarding the conservation of momentum and
kinetic energy, we recommend to use the follow-
ing phrasing for to characterize elastic collisions:
Momentum and mechanical energy are always
conserved in an elastic collision. Kinetic energy
is only conserved if the collision process is fully
completed.

There are now a number of ideas [9–13] for
demonstration and physics lab experiments avail-
able that allow teachers to empower their learners
to study the momentum and energy transfer and
the development of potential energy during the
collision. Our idea to simultaneously measure the
position and the interaction forces may easily be
extended to other mass ratios and other interaction
forces using, i.e. different bumpers, if they allow
time resolved data acquisition during the interac-
tion process.

These types of experiments open modern
didactic approaches making fundamental physical
laws tangible for students through experimenta-
tion and analysis. Moreover, such digitally based
experiments align with global demands for the
digitalization of education to develop competen-
cies for life in the digital world [14].
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