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HOW DO YOU LIKE MY CENTRIFUGE,
Mechanics i YR,
LEVER, YOU WiLL FEEL CENTRIFUGAL

FORCE CRUSM EVERY BONE IN
YOUR BODY.

/

PHYS-101(en) ﬁ%

YOU MEAN CENTRIPETAL FORCE.

Lecture 5a: THERE'S NO SUCH THING AS
Non-inertial reference frames CENTRIFUGAL FORCE-

O ) ’ A LAUGHABLE CLAIM, MISTER BOND, PERPETUATED
constraints I ConRsCr NEUTON'S LS. A ROTATING

GYSTEM AND YOU WILL SEE A CENTRIFUGAL fORCE
TERM APPEAR AS PLAIN AS DAY.

3

Dr. Marcelo Baquero COME NOW, DOYOU REALLY EXPECT
marcelo.b r fl.ch ME T0 DO (OORDINATE SUBSTITUTIDN
marcelo.baquero@epfl.ch IN MY_HEAD WHILE STRAPFED
October 7th, 2024 T A CENTRIFUGE?

NO, MISTER BOND.

| EXPECT YOV TO DIE-

\

xkcd.com/123
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Today's agenda (Serway 6.3, MIT 8) e

Center

1. Derivation of forces in non-inertial reference frames
2. Applications of Newton’s laws
 Ropes and pulleys

e Example to understand constraints



=PrL
Review: Angular velocity and acceleration = .

A
 The magnitudes of the angular velocity
and angular acceleration are defined as

w=¢ganda = @

. Thelr directions can be found usmg

w = (p X v¢)/p ora = (p X a¢)/p
together with the right hand rule

Di ﬂ’ ;‘ g A
oflrr%?atl ; /) ¢
\-/ﬁ

e Often (but not always!) in the £Z direction

b
e If we only care about the magnitudes: &

tﬁ"z?‘ 2( )< (G @)“"’j‘\/(’\é\;:i\/ZA
w:_)%\f %;wf/ PP % (% 8) = 5%



=PrL

Review: Angular velocity and acceleration = ::.

Center
A

 For such a cylindrical coordinate system:

dpldt =wp & dpldt = X
ek S - w :
=W Z%p et
- W)l

dpldt = —wp < dpldt =D X
< (Wz2)xd = W(Z%P)

= W)
C_icent — — :0602:5 < Zicent = w X (5)(,5)
- > (wi2) < J(uz) £ p 7|
= (W)X [wp (250)]

<2 X (wd) =uip@xd) < FP(F)
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Foucault pendulum



Inertial and non-inertial reference frames = .

* Atrain is accelerating—

— - Inertial
1 T{G observer
TR
._ - ~. _— . —
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Inertial and non-inertial reference frames = :.

e Atrain is accelerating

| Inertial
e An inertial observer — Eyf,r Ob?‘e”er
beside the train — mg* 8
attributes the —— - —
acceleration of the Byt aedon s Moy M My g M N BN
ball to the tension T— ' R —
force Y I 2



=PrL

Inertial and non-inertial reference frames = ::.

Center

e Atrain is accelerating

 An inertial observer
beside the train
attributes the
acceleration of the
ball to the tension
force

e An non-inertial
observer on the train
sees the ball at rest,
so there is no net
force

Inertial

T{é’ observer
mg

- ——

- “‘
- _,}
Byt el s o M M M M N
A I X

X

R o

] Non-inertial
observer

ﬁ
;

T
#
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=PrL
Inertial and non-inertial reference frames = ::.

Center

e Atrain is accelerating

Inertial

e An inertial observer 39 Ob?‘erver
beside the train A
attributes the e —_— !
acceleration of the ball a2 |
to the tension force ’ —

ﬂ )
e An non-inertial X
observer on the train
sees the ball at rest, —
- Non-inertial

so there is no net force T observer
0

e The deflection from Fici -
vertical is attributed to m—

o

a fictitious (or inertial) — oy i

(881 =

lad [&s | L ) [ ] 9] 'R [ [ A 4 L] Py ¢ -1 - \
Orce WW" b*ro—r-o——'ﬂ""v* ae mmamne o "HJ'—-" e e 3 i L
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Translating balloon
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Linearly accelerating non-inertial frame = ::.

e Take reference frame NV, which is accelerating in a line

(Eixed/inertial)

11



Linearly accelerating non-inertial frame = ::.

e Take reference frame NV, which is accelerating in a line

—_ b -
N
&% Y Non-inertial
F R on (Non-inertial)

(Eixed/inertial)
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Linearly accelerating non-inertial frame = ::.

e Take reference frame NV, which is accelerating in a line

— Do -

Fn(t) = r(f) — R py (1)

e Take derivative in time

Op 78 (Non-inertial)
FN

1_} [) = \_/) [) — 7 [ r
N( ) F( ) FN( )(Eixed/inertial)
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Linearly accelerating non-inertial frame = ::.

e Take reference frame NV, which is accelerating in a line

—_ b —
e Take derivative in time N
Op R (Non-inertial)
N - —> F FN
() =v(t) — V() '
(Fixed/inertial)

* Take derivative in time again

W GN(E) =0 (1) —hA g (D)
o Multiply by mass of ball to get Z FN = 2 FF — mbXFN

14



Linearly accelerating non-inertial frame

e Take reference frame NV, which is accelerating in a line

— Do -

Fn(t) = r(f) — R py (1)

e Take derivative in time N
Op R (Non-inertial)
N - —> F FN
() =Vvlt) = Vi "1
(Fixed/inertial)

* Take derivative in time again

—

5N(t) — C_Z)F(t) — AFN(t)

o Multiply by mass of ball to get Z FN = 2 FF — mbXFN

— —
» Inframe NV, we see fictitious forces |F ., = — m, A py

15




=PrL
What about rotating reference frames? =z

Center

<
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cPrL
COnceptuaI queSthn responseware.eu = Swiss

Session ID: epflphys101en Center

A rider in a “barrel of fun” finds herself stuck with her back to
the wall. Which diagram correctly shows the forces acting
on her as seen from an fixed (inertial) reference frame?




EPFL
Video conceptual question responseware.ou W suks

Session ID: epflphys101en center

natgeotv.com.
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Rotationally accelerating non-inertial frame = s:z.

Center

. 7F is the position of the ball, as seen in the Eixed inertial frame F

o 7N is the position of the ball, as seen in the Non-inertial frame N

. ﬁFN is the position of the origin of V, as seen in I UNy  Ting

-

Fr= Ry + Py
ﬁl?P % %WN

é\F(lz 7(»( Xt Ye S +ZF %)
XF' >(r“’ VF%O /P)’r = yF %;1— Z,,ZF 1—;4

=~ X r*‘yf‘ f"f"ZFZP =

Ol,s _J N > A
AN oh°<><FNXF Yo e + Zm 4)" XX + FMYF S
= Vg 19




=PrL

Rotationally accelerating non-inertial frame = ;.

Center

20



=PrL
Rotationally accelerating non-inertial frame = s:z.

Center

. \_/’F is the velocity of the ball, as seen in F UN2

. T5N is the velocity of the ball, as seenin N Dg

. VFN is the velocity of the origin of V, as rp R gy
seen in I Xp

e The last term is the rotation of NV, as seen in F

- X7 - : A
VF: VFN_I_VN_I_ZFZ\]]MZ\]]

j=1

21



=PrL
Rotationally accelerating non-inertial frame = s:z.

Center

. \_/’F is the velocity of the ball, as seen in F UN2

. Y5N is the velocity of the ball, as seenin N Dg

. VFN is the velocity of the origin of V, as rp R gy
seen in I Xp

e The last term is the rotation of NV, as seen in F

- <7 - : ~
VF: VFN_I_VN_I_ZFZ\]]MZ\]]
j=1

e Differentiate this expression with respect to time to obtain

22



=PrL

Rotationally accelerating non-inertial frame = s:z.

Center

aF—aN+AFN+22vMuM+ZrMuN] . 5 N
Jj=1 J=1 MN3

e (i, is the acceleration of the ball, as seenin F' ''F

- . : . <
e da, is the acceleration of the ball, as seen in N "F

—

« A pyis the acceleration of the origin of NV, as seen in I

e Final two terms are due to the rotation of NV, as seen in F

23



=PrL

Rotationally accelerating non-inertial frame = s:z.

Center

aF—aN+AFN+22vMuM+ZrMuN] . 5 N
j=1 ]=1 MN3

e (i, is the acceleration of the ball, as seenin F' ''F

- . : . <
e da, is the acceleration of the ball, as seen in N "F

—

« A pyis the acceleration of the origin of NV, as seen in I

e Final two terms are due to the rotation of NV, as seen in F

 Multiply by the mass of the ball, use Newton’s 2nd law, and
rearrange to see

— — — 3 . 3 o
2F = ZFF—mbAFN—ZmeijuM—me Iy

—1 —1
J J 24
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Modeling the merry-go-round =pptzz =,

ZFy = 2R -2y XP£+V¢$T>{§>

n_—= A A /
prwsp G .
S -~ 2 : . y
b= ﬁﬁ W“j‘) S WP+ WHP ®w .
= 2P+ W (Wxp) ~——
-»—-\/’é

fﬁ""f [-553317\ T \ﬁ%(ﬁ&(})’& = zx(ﬁfwzé) + WK(ﬁfQﬁ{—zé\))

e XX Gy & W) 25



Modeling the merry-go-round o

ZFN ZFF mbAFN—Zmba) X Vy — My, @ X Ty — M@ X (a) XrN)
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Modeling the merry-go-round R

Center

EFN ZFF mbAFN—Zmba) X Vy — My, @ X Ty — M@ X (a) X rN)
. ZFN are the forces seen in the non-inertial reference N

. ZFF are the forces seen in the fixed inertial reference F




cPrL
Modeling the merry-go-round R

Center

EFN ZFF mbAFN—Zmba) X Vy — My, & X Py — M, @ X (a) X rN)
. ZFN are the forces seen in the non-inertial reference N

. ZFF are the forces seen in the fixed inertial reference F

. —mbz rn I8 the fictitious force associated with the translational
motion of the origin of V, as seen in F




Modeling the merry-go-round R

=PrL

Center

ZFN are the forces seen in the non-inertial reference N
ZFF are the forces seen in the fixed inertial reference F

—mbX rn I8 the fictitious force associated with the translational
motion of the origin of V, as seen in F

Next is the Coriolis term (v, is the
velocity of the ball as seen in V)




Modeling the merry-go-round R

=PrL

Center

ZFN are the forces seen in the non-inertial reference N
ZFF are the forces seen in the fixed inertial reference F

—mbX rn I8 the fictitious force associated with the translational
motion of the origin of V, as seen in F

Next is the Coriolis term (v, is the
velocity of the ball as seen in V)

Next is the Euler term (o is the angular :
acceleration of N and 7 is the position

of the ball as seen in N)

Last is the centrifugal term .
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Modeling the merry-go-round R

Center

 Thrower defines frame /N and we only care about horizontal motion

e In F, the horizontal motion of the ball is straight = ZFF =0

—

* Apy=-— RFNa)zﬁ is centripetal because, when viewed from F,
the origin of NV is undergoing circular motion

e Initially, the ball leaves the thrower’s hand with vy, = — vy P

e Initially, 7y, = 0 because the ball starts from the origin of N (i.e. the
thrower)

O

ZFN—Z FbA_ﬁw g_nlha)XvN—mb_’/‘; m,@ X w><//j
~Reyuip mn&mx(w@))
"'--‘ZV{) f\’oq)

IR I
EF,'\) = M},Rm\”,fp + QMN\/Nﬁ

31
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Video conceptual solution of

Center

.
4
LS
4

natgeotv.com.,




DEMO (171)

Coriolis effect

33



DEMO (613)

Foucault pendulum

34



Today's agenda (Serway 6.3, MIT 8) o

1. Derivation of forces in non-inertial reference frames
2. Applications of Newton’s laws
e Ropes and pulleys

 (Example to understand constraints)

35



Ropes: an ancient and awesome tool

 Arope transmits a force of tension along its length

e Tension arises as a reaction against opposing forces
applied to the rope

36



Ropes: an ancient and awesome tool

 Arope transmits a force of tension along its length

e Tension arises as a reaction against opposing forces
applied to the rope

* Fundamentally caused by
molecular bonds that prevent
the rope from being torn apart

 The difference in tension
between two parts of a static
rope is equal to the tangential
force applied along the rope
between them

AT= ) F

37



EPFL
Ropes: an ancient and awesome tool o3

Center

 Arope transmits a force of tension along its length

e Tension arises as a reaction against opposing forces
applied to the rope

* Fundamentally caused by
molecular bonds that prevent
the rope from being torn apart

 The difference in tension
between two parts of a static
rope is equal to the tangential
force applied along the rope
between them

AT= ) F

38



EPFL
Ropes: an ancient and awesome tool o3

Center

 Arope transmits a force of tension along its length

e Tension arises as a reaction against opposing forces
applied to the rope

* Fundamentally caused by
molecular bonds that prevent
the rope from being torn apart

 The difference in tension
between two parts of a static
rope is equal to the tangential
force applied along the rope
between them

39



Ropes: an ancient and awesome tool

=PrL
M Swiss

Plasma
Center

 Arope transmits a force of tension along its length

e Tension arises as a reaction against opposing forces

applied to the rope

o
 Fundamentally caused by - Sy
molecular bonds that prevent 5 g
the rope from being torn apart  .%-.... é ........
e The difference in tension g é

between two parts of a static —
rope is equal to the tangential &

force applied along the rope Qﬁ S
between them Ve Y

1
l

] \i AN
'{LL'Y

i 4/ A\
/ / WA
ey 1“1’\&
SSNEN =
[T w ||
| [ i ! | i “
j - |
‘ | '_J‘ A
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| ] T
\ ‘ b1 y N
\~ { ‘ B 1 L u‘ g ] /"
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\ ! | 2y | - 4
AR\ v W 2
A \ | 7
\ A
) ¢ \ 4
=R W 4

on ball by part 1
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EPFL
Ropes: an ancient and awesome tool o3

Center

 Arope transmits a force of tension along its length

e Tension arises as a reaction against opposing forces
applied to the rope

e Fundamentally caused by
molecular bonds that prevent
the rope from being torn apart - —=-....4&-........

part 3

 The difference in tension
between two parts of a static = force on part 1 by part 2
rope Is eq_ual to the tangential ] force on part 1 by ball
force applied along the rope """
between them e

41



EPFL
Ropes: an ancient and awesome tool o3

Center

 Arope transmits a force of tension along its length

e Tension arises as a reaction against opposing forces
applied to the rope

ceiling by part 3

* Fundamentally caused by
molecular bonds that prevent
the rope from being torn apart

part 3

e The difference in tension ¥force on part 2 by part 1
between two parts of a static #force on part 1 by part 2
rope is equal to the tangential »
force applied along the rope
between them

42
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Conceptual question e eononyst01on EE

These business-type people are playing the game tug-of-

war. Suppose each person is pulling with the same force F.
What is the tension at pomts 1,2,and 3 respectlvely’?

T et T i : b
i) - e
T -

T R
223 ._’:‘_s,‘__w"-..._g" -
L A

/ . Tt . g Db V8 - - e B

e A oy, L o s i

8 ¥ e g N g el i o = 7 A .

A . - ‘ - o . L "_ ,,,!- )_“. - A, -

- % B R L A e LET g -2 —r
P . P R s P % ‘\ A - -

F F O ; . : ks . % = = » . r

L v i &

b J Y
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Pulleys: also an ancient and awesome tool = ;.

e All pulleys do is redirect force (if they are massless and
frictionless)

* Asingle pulley allows you to better use your body weight

- / — _—.—— —————
\ am——— _\“_-_.::-/2 =

* More complicated arrangements
create mechanical advantage

e Enables an input force to be
multiplied, at the cost of requiring
greater movement
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Constraint conditions in a pulley system = .

Center

A massless, inextensible rope is attached to the ceiling and wound
through two massless, frictionless pulleys (A and B), from which two

masses m; and m, are hung, as shown below. Find the tension in the
rope and the acceleration of both masses. Does m; go up or does m,?

45



=Pir-L
Constraint conditions in a pulley system = .

Center

A massless, |nexten3|ble rope is attached to the ceiling and wound
through two massless, frictionless pullevs (A.and B), _fron »_WhICh two

masses m; [ A constraint condltlon is a fpsioninthe
ope and it requirement on the motion of{*" “°%% 2’
| objects due to the geometry |

46



=Pr-L
Constraint conditions in a pulley system = .

A massless, inextensible rope is attached to the ceiling and wound
through two massless, frictionless pulleys (A and B), from which two

masses m; and m, are hung, as shown below. Find the tension in the
rope and the acceleration of both masses. Does m; go up or does m,?

L= fofall leaghh of vope

L= (}’z”%]) v ]}% b ()’2“ 3‘% +WQZ
lg A
AL

J=U 7Rt = Dty = 2050,
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Constraint conditions in a pulley system = .

Center

A massless, inextensible rope is attached to the ceiling and wound
through two massless, frictionless pulleys (A and B), from which two

masses m; and m, are hung, as shown below. Find the tension in the
rope and the acceleration of both masses. Does m; go up or does m,?

Gay = 9 WT Oj "‘1 ﬂ%} fmwoj Cj”

Cﬁ@mq )Sqty _ 4o W 15 T,
Gyt 4 1 3 $al, +,
R 2> then du>O

Gey> =3

48
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See you tomorrow! = o,

Center
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EPFL
Conceptual question SotsonD: sptphys1oten i

In the 17th century, Otto von Guricke, a physicist in
Magdeburg, fitted two hollow bronze hemispheres together
and removed the air from the resulting sphere with a pump.
Two eight-horse teams could not pull the halves apart even
though the hemispheres fell apart when air was readmitted.
Suppose von Guricke had tied both teams of horses to one
side and bolted the other side to a heavy tree trunk. In this
case, the tension on the hemispheres would be...

A. twice...
B. exactly the same as...
C. half...

what it was before.

50
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Conceptual question B ys101en S

A force sensor on a cart is attached via a string to a hanging
weight. The cart is initially held. When the cart is allowed to

move, the tension in the string...

Force Sensor
Pulley

A. Increases. . 5

B. stays the same.  Motion Sensor g l
C. decreases. Mass
D.  Cannot be determined.

51



EPFL
Conceptual question Session ID: epfphys10ten Gkt

Block 1 Is constrained to move along a rough plane inclined

at angle ¢ to the horizontal. It is connected, with a massless

iInextensible rope that passes over a massless pulley, to a
bucket (block 2) to which sand is gradually added. The

system is initially at rest.

What happens to the tension in the rope just after the block
1 begins to slip upward?

A. It Increases.
B, It decreases.
C. It stays the same.




