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Introduction

1. E1: Force and Acceleration
Goals

� Understand the Newton’s second law of mo-
tion and a free-body diagram.

� Interpret the reduced mass µ of a two-body
system.

Fig. 1: A cart of mass M and a weight of mass m
are linked by a string through a pulley. We neglect
the masses of the string and pulley. The cart rolls on
the horizonal track and the weight translates verti-
cally. T and a are the tension of the string and the
acceleration of the weight, respectively.

Fig. 2: The horizontal (vertical) displacement x(t) of
the cart (weight) as a function of time t. The system
is equivalent to a single mass of M +m moving along
a linear track under the gravitational force of mg.

Fig. 3: The tension T (t) of the string as a function
of time t. Before the system is released (t < t0) at t0,
T = mg. After the system is released (t > t0), a > 0
and T = µg < mg, where µ = mM/(m +M) is the
reduced mass of the system.

Theoretical Backgrounds

(a) Free-body diagram:
Draw the free-body diagram involving a me-
chanical system with particular forces like
the uniform gravitational force mg, tension
T , normal force N , and kinetic frictional
force: fk = µkN , where µk is the coefficient
of the kinetic friction.

(b) Newton’s second law:

−→
F = m−→a .

(c) Equations of motion:
By reading off the free-body diagram with-
out friction, construct the system of linear
equations of motion:

T = Ma,

mg − T = ma.

(d) Reduced mass:
Solving the equations of motion, we find
that

a =
m

M +m
g, T =

Mm

M +m
g.

The tension is the constraint force of this
two-body system that involves the reduced
mass

µ =
mM

m+M
.
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2. E2: Hooke’s Law

Goals

� Measure the restoring force of a spring as
a function of the displacement x from the
equilibrium position.

� Estimate the spring constant k of a spring.

Fig. 4: A cart is attached to a spring. The restoring
force is proportional to and antiparallel to the dis-
placement x from the equilibrium position at which
the restoring force vanishes.

Fig. 5: The restoring force F = −kx of a spring
as a function of x that is the displacement from the
equilibrium position. The spring constant k can be
determined as the negative slope fit to the data.

Theoretical Backgrounds
Hooke’s law: F = −kx.

Experimental Procedure

1. E1

(a) Place a smart cart on the track. Check the
ID number of the cart.

(b) Turn off both the gyro and acceleration sen-
sors of the smart cart.

(c) Click the Zero Sensor Now button in the
‘Smart Cart Force Sensor’ pop-up panel to
calibrate the force sensor.

(d) Measure the masses of the cart and weight.

(e) Install the weight linked to the smart cart by
a string through a pulley as shown in Fig. 1.

(f) Draw graphs of x(t) and F (t) as functions
of time t.

(g) Set the sampling rates of the position and
force sensors by 100Hz .

(h) Set Fast Monitor Mode and click Monitor
to collect the data.

(i) Release the weight.
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(j) Make a quadratic fit to the x(t) data when
cart is in motion.

(k) Make linear fits with a fixed slope m = 0 to
the F (t) data when the cart is at rest and
in motion, respectively.

(l) Repeat the steps (a)–(k) after replacing the
mass of the cart or weight with another
value.

2. E2

(a) Place a smart cart on the track. Check the
ID number of the cart. Install a spring as
shown in Fig. 4.

(b) Check Zero Sensor Measurements at Start
in the force sensor ‘Properties’ panel.

(c) Start monitoring and let the cart oscillate.

(d) Draw a graph of F (x) against x and make
a linear fit to determine the spring constant
k.

(e) Repeat the steps (a)–(d) after replacing the
mass of the cart with another value.

(f) Compare the results.
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