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PULLEY SYSTEM, EXPLORING THE PRINCIPLES OF NEW TONIAN MECHANICS AND HOW THEY APPLY TO REAL-WORLD PHYSICS
PROBLEMS. THIS CLASSIC SETUP IS OFTEN USED IN PHYSICS EDUCATION TO ILLUSTRATE CONCEPTS SUCH AS TENSION,
ACCELERATION, AND THE INTERPLAY OF FORCES IN SYSTEMS INVOLVING PULLEYS AND MASSES.

UNDERSTANDING THE DYNAMICS OF SUCH SYSTEMS IS ESSENTIAL NOT ONLY FOR ACADEMIC PURPOSES BUT ALSO FOR PRACTICAL
APPLICATIONS IN ENGINEERING, MECHANICAL DESIGN, AND SAFETY ANALYSIS. IN THIS ARTICLE, WE WILL DELVE INTO THE
FUNDAMENTAL PRINCIPLES GOVERNING THE MOTION OF THE BOX AND THE WEIGHT, ANALYZE THE FORCES INVOLVED, AND PROVIDE
DETAILED CALCULATIONS TO DETERMINE THE ACCELERATION AND TENSION WITHIN THE SYSTEM.

UNDERSTANDING THE SYSTEM COMPONENTS AND ASSUMPTIONS

BEFORE DIVING INTO THE PHYSICS EQUATIONS, IT'S IMPORTANT TO UNDERSTAND THE COMPONENTS INVOLVED AND THE
ASSUMPTIONS MADE TO SIMPLIFY THE PROBLEM:

SyYsTEM COMPONENTS

- Box: Mass = 12.0 kG, RESTING ON A HORIZONTAL, FRICTIONLESS SURFACE.

- WEIGHT: MAss = 5.00 kG, HANGING VERTICALLY.

- PULLEY: ASSUMED TO BE IDEAL (MASSLESS AND FRICTIONLESS), FACILITATING THE CONNECTION BETWEEN THE BOX AND THE
HANGING WEIGHT.

- STRING: THIN, INEXTENSIBLE, MASSLESS, AND FRICTIONLESS IN CONTACT WITH THE PULLEY.

ASSUMPTIONS

- No FRICTION BETWEEN THE BOX AND THE SURFACE.

- THE PULLEY IS MASSLESS AND FRICTIONLESS.

- THE STRING IS MASSLESS AND DOES NOT STRETCH.

- THE SYSTEM STARTS FROM REST UNLESS SPECIFIED OTHERW/ISE.
- AIR RESISTANCE IS NEGLIGIBLE.

ANALYZING THE FORCES ACTING ON THE SYSTEM

UNDERSTANDING THE FORCES INVOLVED IS CRUCIAL TO SOLVING PROBLEMS RELATED TO THIS SETUP. EACH COMPONENT
EXPERIENCES DIFFERENT FORCES, WHICH WE ANALYZE BELOW.

Forces oN THE HANGING WEIGHT (5.00 kG)

- GRAVITATIONAL Force (WEIGHT): \( W =M \TIMES G \), ACTING DOWNW ARD.
- Tension (T): THE TENSION FORCE IN THE STRING, ACTING UPW ARD.



Forces oN THE Box (12.0 kG)

- NORMAL FORCE: EQUAL TO THE WEIGHT OF THE BOX, BALANCING GRAVITY VERTICALLY (SINCE SURFACE IS HORIZONTAL AND
FRICTIONLESS ).
- Tension (T): ACTING HORIZONTALLY, PULLING THE BOX TOWARD THE PULLEY.

ForCES SUMMARY

| CompoNENT | Force DiRecTioN | Force Tyre | MAGNITUDE |

A G- e — |

| HANGING WEIGHT | DownwARD | GRAVITY | \( 5.00 \TiMes 9.8 = 49.0\, \TexT{N} \) |
| HANGING WEIGHT | UpwarD | Tension | \( T \) |

| Box | HorizonTAL TowARrD PULLEY | Tension | \( T \) |

APPLYING NEWTON’s SECOND LAW TO THE SYSTEM

Using NewTon’s second LAW (\(F =M A \)), WE ANALYZE THE EQUATIONS OF MOTION FOR BOTH THE HANGING WEIGHT AND
THE BOX.

EQUATION FOR THE HANGING WEIGHT
\[

M {H}\TMesa=mM {H}Gc-T

\]

WHERE:

-\(m_{n} =5.00\, \text{kc} \),

-\(6=9.8\, \text{m/s}"2)),

-\(A\) IS THE ACCELERATION OF THE SYSTEM (SAME FOR BOTH MASSES DUE TO THE STRING CONNECTION),
-\( T \) IS THE TENSION IN THE STRING.

REARRANGED:

\[

T=M{H}c-M {H}A
\]

EQUATION FOR THE Box
\[

M {8} \TiMeSA=T

\]

\WHERE!:

-\(m_{B} = 12.0\, \tex7{ka} \).

REARRANGED:
\[
T=m {8} A

\]



COMBINING THE EQUATIONS

SINCE BOTH EQUATIONS INVOLVE \( T \)
\[

M {B}aA=M {H}c-M {H} A

\]

\[

M {ela+m {H}a=M {H}c

\]

\[

i?)(M_{B} +m_{H) =m_{H} G

\[

A =\rRac{m_{H} c}{M {3} +m_{H}}
\]
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PLUGGING IN THE KNOWN VALUES:

\[
A =\rrAc{5.00 \TiMes 9.83{12.0 + 5.00} = \rrac{49.0}{17.0} \approx 2.88\, \TexT{mM/s}"2

\]

CALCULATING TENSION IN THE STRING

W/ ITH THE ACCELERATION KNOWN, THE TENSION \( T \) CAN BE CALCULATED USING EITHER THE BOX OR THE HANGING WEIGHT
EQUATION.

USING THE BOX:

\[
T=m_{8} A=12.0\TiMes 2.88 \aprrox 34.56\, \TexT{N}

\]

ALTEENATIVELY, USING THE HANGING WEIGHT:

\[
T=M {H}e-M_{H} A=49.0-(5.00 \TiMes 2.88) \approx 49.0 - 14.4 = 34.6\, \TexT{N}

\]

THE SMALL DIFFERENCE IS DUE TO ROUNDING ERRORS, BUT BOTH CALCULATIONS CONFIRM:

\[

\BoxEeD{

A \approx 2.88\, \TexT{M/s}"2 \quab \TexT{AanD} \QuaD T \approx 34.6\, \TexT{N}
}

\]

INTERPRETING THE RESULTS

THE SYSTEM ACCELERATES DOWNW ARD FOR THE HANGING WEIGHT AND HORIZONTALLY FOR THE BOX AT APPROXIMATELY 2.88
M/Sz. THE TENSION IN THE STRING IS ABOUT 34.6 N, WHICH IS LESS THAN THE WEIGHT OF THE HANGING MASS BECAUSE PART OF
THE WEIGHT’S FORCE IS USED TO ACCELERATE BOTH MASSES.

KEY INSIGHTS:
- THE GREATER THE MASS OF THE BOX, THE SMALLER THE ACCELERATION FOR A GIVEN HANGING WEIGHT.



- THE TENSION IN THE STRING IS LESS THAN THE GRAVITATIONAL FORCE ON THE HANGING WEIGHT, INDICATING THE SYSTEM IS
ACCELERATING.

- |F THE SYSTEM WERE TO REACH EQUILIBRIUM (NO ACCELERATION), THE TENSION WOULD EQUAL THE WEIGHT OF THE HANGING
MASS, AND THE BOX WOULD NOT MOVE.

PRACTICAL APPLICATIONS AND V ARIATIONS

UNDERSTANDING THE PHYSICS OF PULLEY SYSTEMS LIKE THIS HAS NUMEROUS REAL-WORLD APPLICATIONS:

ENGINEERING AND MECHANICAL DESIGN

- DESIGNING ELEVATOR SYSTEMS, WHERE CABLES AND PULLEYS ARE USED TO LIFT LOADS SAFELY.
- MECHANICAL ADVANTAGE SYSTEMS IN CRANES AND HOISTS.

EbucATIONAL PURPOSES

- DEMONSTRATING NEWTONIAN MECHANICS PRINCIPLES.
- TEACHING THE RELATIONSHIP BETWEEN FORCE, MASS, AND ACCELERATION.

V ARIATIONS OF THE SYSTEM

- ADDING FRICTION TO SURFACES TO ANALYZE MORE REALISTIC SCENARIOS.
- USING PULLEYS WITH MASS OR FRICTION TO UNDERSTAND THEIR EFFECTS ON SYSTEM ACCELERATION.
- INCORPORATING MULTIPLE PULLEYS FOR COMPLEX MECHANICAL ADVANTAGE CALCULATIONS.

CoNCLUSION

THE ANALYSIS OF A 12.0 KG BOX ON A FRICTIONLESS SURFACE ATTACHED VIA A PULLEY TO A 5.00 KG HANGING WEIGHT
PROVIDES VALUABLE INSIGHTS INTO THE DYNAMICS OF SIMPLE MECHANICAL SYSTEMS. BY APPLYING NEWTON’S SECOND LAW
AND UNDERSTANDING THE FORCES INVOLVED, WE DETERMINED THAT THE SYSTEM ACCELERATES AT APPROXIMATELY 2.88 M/s
WITH A TENSION OF ABOUT 34.6 N IN THE STRING.
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THIS PROBLEM EXEMPLIFIES FUNDAMENTAL PHYSICS CONCEPTS AND DEMONSTRATES HOW MATHEMATICAL MODELING HELPS
PREDICT SYSTEM BEHAVIOR. W/HETHER USED IN EDUCATIONAL SETTINGS OR PRACTICAL ENGINEERING DESIGNS, MASTERING THESE
PRINCIPLES IS ESSENTIAL FOR UNDERSTANDING AND DESIGNING SYSTEMS INVOLVING PULLEYS AND MASSES.

KEYWORDS: PHYSICS, PULLEY SYSTEM, NEWTON'S LAWS, ACCELERATION, TENSION, FORCES, MECHANICS, FRICTIONLESS
SURFACE, MASS, GRAVITY, ENGINEERING APPLICATIONS

FREQUENTLY AskeD QUESTIONS



\WHAT IS THE ACCELERATION OF THE SYSTEM WHEN THE 5.00 KG WEIGHT IS RELEASED?

ASSUMING THE PULLEY IS IDEAL AND FRICTIONLESS, THE ACCELERATION CAN BE FOUND USING NEWTON’'S SECOND LAW. TOTAL
mMass = 12.0 kG + 5.00 kG = 17.0 kG. THE NET FORCE IS DUE TO THE 5.00 kG WEIGHT: F =M G = 5.00 kG 9.8 M/s? = 49
N. THE ACCELERATION A =F / ToTAL MASS = 49 N/ 17.0 kG =~ 2.88 m/s2.

\WHAT IS THE TENSION IN THE CONNECTING STRING WHEN THE SYSTEM IS IN MOTION?

THE TENSION T CAN BE CALCULATED USING T =M (G - A). For THE 5.00 kG WeIGHT: T = 5.00 kG (9.8 M/s? - 2.88 m/s?)
~ 5.00kG 6.92 M/s? =~ 34.6 N,

How MUCH WORK IS DONE ON THE 12.0 kG BOX DURING THE MOVEMENT?

IF THE 5.00 KG WEIGHT DESCENDS BY A CERTAIN DISTANCE, THE WORK DONE ON THE BOX EQUALS THE TENSION TIMES THE
DISPLACEMENT. FOR EXAMPLE, IF THE WEIGHT DESCENDS BY D, THEN WORK = T p. THE SPECIFIC WORK DEPENDS ON THE DISTANCE
MOVED, WHICH CAN BE CALCULATED FROM THE ACCELERATION AND TIME.

WiLL THE 12.0 kG BOX MOVE IF THE SURFACE IS FRICTIONLESS? WHY OR WHY NOT?

YES/ THE BOX WILL MOVE BECAUSE THE TENSION IN THE STRING EXERTS A FORCE ON IT, CAUSING IT TO ACCELERATE. SINCE THE
SURFACE IS FRICTIONLESS, THERE IS NO OPPOSING FORCE TO PREVENT ITS MOTION.

IF THE SURFACE WERE TO HAVE FRICTION , HOW WOULD THAT AFFECT THE
ACCELERATION OF THE SYSTEM?

THE PRESENCE OF FRICTION WOULD OPPOSE THE MOTION, REDUCING THE NET FORCE AND THUS DECREASING THE ACCELERATION.
THE ACTUAL ACCELERATION WOULD BE CALCULATED BY SUBTRACTING THE FRICTIONAL FORCE FROM THE TENSION FORCE IN
NEWTON'S SECOND LAW.

\WHAT IS THE SIGNIFICANCE OF THE PULLEY BEING ‘THIN' IN THIS SETUP?

A THIN PULLEY IMPLIES NEGLIGIBLE ROTATIONAL INERTIA, MEANING IT DOES NOT REQUIRE ADDITIONAL TORQUE TO SPIN. THis
SIMPLIFIES CALCULATIONS BY ASSUMING THE PULLEY DOES NOT ADD TO THE SYSTEM'S INERTIA, ALLOWING FOCUS SOLELY ON
TRANSLATIONAL MOTION.

ADDITIONAL RESOURCES

UNDERSTANDING THE DYNAMICS OF A 12.0 KG Box RESTING ON A HoRIZONTAL, FRICTIONLESS SURFACE ATTACHED TO A
5.00 K WEIGHT

\W/HEN EXPLORING CLASSICAL MECHANICS PROBLEMS, ONE OF THE FUNDAMENTAL SCENARIOS INVOLVES OBJECTS CONNECTED VIA
STRINGS OR PULLEYS, EXHIBITING INTERESTING MOTION AND FORCE INTERACTIONS. A COMMON PROBLEM INCLUDES A 12.0 Kg
BOX RESTING ON A HORIZONTAL, FRICTIONLESS SURFACE ATTACHED TO A 5.00 KG WEIGHT THROUGH A THIN, INEXTENSIBLE
STRING PASSING OVER A PULLEY. THIS SETUP PROVIDES A RICH CONTEXT TO ANALYZE NEWTON'S LAWS, TENSION IN STRINGS,
AND ACCELERATION OF THE SYSTEM. IN THIS COMPREHENSIVE GUIDE, WE WILL DELVE INTO THE PHYSICS PRINCIPLES UNDERLYING
THIS SCENARIO, OUTLINE THE STEP-BY-STEP CALCULATION PROCESS, AND DISCUSS IMPLICATIONS AND VARIATIONS TO DEEPEN
UNDERSTANDING.

SETTING THE SCENE: THE PHYSICAL SYSTEM

IMAGINE A HORIZONTAL TABLE WITH A SLEEK, FRICTIONLESS SURFACE, UPON WHICH A 12.0 KG BOX 1S RESTING. CONNECTED TO
THIS BOX IS A MASS OF 5.00 KG HANGING FREELY OVER A PULLEY AT THE EDGE OF THE TABLE. THE STRING CONNECTING THE



TWO MASSES IS ASSUMED TO BE MASSLESS AND INEXTENSIBLE, ENSURING THAT THE TENSION THROUGHOUT REMAINS UNIFORM.
THE PULLEY ITSELF IS IDEAL—MASSLESS AND FRICTIONLESS—ELIMINATING ANY ROTATIONAL RESISTANCE.

KEY FEATURES OF THE SYSTEM:

- THE SURFACE IS FRICTIONLESS, REMOVING RESISTIVE FORCES THAT COULD COMPLICATE THE ANALYSIS.

- THE STRING IS THIN, MASSLESS, AND INEXTENSIBLE, ENSURING TENSION IS CONSTANT ALONG ITS LENGTH.
- THE PULLEY IS IDEAL, WITH NO ROTATIONAL INERTIA, SIMPLIFYING THE CALCULATION OF ACCELERATION.
- GRAVITY ACTS DOWNWARD WITH AN ACCELERATION \( 6 = 9.8 T\, \TexT{M/s}"2 \).

FUNDAMENTAL CONCEPTS AND ASSUMPTIONS
BEFORE JUMPING INTO CALCULATIONS, IT’S ESSENTIAL TO CLARIFY THE FOUNDATIONAL PHYSICS PRINCIPLES AND ASSUMPTIONS:

- NEWTON'S SECOND LAW: FOR EACH MASS, THE NET FORCE EQUALS MASS TIMES ACCELERATION (\( F =M A \)).

- TENSION IN THE STRING: THE TENSION FORCE ACTS ALONG THE STRING, PULLING ON BOTH MASSES EQUALLY DUE TO THE
MASSLESS, INEXTENSIBLE STRING ASSUMPTION.

- ACCELERATION OF THE SYSTEM: BOTH MASSES WILL ACCELERATE TOGETHER IF THE SYSTEM IS RELEASED FROM REST.

- DIRECTION OF MOTION: THE HANGING MASS (5.00 KG) WILL TEND TO MOVE DOWNWARD, PULLING THE BOX HORIZONTALLY
ALONG THE FRICTIONLESS SURFACE.

STEP-BY-STEP ANALYSIS

1. DEFINING THE V ARIABLES

LET’S ASSIGN VARIABLES TO QUANTITIES INVOLVED:
-\(M_1=12.0\, \text{kc} \) (Box oN THE TABLE)
-\(m_2 =5.00\, \texT{ka} \) (HANGING MASS)

-\( A \) = ACCELERATION OF THE SYSTEM (SAME FOR BOTH MASSES)
-\( T '\) = TENSION IN THE STRING

2. Free-Bopy Diacrams (FBDs)

To ANALYZE THE SYSTEM, DRAW SIMPLIFIED FBDS FOR EACH MASS:
-For \(M_1\) (oN THE TABLE):

- Tension \( T \) PULLING HORIZONTALLY TOWARDS THE PULLEY.
- NO FRICTION OR OTHER HORIZONTAL FORCES.

- For \(M_2\) (HANGING):

- GRAVITY \(M_2 G \) ACTING DOWNWARD.

- Tension \( T \) ACTING UPWARD.

3. WRITE NEWTON’S EQUATIONS

FOR THE HANGING MASS \(M_2 \):
\[M 26-T=m2a\]

For THE Box \(M_1\) ON THE TABLE:
\[T=m_1a\]

CALCULATING THE SYSTEM'S ACCELERATION AND TENSION



BY COMBINING THESE TWO EQUATIONS, WE CAN SOLVE FOR THE ACCELERATION \( A \).

Step 1: SussTITUTE \( T=M_1 A \) INTO THE FIRST EQUATION:
\[M 26-M Ta=m2a\]

STerP 2: REARRANGE TO soLVE For \( A \):
\[M 26=mM_ Ta+M 2a=M_1+M 2)Aa\]
\[A=\rrAc{M 2 G}H{M_1+m 23}\]

STeP 3: PLUG IN KNOWN VALUES:
\[ A =\rrAc{(5.00\, \TexT{kc})(9.8 1\, \TexT{mM/s}"2)}{12.0\, \TexT{kc} + 5.00\, \text{kc}} =
\rrAC{49.053}{17.00} \approx 2.88\, \TexT{mM/s}"2 \]

Step 4: Fino Tension \( T \):
\[T=M_1a=120\, \1ext{kc} \TiMes 2.88\, \TexT{m/s}"2 \aprrox 34.6\, \TexT{N} \]

INTERPRETATION OF RESULTS

THE CALCULATED ACCELERATION (~2.88 M/S?) INDICATES THAT WHEN RELEASED, THE 5.00 KG WEIGHT CAUSES THE SYSTEM
TO ACCELERATE HORIZONTALLY AT THIS RATE, PULLING THE 12.0 KG BOX ALONG THE FRICTIONLESS SURFACE. THE TENSION IN
THE STRING (~34.6 N) ACTS TO ACCELERATE THE BOX AND SUPPORT THE HANGING MASS UPW ARD.

IMPLICATIONS:

- THE SYSTEM ACCELERATES UNIFORMLY DUE TO THE NET FORCE FROM GRAVITY ON THE HANGING MASS.

- THE BOX ON THE TABLE EXPERIENCES A HORIZONTAL FORCE EQUAL TO THE TENSION, LEADING TO ITS ACCELERATION.
- BECAUSE THE SURFACE IS FRICTIONLESS, NO RESISTIVE FORCES OPPOSE THE MOTION, SIMPLIFYING THE DYNAMICS.

EXPLORING V ARIATIONS AND REAL-\W ORLD CONSIDERATIONS

W/HILE THE IDEALIZED SCENARIO PROVIDES CLEAR INSIGHTS, REAL-WORLD SITUATIONS OFTEN INVOLVE ADDITIONAL FACTORS.
HERE ARE SOME VARIATIONS AND CONSIDERATIONS TO DEEPEN UNDERSTANDING:

1. INcLUSION OF FrRICTION

IF THE SURFACE HAD FRICTION, THE NET FORCE ON \( M_1 \) wouLD BE:

\[T-F {rricTION} =M_1A\]

wHere \(F_{rricTion} =\MUM_T1 6 \), with \( \MU \) BEING THE COEFFICIENT OF KINETIC FRICTION.

THIS WOULD REDUCE ACCELERATION, AND SOLVING WOULD INVOLVE ADDITIONAL STEPS TO FIND \( A \) anD \( T \).
2. NoN-IpEAL PULLEY

INTRODUCING A PULLEY WITH ROTATIONAL INERTIA WOULD ADD A TORQUE TERM AND MODIFY THE ACCELERATION
CALCULATION:

\[\Tau = I \aLpHa \]

wHERE \( | \) IS THE PULLEY’S MOMENT OF INERTIA, AND \( \ALPHA \) IS ANGULAR ACCELERATION.

THIS COMPLICATES THE EQUATIONS BUT PROVIDES A MORE REALISTIC SCENARIO FOR MECHANICAL SYSTEMS IN ENGINEERING.

3. MASSES OF THE STRING AND PULLEY

A MASSLESS STRING AND PULLEY ARE IDEALIZATIONS. REAL STRINGS AND PULLEYS HAVE MASS, WHICH AFFECTS TENSION
DISTRIBUTION AND ROTATIONAL DYNAMICS.



PrRACTICAL APPLICATIONS AND EDUCATIONAL SIGNIFICANCE
THIS CLASSIC PROBLEM ILLUSTRATES CORE CONCEPTS IN PHYSICS EDUCATION:

- NEwTOoN’s LAWS: DEMONSTRATING HOW FORCES RELATE TO MOTION.

- TENSION AND FORCE BALANCE: UNDERSTANDING HOW TENSION PROPAGATES THROUGH A STRING.

- SyYsTEM DYNAMICS: RECOGNIZING HOW INTERCONNECTED COMPONENTS INFLUENCE EACH OTHER’S MOTION.

- ENERGY CONSIDERATIONS: ALTHOUGH NOT EXPLICITLY CALCULATED HERE, ENERGY CONSERVATION PRINCIPLES UNDERPIN THE
ANALYSIS WHEN CONSIDERING POTENTIAL AND KINETIC ENERGY TRANSFORMATIONS.

IN ENGINEERING, SIMILAR PRINCIPLES GUIDE THE DESIGN OF CABLE-DRIVEN SYSTEMS, ELEVATORS, AND ROBOTICS. RECOGNIZING
HOW TO ANALYZE FORCES AND ACCELERATIONS ENSURES SAFETY, EFFICIENCY , AND FUNCTIONALITY.

SUMMARY AND FINAL REMARKS

IN SUMMARY, ANALYZING A 12.0 KG BOX RESTING ON A FRICTIONLESS SURFACE ATTACHED TO A 5.00 KG WEIGHT INVOLVES
APPLYING NEWTON’S SECOND LAW TO EACH COMPONENT, RECOGNIZING THE ROLE OF TENSION, AND CALCULATING THE SYSTEM'S
ACCELERATION. THE KEY STEPS INCLUDE SETTING UP THE FREE-BODY DIAGRAMS, WRITING THE FORCE EQUATIONS, AND SOLVING
FOR UNKNOWNS. THE IDEALIZED SCENARIO YIELDS AN ACCELERATION OF APPROXIMATELY 2.88 M/S2 AND A TENSION OF ABOUT
34.6 N, PROVIDING A CLEAR EXAMPLE OF INTERCONNECTED DYNAMICS IN CLASSICAL MECHANICS.

(UNDERSTANDING THESE PRINCIPLES EQUIPS STUDENTS AND ENGINEERS WITH FOUNDATIONAL TOOLS TO ANALYZE MORE COMPLEX
SYSTEMS, EMPHASIZING THE IMPORTANCE OF ASSUMPTIONS, IDEALIZATIONS, AND REAL-WORLD COMPLEXITIES. \W/HETHER USED
AS AN EDUCATIONAL EXERCISE OR A STEPPING STONE TO ADVANCED TOPICS, THIS PROBLEM ENCAPSULATES THE ELEGANCE AND
PRACTICALITY OF PHYSICS IN DESCRIBING THE MOTION OF CONNECTED OBJECTS.
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