N3.2.L1.sols: Coupled Systems and Pulleys
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Warm up

N3.2-1:
Description: Determine how the magnitude of acceleration for two objects connected via a pulley are related to each other.

Learning Objectives: [?] - Can you identify the objectives from the previous lecture, and this lecture, that this question is relevant to?

Problem Statement: Consider two boxes on top of each other as shown below. Initially the system is at rest. If you apply a force on the
bottom box as shown, the bottom box will move to the right and the top box will begin to move to the left.

(a) For every meter that ma moves to the right, how many meters does m; move to 1
the left?

@ 1 meter

(2) 2 meters A ["z

(b) If it takes m; 1 second to travel 1 meter to the right, the speed of mzis 1 m/s.
Using your answer from part (a), what is the speed of m; during this same 1 second

interval? IA‘__;I - (/[_f—i]
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Using your answer from part (a), what is the speed of m; during this same 1 second

interval? lAf_;l - M_El

Q1 N

—_— = —

M M+

(c) If the magnitude of acceleration of my is 1m/s?, what can you conclude about the
magnitude of the acceleration of m; using your answers from (a) and (b)?

@1m/s2 lATh, = IAVLI

(2) 2 m/s? .
AUl (AT
T

Selected Learning Objectives

Analyze situations involving multiple objects and choose appropriate systems.

Differentiate between external and internal forces.

Use 3rd law force pairs to analyze coupled systems.

Use constraints to analyze coupled systems.

Choose coordinate systems relative to each other that simplify the analysis.

Choose different systems (e.g. the system 1 and 2, or the combined 1 2 system) for the same physical situation and use the analysis
from both to arrive at a solution.

Identify the features of an ideal pulley.

Demonstrate the ability to use a FBD and Newton's 2nd law to determine the mechanical advantage of a pulley system.
Identify systems that exhibit uniform circular motion.

10. Draw physical representations from multiple directions and choose the perspective that helps the analysis the most.

11. Draw a FBD that only includes real forces.

12. Identify which forces are responsible for keeping the object traveling in a circle.

13. Define centripetal force.

14. Show that the direction of the net force, and thus acceleration, are perpendicular to the direction of velocity during UCM.
15. Show that the direction of the net force and acceleration point towards the center of the circle during UCM.

16. Identify the radially inward direction and align the coordinate system with it.

17. Identify the tangential direction.

18. Realize that UCM is a situation where the speed of the object affects the magnitude of the acceleration (v?/r) and thus net force.
19. (UPMF) Explain the nature of fictitious forces that arise in UCM and inertia's role in the effect.

20. Show how period, frequency, speed, and distance are related.

oA wWNE

o ® N

Key Terms

Newton's 3rd law force pairs
Coupled system

Ideal pulley

Mechanical advantage

o O O ©

Key Equations
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Mechanical Type of H
Advantage Applied
| I A/

M A _ Without device
. . =

|_‘A

With device

In words: The mechanical advantage of a device is equal
to the magnitude of the without the device
divided by the magnitude of the with the device.

Key Concepts

o Coupled systems involve multiple objects that are connected to each other via some geometric constraint. For example, if two boxes
are touching each other and you push on one end of one of the boxes, then both boxes move the same distance in the same amount of
time. This constraint leads to both boxes having the same magnitude acceleration as well.

o Force pairs will never show up on the same FBD because each force acts on a different object. If you choose a system that includes
both objects, then the force pairs are internal and thus are not drawn on a FBD which shows all the external forces acting on the
system.

o Anideal rope (i.e. massless rope) is one that has negligible mass compared to the objects connected to it. This feature of an ideal rope
leads to the magnitude of tension in the rope being equal at all locations along the rope.

o Anideal pulley (i.e. massless-frictionless pulley) is one that has negligible mass compared to the objects connected to it, and also has
extremely low friction in its bearings. These two features of an ideal pulley lead to the magnitude of tension in the rope around the
pulley being equal on each side.

Act I: Coupled systems
Questions
N3.2-2:
Description: Conceptual questions exploring Newton's 3rd law. (2 minutes)
Learning Objectives: [3]
Problem Statement: A mosquito and truck are traveling at different constant speeds and are about to collide. The mosquito and truck are

heading in opposite directions. During the collision, the magnitude of the from the truck on the mosquito is than the
magnitude of force from the mosquito on the truck.

(1) greater than b -
%Iess than 3N pw Vmosquito \/cruck
equal to —_— e ——

(4) not enough information

N S~

Frl =1 B

. Boy .
= -

é?ﬂun = Mnan éEwT 2 Mr Ay
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Kami IE®] &xr <rub Mace NieREab s sl B ERE .= T¢ an. ;e o
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N3.2-3:
Description: Conceptual questions exploring Newton's 3rd law. (3 minutes)

Learning Objectives: [3]

Problem Statement: Consider the free body diagram below for a system. Which pairs of forces in this FBD shown could be interaction
force pairs (i.e. Newton's 3rd law pairs)?

(3) F° and F®
@ None of these forces are force pairs
~

=4 = El
R

FORLE PR gr DIFFEET 2RYEAS

(1) F! and F? =
(2) F3 and F* é’iﬂ.; n ”T\
(

0’“",‘9 EXTENM!.
Fr€s 4, o FByp.

N3.2-4:

Description: Use multiple systems to analyze two coupled objects to find information about normal forces between the two. (4 minutes + 2
minutes + 4 minutes + 4 minutes)

Learning Objectives: [1, 2, 3, 4, 6]

Problem Statement: A 10 kg box is atop a 5 kg box and both are in an elevator. The elevator starts from rest and accelerates upwards to a
speed of 2.00 m/s in 1.50 seconds.

| (a) What was the magnitude of the acceleration of the top block in m/s2? | AX Vix Vg Ay At

V¢
0 K UK
\’x-‘- H ax
I_; £ /V/;(-r A+ Vi 2o Ax

AT Ang = ﬁx(l-YS)
1 \”%';J'r\/_‘ Gx

m2 §ins (%= 3n] =i Atels

| & |2

A B T F"’ C TF:” (b) Match the FBD with the appropriate system: top box, bottom box, or
o 3% Qi) top+bottombox. » ~ - -
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X (b) Match the FBD with the appropriate system: top box, bottom box, or

Quz) top+bottom box. - -
J alx-au "aazx Z Ay

(c) What is the magnitude of the normal force from the bottom box on the

top box? OSE 681 fim |

éFx; MIallx / r.:—. Mtaxf /“15
ol -

N =
Eln) E" -9 =M

(d) What is the magnitude of the norNial force from the elevator on the
bottom box?

LSt SysrEn ()1) &e——————9 05t Sysikm -

QFX:' /"h,_a.u
T:(n) - M[(ﬁ - /hlzo\)c
FNL = (utm)g = (Mishe)ox

e

F:l = (Ml‘lmi)ﬂ -+ ((V\,f(“l)&ly &—p

N3.2-5:

éh”"z“zx
foo “Mag T = Mo,
Fau = Moy +heg 45
= MOy 7’”29 + MO hlg

B = (uomds + (el g

Description: Compare net force magnitude and direction on a coupled system of 2 objects. (2 minutes + 3 minutes)

Learning Objectives: [2, 4, 6]

Problem Statement: The diagram below shows two blocks, on a frictionless horizontal surface, with two external forces acting, one on

each block as shown.

3N

(a) Compared to the net force on the smaller block, the net force on the larger block is
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(a) Compared to the net force on the smaller block, the net force on the larger block is

@ in the same direction. = _ o - -
(2) in opposite directions. aA - O\B - dﬁﬁ &
(3) The net force vanishes so there is no direction.
= A
ZF = ma
SAmE d1REN Lery

(b) Compared to the net force on the smaller block, the net force on the larger block is

(1) equalin magnitude.

(2) larger in magnitude. (2’;‘ =M (a‘ .
@ smaller in magnitude. a’/ /(A [ Comntary

|45 = m
ma LMes [Zﬁﬁlé‘éﬁbl

Act II: Coupled systems with pulleys

N3.2-6:

Description: Explore the features of two objects coupled via a pulley with one object hanging and the other on a horizontal surface. (2
minutes + 2 minutes + 2 minutes + 1 minute)

Learning Objectives: [1, 4,5, 7]

Problem Statement: A box is on a horizontal frictionless table and is attached via a string and pulley, both of negligible mass, to a hanging
mass off the end of the table.

(a) The magnitude tension in the horizontal section of the rope is the
ml magnitude of tension in the vertical section of the rope.
(1) greater than u
(2) less than IDEac Puty & MAsSEss RoPE d
@equal to
(b) Draw a FBD for both the hanging mass and the box (c) The magnitude of tensioninthe  (d) Rank the magnitude of
cable is accelerations for mA and mB
FBD ml FBD m2 (1) greaterthanm; g (1) la;] > la,l
~ less thanm, g (2) la;] < a,]
\% o7 (3) equal to mag lay| = [,

r - F—

Mechanics Page 6



- —— -1 - T e (1) greaterthanmyg (1) 121l > |az]
N less than m, g (2) lag] < [a,]
% -T (3) equalto m,g la;| = |ay|

v a

-

9 —~

F}:[ r&a
ZFx= M aw ZFx Matex
FT> M, Ay ~FT+I’1:5 =My Ay

-~

— W Ax thyg = Meak
Ecac
ng = @’\(-th)ax M

As M, — e Ay >0 /
A'S /V]I-—-eo az\' —-33 /
Aﬁml-—dw A ,\_39 /

N3.2-7:
Description: Conceptual question regarding the functional dependence of tension. (2 minutes)

Learning Objectives: [7]

Problem Statement: Rank the following situations based on the magnitude of tension in the string. Assume the hanging mass in each case
is the same, friction is negligible, and the pulley and rope have negligible mass.

m E=1mfs>’€ @ V=3 m/s X a V=7m/s X

o o . . e o

N
& 6‘ N

R [

_
l::T T nov A Funalenw oF
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Description: Determine the constraints of a coupled system consisting of two objects and a two pulley device. (4 minutes)

Learning Objectives: [1]

Problem Statement: Which of the following are constraints for mass 1 and mass 1?.

(1) 47| = |AF,| il

@ 143, = 2187, . —————————
P

(3) 71 = [, LEvark o

RoPE TS Constret

@il = 219,

(5) [a1] = I

(@1l = 215,

L = Lamie

_[A&’@'@@ :@ 140 /(DE ‘f'lgo @

fﬂb = lu*lso
AR = U+ 4R

TN

Act lll: Mechanical advantage

Description: Find the mechanical advantage of a pulley device. (4 minutes)

Learning Objectives: [7,8]

Problem Statement: The figure below shows the use of a pulley to obtain mechanical advantage when lifting an object. Mechanical
advantage is defined as the magnitude of force required to do a task without the use of a device divided by the magnitude of force required
with the device. What is the mechanical advantage of the pulley system shown in the figure?

®: Ceilin? Wher Jeurch
(2) 2

(4) 4 f w

F80 W/ DEvees

X FT
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Description: Identify which pulley device provides a mechanical advantage larger than 1. (4 minutes)

Learning Objectives: [7, 8]

Problem Statement: Below are 4 different devices with pulleys. Which of the devices below have a mechanical advantage greater than 1?

%’; | Ceiling | Ceilin | Ceilin
A 58 C o

=3

Ceilin
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Description: Identify which pulley device provides a mechanical advantage larger than 1. (4 minutes)

Learning Objectives: [7, 8]

Problem Statement: A box of mass m is suspended above the floor of an elevator with the aid of some ideal pulleys. The elevator is
moving upwards and slowing down. Which of the following are true regarding the tension in the cable?

(1) greater than mg
(2) equal to mg

(3) greater than mg/2 and less than mg F? Fr‘ T
(4) equal to mg/2 F_T F
(5) greater than mg/4 and less than mg/2 'I

(6) equal to mg/4 T

@ less than mg/4

Conceptual questions for discussion

The image to the right shows 3 boxes with equal mass. How does the magnitude of the normal force from
the top box on the middle box compare to the magnitude of the normal force from the middle box on the
bottom box?
i. The magnitude of the normal force from the top box on the middle box is less than the magnitude of
the normal force from the middle box on the bottom box.
ii. Both magnitudes of the normal forces are equal because all boxes have the same mass.
iii. Nothing can be said about the relative magnitudes of normal forces without knowing values for each
mass.

2. Three physics students are discussing the physics of tug-of-war. Which student do you agree most with?
i. During a tug-of-war game, both sides are pulling on the same rope, thus the tension that each side experiences is the same
magnitude but in the opposite direction. Since each side experiences the same tension, no one will ever win.

ii. | agree that each side experiences the same magnitude tension but in the opposite direction. However, this is not the only
horizontal force acting on each team, there is also friction. Thus the team that wins is the team that has the largest friction force
acting on them.

iii. 1don'tagree with either of you. The team that wins is the team with the strongest people. The stronger team is able to apply
more force on the rope than the weaker team which. This imbalance of force in the rope causes the stronger team to pull the
weaker team closer.

3. Is the number of pulleys always equal to the mechanical advantage of a device consisting of pulleys? If not, provide an example of a
device that could produce a mechanical advantage greater than the number of pulleys.

Hints

N3.2-1: No hints.
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N3.2-2: No hints.

N3.2-3: No hints.

N3.2-4: No hints.

N3.2-5: Do the objects have the same acceleration or different accelerations? How does acceleration relate to net force?
N3.2-6: With no friction, mass 2 will begin to accelerate downwards; draw your FBDs to scale.

N3.2-7: No hints.

N3.2-8: No hints.

N3.2-9: Look at the key equations for definition of mechanical advantage.

N3.2-10: No hints.
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