
Potential Energy

¥ So far: Considered all forces equal, calculate work done by
net force only  =>  Change in kinetic energy.
Ð Analogy: Pure Cash Economy

¥ But: Some forces seem to be able to ÒstoreÓ the work for
you (when they do negative work) and Ògive backÓ the
same  amount (when they do positive work).
Ð Analogy: Bank Account. You pay money in (ending up with less

cash) - the money is stored for you - you can withdraw it again (get
cash back)

¥ These forces are called ÒconservativeÓ (they conserve your
work/money for you)



Potential Energy - Example

¥ Car moving up ramp: Weight does negative work
ΔW(weight) = -Fweight Δs sin(α) = -mg Δs sin(α) = -mgΔh

¥ Depends only on initial and final position
¥ Can be retrieved as positive work on the way back down
¥ Two ways to describe it:

1) No net work done on car
on way up
2) Pulling force does positive
work that is stored as gravitational
potential energy ΔU = -ΔW(weight) α

F Pull
F Normal

F Weight

x
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Total Mechanical Energy

¥ Dimension: Same as Work
Unit: Nm = J (Joule) Symbol: E = K.E. + U

1) Specify all  external *) forces acting  on  a system

2) Multiply displacement  in the direction of the net externalforce  with that
force:
ΔWext  = Fx Δx  + Fy Δy  + Fz Δz  =
F . Δs = F|| Δs  = F Δs|| = F Δs cosφ

3) Set equal to change in total energy:
ΔE  = m/2vf

2  - m/2vi
2  + ΔU  = ΔWext

ΔU = -Wint

*) We consider all non-conservative forces as external, plus all forces that we donÕt want
to include in the system.



Example: Gravitational Potential Energy *)

¥ I. Motion in vertical (y-) direction only:

¥ External force: Lift mass m from height y i to height y f
(without increasing velocity) => Work gets stored as
gravitational potential energy ΔU  = mg (yf -yi)= mg Δy

¥ Free fall (no external force): Total energy conserved,
change in kinetic energy compensated by change in
potential energy ΔK.E. = m/2 v2 = -mg Δy

¥ Example: Throw baseball up with 20 m/s (accelerate over
0.5m). Maximum height? Force needed?

*) Here the system consists of Earth plus object!

  ΔU = −Wgrav = −
r 
F grav ⋅ Δ

r 
s = −(−mg)Δy



Gravitational Potential Energy II

¥ Important point: Potential energy has  no  absolute zero (like kinetic energy
does - in a given reference frame!).

¥ Depends on choice of  reference  point:  You  decide  where you want U  to
be 0.

¥ Call that point h  = 0 .
¥ Define potential energy as  U  = mgh .
¥ => Total energy E  = m/2 v2 + mgh .
¥ Choice arbitrary - other choice means constant offset in definition of U  and E

.
¥ No  observable depends on that choice! All that counts are differences ΔU.

BUT: you must specify reference point when quoting E  and U !



Gravitational Potential Energy III

¥ Arbitrary motion in gravitational field:
Ð Start again with reference point (x 0,y 0,z 0)
Ð Calculate work  ΔW grav  done by gravitational force while moving

to (x,y,z): (Displacement is (Δx, Δy, Δz) = (x-x 0, y-y0, z-z 0))

Ð Gravitational Potential Energy given by
U = - ΔW grav  = mg Δy  = mgh

¥ Depends only on height h  above reference point
¥ Always the same when you get to same point, independent

of  how  you got there (definition of conservative force).

  

! 

" Wgrav =
r 
F grav #"

r s = mg" s||

= $mgˆ j #(" xˆ i + " ŷ  j + " zˆ k ) = $mg" y



Work on a pendulum - an Example

¥ Slowly pushing a pendulum bob sideways:

W (F p) = m g R (1 - cosθ) ; W tot = 0
¥ Letting go:

W (grav) = m g R (1 - cosθ) = W tot
m/2 v2 (bottom) = m g R (1 - cosθ)

θ

w

Fp

T

Fx∑ = Fp − Tsinθ

Fy∑ = −mg+ T cosθ

T = mg cosθ
Fp = mgtanθ
s = θR; ds|| = Rcosθ dθ

x

y s



Pendulum example contÕd

¥ Work done by me:
W (F p) =mgR (1 - cosθ)
Work done by gravity:
W (grav) = -mgR (1 - cosθ)
W tot = 0 => ΔK.E. = 0

¥ New interpretation: Work done by gravity is
stored as Potential Energy:
ΔU = -W (grav) =
mgR (1 - cosθ)
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¥  ΔK.E. + ΔU = ΔE  change in  total mechanical  energy
=> ΔE  = ΔW (Fp) = ΔW (non-grav.)



Pendulum contÕd.

¥ On the way down: No other (non-grav.) force => Total Energy
conserved (ΔE  = 0) ΔE  = ΔK.E. + ΔU  = 0  => ΔK.E. = m/2 v2 = -ΔU
= -(0 - mgR(1 - cosθ))

¥ Important points:
Ð Minus sign:  negative  work done  increases  the potential energy (putting

cash into account)
Ð Potential energy is stored in  system  (pendulum and gravitation, wallet

and bank account)
Ð Total energy changes through work done by forces  external  to system

(push, cash influx)
Ð System must be ÒleakproofÓ (conserve work): return to initial condition ->

same potential energy (conservative forces)



Elastic Potential Energy

¥ So far: Considered system object - gravitational field;
Potential energy = - gravitational internal work (inside system)

¥ Now: Consider system cart - spring; Potential energy = - internal work
done by spring
Ð Call x = 0 unstretched position of spring
Ð Force exerted  by  spring  F x = -kx
Ð Work done by spring  ΔW  = - k /2 (xf

2 - xi
2)

Ð Potential energy stored in spring-cart system:
U = -ΔW  =  k/2 (xf

2 - x0
2)  where x0 is the point where we declare U  to be

U = 0.
Ð x0 = 0  => U = k /2 x2 (convenient,  not  unique)

Ð Note: U  >  0 stretched  and  compressed



Elastic Potential Energy contÕd.

¥ No other (non-elastic) force =>
Total Energy conserved (ΔE  = 0)
ΔE  = ΔK.E. + ΔU  = 0  =>  Δm/2 v2 = -ΔU
Example: Oscillation

¥ Non-elastic force present =>
ΔE  = ΔK.E. + ΔU  = ΔW  =>
Δm/2 v2 = -ΔU + ΔW

¥ Elastic and gravitational force present =>
E  = K.E. + U el + U grav =
m/2 v2 + k/2 x2 + mgh .
(several bank accounts)

¥ Note: Elastic forces are conservative because work done only depends
on initial and final position.



Total Mechanical Energy
- Final Version

1) Specify  all  forces acting on an object
2) Separate out all  conservative  forces (Work done depends only on

initial and final position). Incorporate them into the system  of the
object as potential energy U

3) Add all  external  forces acting  on  the system (= all other forces), call
the result Ònet (external) forceÓ.

4) Multiply displacement  in the direction of the net force  with that force:
ΔWext  = F . Δs = F Δs cosφ (More precisely: Calculate integral !F.ds)

5) Set equal to change in total energy:
ΔE  = m/2 vf

2  - m/2 vi
2  + ΔU  = ΔWext

6) ΔU = -ΔWint  ; Δ m/2 v2 = -ΔU  + ΔWext

Examples: Pumpkin falling on spring-loaded platform (without and with
air resistance); bungee jump



Important Points

¥ Potential Energy depends only on position <=>  work done
by conservative force on a closed path is zero

¥ Absolute value of potential (and therefore total) energy
depends on reference point

¥ If U  depends on x  only, then for a small change in
position Δx  we have
ΔU  = - F x Δx   =>  F x = -ΔU  / Δx
Limit for Δx -> 0: F x = - dU  / dx

¥ Similar for general case:

€ 

Fx = −
∂U
∂x
; Fy = −

∂U
∂y
; Fz = −

∂U
∂z



Important Points contÕd

¥ Energy diagram (see figure 7-24):
Ð Minimum of U  = stable equilibrium
Ð Maximum value of U reachable is U max = E

(turning points, potential well)

Ð Maximum of U (x): Unstable equilibrium

Ð U(x) = const. (over some distance x): Indifferent equilibrium

¥ Energy concept is useful: Calculate change in velocity
without knowing Force as F(t)

¥ Energy concept is fundamental: Energy is conserved!


