
Dynamics

September 15, 2025

Newton’s Laws

• 1st Law (Law of Inertia): An object in rest remains in rest unless acted upon by a
force. An object in uniform motion remains in uniform motion unless acted upon by
a force.

• 2nd Law: The acceleration of an object is proportional to the net force acted on the
object and inversely proportional to its mass. Symbolically, a = F

m or F = ma.

• 3rd Law: For every action, there is an equal and opposite reaction. If object A exerts
a force on object B, then object B exerts a force on object A equal in magnitude and
opposite in direction.

Forces

• A force is a push or pull exerted on an object that changes its motion.

• A force is a vector (magnitude + direction).

• Newton’s 2nd Law relates the force on an object to its acceleration:

Fnet = ma.

• The net force Fnet on an object is the vector sum of all the forces acting on it.

• SI unit is Newton (N). One Newton is the force required to accelerate 1 kg of mass by
1 m/s2.

• Examples of forces: Gravity, electromagnetic, normal force, friction, springs, tension

• Contact forces require contact to occur, while long-range forces (like gravity) act from
a distance. (Microscopically, contact forces are caused by molecular bonds and elec-
trostatic forces in atoms)
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Common Forces

• An applied force is an external force applied to an object by a person or object, such
as pushing or pulling.

• Gravity is a force that acts an any two objects with mass, causing them to attract.
On Earth, gravity causes the weight force, which always points downwards with
magnitude mg, where g = 9.81 m/s

2
is the gravitational acceleration on earth.

• The normal force is the contact force perpendicular (normal) to a surface.

• The friction force is a resisting force parallel to a surface. It acts in the opposite
direction of motion. Kinetic friction acts when an object slides across a surface,
while static friction occurs when an object is ”stuck” on a surface, preventing its
motion.

• The tension force is a force exerted by a rope of wire pulling on an object

• Drag is resistance through a fluid, such as air or water resistance. Like friction, it
acts opposite the direction of motion.

• The spring force is a restoring force acting on an object at the end of a spring. For
ideal Hookian springs, the restoring force is proportional to the displacement from the
spring’s rest length. F = −kx

Free Body Diagrams

• A free body diagram (FBD) is a diagram showing all the forces acting upon an
object.

• Force are represented as arrows starting from the point of action and in the direction
of the force. Sometimes, the length of the arrows indicate the relative magnitude of
the forces.

• Draw free body diagrams for the following scenarios:

1. A book is at rest on a tabletop.

2. An egg is free-falling from a nest in a tree. Neglect air resistance.

3. A rightward force is applied to a book in order to move it across a desk with a
rightward acceleration. Consider frictional forces.
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4. A skydiver is descending with a constant velocity. Consider air resistance.

5. A football is moving upwards towards its peak after having been booted by the
punter. Neglect air resistance.

6. A skier is being towed up a snow-covered hill by a tow rope.

Statics: Equilibrium

• An object in equilibrium is not accelerating; a = 0.

• An object in static equilibrium is not moving; v = 0.

• An object in dynamic equilibrium is moving at constant velocity.

• By Newton’s 2nd Law, a = 0 implies F = 0. This can be broken up component-wise:

Fnet,x =
∑

Fx = max = 0,

Fnet,y =
∑

Fy = may = 0

must be true for an object in equilibrium.

• If an object is not in equilibrium, by Newton’s 2nd Law:∑
Fx = max∑
Fy = may.

• We will next examine how to apply forces to determine the motion of an object.

Weight

• Weight is the gravitational force exerted on a mass, w = mg.

• Apparent Weight is the force an object feels, due to contact forces supporting it.
Often, this is the normal force.

• Anjay’s mass is 70 kg. He is standing on a scale in an elevator that is moving at 5.0
m/s. As the elevator slows to a stop, the scale reads 750 N. Before it stopped, was
the elevator moving up or down? How long did the elevator take to come to rest?

• Weightlessness occurs when an object experiences 0 apparent weight.

• What is the apparent weight of an object in freefall?

Normal Forces

• A normal force acts perpendicular, and adjusts so that an object stays on the surface
without penetrating through it.

• Find the normal force acting on a block of mass m on a table.

• Find the normal force of a block of mass m on a frictionless incline with angle θ.
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Friction

• Static Friction is the force a surface exerts to prevent the object from slipping. The
maximum static friction between 2 surfaces is given by

fs,max = µsN,

where µs is the coefficient of static friction.

– The direction of static friction is such as to oppose motion.

– The magnitude fs of static friction adjusts itself so that the net force is zero and
the object doesn’t move.

– The magnitude of static friction cannot exceed the maximum value. If the friction
force needed to keep the object stationary is greater than fs,max, the object slips
and starts to move.

• Kinetic Friction is the force a surface exerts when an object is slipping. Kinetic
friction has a constant magnitude given by

fk = µkN,

where µk is the coefficient of kinetic friction. The direction opposes the motion,
and the magnitude is constant (does not depend on velocity).

• Carol wants to move her 32 kg sofa to a different room in the house. She places “sofa
sliders,” slippery disks with µk = 0.080 under the feet of the sofa. She then pushes
the sofa at a steady 0.40 m/s across the floor. How much force does she apply to the
sofa?

• A 50.0 kg steel file cabinet is in the back of a dump truck. The truck’s bed, also made
of steel, is slowly tilted. What is the magnitude of the static friction force on the
cabinet when the bed is tilted 20°? At what angle will the file cabinet begin to slide?

Interacting Objects

• Use Newton’s 3rd Law.

• Objects in contact, moving together, must have same velocity and acceleration.

• A 5.0 kg block A is being pushed with a 3.0 N force on a frictionless surface. In front
of this block is a 10 kg block B; the two blocks move together. What force does block
A exert on block B?
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Ropes and Pulleys

• When a rope is pulled, it transmits a tension force across the rope. Assuming the
rope is massless, the tension is constant throughout the rope.

• For an ideal pulley (massless, frictionless), the tension of the rope on both sides of the
pulley is the same.

• A 5.0 kg block B is hanging from the side of a frictionless table, connected by a pulley to

a 10 kg block A. What is the acceleration of block A?

• Now suppose the both blocks are hanging from opposite sides of a pulley. What is the
acceleration of block A?

Practice Problems
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Springs

Most of the time, we consider a linear spring that follows Hooke’s Law.
Hooke’s Law: The retarding force of a spring is proportional to its displacement from
equilibrium

F = −kx.

• Here we use x = ∆x as displacement from equilibrium (rest length), not position.

• Remember that by Newton’s 3rd law, the force of a (massless) spring on both sides
must be equal.

The potential energy of the spring is the work done to expand it:

U = W =

∫
F · dx =

1

2
kx2.

Practice Problems
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Vertical Springs

A spring under the influence of gravity acts equivalently to normal spring, except its equi-
librium length is displaced.
Consider a vertical spring of rest length l0 with one end attached to the ground and the
other end attached to a block of mass m. The force on the block is

F = −k(x− l0)−mg = −k
(
x−

(
l0 −

mg

k

))
Or, equilibrium occurs when

k∆x = mg =⇒ ∆x =
mg

k
.

Thus, it is equivalent to a spring without gravity with spring constant k and rest length
l0 − mg

k .
What about a vertical spring with one end attached to the ceiling instead? Then, the force
on the block is

F = −k(x− l0) +mg = −k
(
x−

(
l0 +

mg

k

))
So it is equivalent to a spring without gravity with spring constant k and rest length
l0 +

mg
k .
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• Be careful not to include gravity again when using this model, otherwise you are
applying gravity twice.

• Often the situation won’t exactly resemble this model, so it’s more important to
understand how we arrived at this conclusion.

Practice Problems
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Combining Springs

Remember that the spring constant is defined as k = F/x. When multiple springs are put
together, you can determine the spring constant by computing the displacement x when
some force F is applied to one end.

Springs in Parallel: For n springs with same equilibrium length, the equivalent spring
constant is the sum of the individual spring constants

k′ = k1 + k2 + · · ·+ kn.

Proof:
Consider an object connected to two springs in parallel, with spring constants k1 and k2.
Then, the net force is

F = k1x+ k2x = (k1 + k2)x.

Thus, the equivalent spring constant is

k′ = k1 + k2.
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Springs in Series: For n springs (not necessarily same equilibrium length) connected in
series, the reciprocal of the equivalent spring constant is the sum of the reciprocals of the
individual spring constants.

1

k′
=

1

k1
+

1

k2
++

1

k2
.

Proof:
Consider two springs with springs constants k1 and k2, stretched by a displacement x. The
connection point between the two springs must be in equilibrium, since its not moving, so
the force from both springs must be equal. For some applied force F , the displacement
(from equilibrium) is

x = x1 + x2 =⇒ F

k′
=

F

k1
+

F

k2
=⇒ 1

k′
=

1

k1
+

1

k2

Practice Problems
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Zero-length Springs

For an ideal spring with zero natural length, the force is proportional to its length

F = kr

A special result is that the x-component and y-component forces are proportional to their
respective displacements:

Fx = kr cos θ = kr
x

r
= kx

and
Fy = kr sin θ = kr

y

r
= ky

Practice Problems

Extra Problems
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