ROTATIONAL KINEMATICS PHYSICS

ROTATIONAL KINEMATICS PHYSICS IS A FASCINATING BRANCH OF CLASSICAL MECHANICS THAT DESCRIBES THE MOTION OF RIGID
BODIES WITHOUT CONSIDERING THE FORCES THAT CAUSE THAT MOTION. IT'S ALL ABOUT UNDERSTANDING HOW THINGS SPIN,
WHIRL, AND ROTATE IN A PREDICTABLE \X/AY.JUST LIKE LINEAR KINEMATICS HELPS US DESCRIBE A CAR MOVING IN A STRAIGHT
LINE, ROTATIONAL KINEMATICS PROVIDES THE TOOLS TO ANALYZE THE CIRCULAR PATHS AND ANGULAR CHANGES OF OBJECTS
LIKE SPINNING TOPS, ORBITING PLANETS, OR EVEN A MERRY~-GO-ROUND. THIS ARTICLE WILL DELVE INTO THE FUNDAMENTAL
CONCEPTS, KEY VARIABLES, AND ESSENTIAL EQUATIONS THAT GOVERN ROTATIONAL MOTION, EQUIPPING YOU WITH A
COMPREHENSIVE UNDERSTANDING OF THIS VITAL AREA OF PHYSICS. WE'LL EXPLORE ANGULAR DISPLACEMENT, ANGULAR
VELOCITY, ANGULAR ACCELERATION, AND THEIR DIRECT PARALLELS TO THEIR LINEAR COUNTERPARTS, PAVING THE WAY FOR A
DEEPER APPRECIATION OF HOW THE UNIVERSE MOVES ON ITS AXIS AND IN CIRCLES.
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UNDERSTANDING ANGULAR DISPLACEMENT

AT THE HEART OF ROTATIONAL KINEMATICS IS THE CONCEPT OF ANGULAR DISPLACEMENT. IMAGINE A POINT ON THE EDGE OF A
SPINNING WHEEL. AS THE WHEEL ROTATES, THAT POINT TRACES AN ARC. ANGULAR DISPLACEMENT IS ESSENTIALLY THE CHANGE
IN THE ANGULAR POSITION OF AN OBJECT. INSTEAD OF MEASURING HOW FAR AN OBJECT HAS TRAVELED IN METERS, WE MEASURE
HOW MUCH IT HAS ROTATED IN ANGULAR UNITS. THESE UNITS ARE TYPICALLY RADIANS, DEGREES, OR REVOLUTIONS. RADIANS
ARE THE PREFERRED UNIT IN PHYSICS BECAUSE THEY SIMPLIFY MANY FORMULAS, ESPECIALLY THOSE INVOLVING CALCULUS. ONE
RADIAN IS DEFINED AS THE ANGLE SUBTENDED AT THE CENTER OF A CIRCLE BY AN ARC WHOSE LENGTH IS EQUAL TO THE RADIUS
OF THE CIRCLE. THINK OF IT AS A DIRECT MEASURE OF “HOW MUCH TURN” HAS OCCURRED.

So, IF A WHEEL COMPLETES ONE FULL REVOLUTION, ITS ANGULAR DISPLACEMENT IS 2 RADIANS (OR 360 DEGREES). IF IT
TURNS THROUGH HALF A REVOLUTION, IT'S 1 RADIANS (OR 180 DEGREES). THIS CHANGE IN ANGULAR POSITION IS ANALOGOUS
TO LINEAR DISPLACEMENT, WHICH IS THE CHANGE IN AN OBJECT'S LINEAR POSITION. JUST AS LINEAR DISPLACEMENT CAN BE
POSITIVE OR NEGATIVE DEPENDING ON THE DIRECTION OF MOTION, ANGULAR DISPLACEMENT CAN ALSO BE POSITIVE OR NEGATIVE,
INDICATING ROTATION IN ONE DIRECTION (E.G., COUNTERCLOCKWISE) OR THE OPPOSITE DIRECTION (E.G., CLOCKWISE). WE OFTEN
DENOTE ANGULAR DISPLACEMENT BY THE GREEK LETTER THETA (©).

EXPLORING ANGULAR VELOCITY

ANGULAR VELOCITY IS THE RATE AT WHICH ANGULAR DISPLACEMENT CHANGES OVER TIME. |IT TELLS US HOW FAST AN OBJECT IS
ROTATING. MUCH LIKE LINEAR VELOCITY DESCRIBES HOW QUICKLY AN OBJECT CHANGES ITS POSITION, ANGULAR VELOCITY
DESCRIBES HOW QUICKLY ITS ANGULAR POSITION CHANGES. |F AN OBJECT HAS A CONSTANT ANGULAR VELOCITY, IT MEANS IT's
SPINNING AT A STEADY RATE. |F THE ANGULAR VELOCITY IS CHANGING, THE OBJECT IS EITHER SPEEDING UP ITS ROTATION OR
SLOWING IT DOWN.

THE SYMBOL FOR ANGULAR VELOCITY IS THE GREEK LETTER OMEGA (). IT'S TYPICALLY MEASURED IN RADIANS PER SECOND
(RAD/S). FOR A CONSTANT ANGULAR VELOCITY, THE FORMULA IS STRAIGHTFORWARD: N = A© /| AT, WHERE A® IS THE
ANGULAR DISPLACEMENT AND AT IS THE TIME INTERVAL OVER WHICH THAT DISPLACEMENT OCCURRED. |F THE ANGULAR
VELOCITY IS NOT CONSTANT, WE OFTEN REFER TO INSTANTANEOUS ANGULAR VELOCITY, WHICH IS THE DERIVATIVE OF
ANGULAR DISPLACEMENT WITH RESPECT TO TIME (1 = DO/DT). THIS INSTANTANEOUS VALUE IS CRUCIAL WHEN DEALING WITH
CHANGING ROTATIONAL SPEEDS, SIMILAR TO HOW INSTANTANEOUS LINEAR VELOCITY IS THE DERIVATIVE OF LINEAR
DISPLACEMENT.

THE DIRECTION OF ANGULAR VELOCITY IS ALSO IMPORTANT. By CONVENTION, WE USE THE RIGHT-HAND RULE. IF YOU CURL THE
FINGERS OF YOUR RIGHT HAND IN THE DIRECTION OF ROTATION, YOUR THUMB POINTS IN THE DIRECTION OF THE ANGULAR
VELOCITY VECTOR. THIS VECTOR IS OFTEN PERPENDICULAR TO THE PLANE OF ROTATION. FOR EXAMPLE, A WHEEL SPINNING ON A



HORIZONTAL AXLE WOULD HAVE AN ANGULAR VELOCITY VECTOR POINTING HORIZONTALLY ALONG THE AXLE.

DELVING INTO ANGULAR ACCELERATION

ANGULAR ACCELERATION IS THE RATE AT WHICH ANGULAR VELOCITY CHANGES OVER TIME. IT'S THE ROTATIONAL EQUIVALENT
OF LINEAR ACCELERATION. W/HEN AN OB_JECT/S SPIN RATE IS CHANGING — EITHER SPEEDING UP OR SLOWING DOWN — IT POSSESSES
ANGULAR ACCELERATION. [F AN OBJECT IS SPINNING AT A CONSTANT RATE, ITS ANGULAR ACCELERATION IS ZERO. HO\X/EVER, IF
YOU PUSH A MERRY-GO~-ROUND TO MAKE IT SPIN FASTER, YOU ARE APPLYING ANGULAR ACCELERATION TO IT.

THE SYMBOL FOR ANGULAR ACCELERATION IS THE GREEK LETTER ALPHA (A) [TS STANDARD UNIT IS RADIANS PER SECOND
SQUARED (RAD/SZ). SIMILAR TO LINEAR ACCELERATION, ANGULAR ACCELERATION CAN BE CALCULATED AS THE CHANGE IN
ANGULAR VELOCITY DIVIDED BY THE TIME INTERVAL: A = AN / AT. |F THE ANGULAR ACCELERATION IS CONSTANT, THIS
FORMULA IS VERY USEFUL. IF IT's NOT CONSTANT, WE AGAIN TURN TO CALCULUS, WHERE INSTANTANEOUS ANGULAR
ACCELERATION IS THE DERIVATIVE OF ANGULAR VELOCITY WITH RESPECT TO TIME (A = DQ/DT). THIS MEANS IT'S ALSO THE
SECOND DERIVATIVE OF ANGULAR DISPLACEMENT WITH RESPECT TO TIME (A = DZO/DT2>.

JUST AS LINEAR ACCELERATION CAN BE IN THE SAME DIRECTION AS VELOCITY (SPEEDING UP) OR OPPOSITE (SLO\X/ING DOWN),
ANGULAR ACCELERATION CAN EITHER INCREASE OR DECREASE THE ANGULAR VELOCITY. THE DIRECTION OF THE ANGULAR
ACCELERATION VECTOR IS USUALLY ALONG THE AXIS OF ROTATION. IF THE ANGULAR ACCELERATION IS IN THE SAME DIRECTION
AS THE ANGULAR VELOCITY, THE OBJECT SPEEDS UP ITS ROTATION. IF IT'S IN THE OPPOSITE DIRECTION, THE OBJECT SLOWS
DOWN.

THE KINEMATIC EQUATIONS FOR ROTATIONAL MOTION

FOETUNATELY, THE PRINCIPLES OF LINEAR KINEMATICS HAVE DIRECT ANALOGS IN ROTATIONAL KINEMATICS.JUST AS WE HAVE A
SET OF KINEMATIC EQUATIONS FOR CONSTANT LINEAR ACCELERATION, WE ALSO HAVE A SIMILAR SET FOR CONSTANT ANGULAR
ACCELERATION. THESE EQUATIONS ARE INCREDIBLY POWERFUL FOR SOLVING PROBLEMS INVOLVING ROTATING OBJECTS WHEN
THE ACCELERATION IS UNIFORM. THEY ALLOW US TO RELATE ANGULAR DISPLACEMENT, INITIAL ANGULAR VELOCITY, FINAL
ANGULAR VELOCITY, ANGULAR ACCELERATION, AND TIME WITHOUT NEEDING TO DIRECTLY CALCULATE INSTANTANEOUS RATES
OF CHANGE.

HERE ARE THE KEY KINEMATIC EQUATIONS FOR ROTATIONAL MOTION WITH CONSTANT ANGULAR ACCELERATION:

e N=Ng+AT

® 0 =T + KHAT?

o =Y(ng+ )T

e N?=n %+ 24a0

IN THESE EQUATIONS:

® O REPRESENTS THE ANGULAR DISPLACEMENT.

N IS THE INITIAL ANGULAR VELOCITY.

N IS THE FINAL ANGULAR VELOCITY.
® A IS THE CONSTANT ANGULAR ACCELERATION.

® T IS THE TIME INTERVAL.

THESE EQUATIONS ARE YOUR GO-TO TOOLS WHEN TACKLING PROBLEMS WHERE AN OBJECTIS ROTATION IS CHANGING AT A
CONSTANT RATE. FOR INSTANCE, IF YOU KNOW HOW FAST A FAN WAS INITIALLY SPINNING, HOW MUCH IT ACCELERATED, AND



FOR HOW LONG, YOU CAN USE THESE EQUATIONS TO FIND OUT HOW MANY REVOLUTIONS IT MADE.

RELATING LINEAR AND ROTATIONAL MOTION

IT'S ESSENTIAL TO UNDERSTAND HOW LINEAR MOTION AND ROTATIONAL MOTION ARE INTERCONNECTED. MANY OBJECTS THAT
ROTATE ALSO HAVE THEIR CONSTITUENT PARTICLES MOVING IN LINEAR PATHS. CONSIDER A POINT ON THE CIRCUMFERENCE OF A
ROLLING WHEEL. THIS POINT IS SIMULTANEOUSLY UNDERGOING LINEAR MOTION (AS THE WHEEL TRANSLATES) AND ROTATIONAL
MOTION (AS THE WHEEL SPINS). THE RELATIONSHIP BETWEEN THESE TWO TYPES OF MOTION IS CRUCIAL FOR A COMPLETE
UNDERSTANDING.

THE KEY LINKS ARE THE RADIUS (R) OF THE ROTATING OBJECT. LINEAR DISPLACEMENT (S) ALONG THE ARC TRACED BY A POINT
ON THE CIRCUMFERENCE IS DIRECTLY PROPORTIONAL TO THE ANGULAR DISPLACEMENT (@) IN RADIANS: S = RO. SIMILARLY, THE
LINEAR SPEED (V) OF THAT POINT IS RELATED TO THE ANGULAR VELOCITY (O) BY: V = RN. AND THE LINEAR ACCELERATION (A)
TANGENT TO THE CIRCULAR PATH IS RELATED TO THE ANGULAR ACCELERATION (A) BY. A = RA.

THESE RELATIONSHIPS ARE FUNDAMENTAL. THEY HIGHLIGHT THAT FOR A GIVEN ANGULAR SPEED, A POINT FARTHER FROM THE
AXIS OF ROTATION WILL HAVE A HIGHER LINEAR SPEED. THIS IS WHY THE OUTER EDGE OF A SPINNING DISK MOVES FASTER THAN
A POINT CLOSER TO ITS CENTER. UNDERSTANDING THESE CONNECTIONS ALLOWS US TO BRIDGE THE GAP BETWEEN DESCRIBING
MOTION IN A STRAIGHT LINE AND DESCRIBING MOTION IN A CIRCLE, UNIFYING OUR UNDERSTANDING OF KINEMATICS.

APPLICATIONS OF ROTATIONAL KINEMATICS

THE PRINCIPLES OF ROTATIONAL KINEMATICS ARE NOT CONFINED TO ABSTRACT PHYSICS PROBLEMS; THEY ARE PRESENT IN
COUNTLESS REAL-WORLD PHENOMENA AND TECHNOLOGICAL APPLICATIONS. FROM THE SIMPLE ACT OF OPENING A DOOR TO THE
COMPLEX MECHANICS OF SATELLITES IN ORBIT, UNDERSTANDING HOW OBJECTS ROTATE IS PARAMOUNT.

CONSIDER THESE EXAMPLES:

® ENGINEERING AND DESIGN: ENGINEERS USE ROTATIONAL KINEMATICS TO DESIGN ANYTHING THAT SPINS, SUCH AS TURBINES,
ENGINES, GEARS, AND WHEELS. THEY NEED TO CALCULATE TORQUES, SPEEDS, AND ACCELERATIONS TO ENSURE SAFETY
AND EFFICIENCY.

® ASTRONOMY: THE ROTATION OF PLANETS, MOONS, AND STARS, AS WELL AS THE ORBITAL MOTION OF CELESTIAL
BODIES, ARE ALL GOVERNED BY KINEMATIC PRINCIPLES. UNDERSTANDING THESE MOTIONS ALLOWS US TO PREDICT
PHENOMENA LIKE ECLIPSES AND TRACK THE PATHS OF SPACECRAFT.

e SPORTS: ATHLETES UTILIZE ROTATIONAL MOTION CONSTANTLY. A BASEBALL PITCHER'S ARM MOTION, A GOLFER'S
SWING, A GYMNAST'S PIROUETTE, OR A FIGURE SKATER'S SPIN ALL INVOLVE COMPLEX ROTATIONAL KINEMATICS.

* EVERYDAY OBJECTS: THINK ABOUT A BICYCLE WHEEL, A W ASHING MACHINE DRUM, OR EVEN THE BLADES OF A FAN. THE
WAY THESE OBJECTS MOVE IS DESCRIBED AND PREDICTED USING ROTATIONAL KINEMATICS.

IN ESSENCE, ANY TIME AN OBJECT OR A SYSTEM OF OBJECTS IS SPINNING, TURNING, OR REVOLVING, ROTATIONAL KINEMATICS
PROVIDES THE FRAMEWORK FOR DESCRIBING AND ANALYZING THAT MOTION. IT'S A FUNDAMENTAL CONCEPT THAT UNDERPINS
MUCH OF OUR UNDERSTANDING OF THE PHYSICAL WORLD AROUND US.

Q: \NWHAT IS THE PRIMARY DIFFERENCE BETWEEN LINEAR AND ROTATIONAL KINEMATICS?

A: THE PRIMARY DIFFERENCE LIES IN THE TYPE OF MOTION DESCRIBED. LINEAR KINEMATICS DEALS WITH MOTION ALONG A
STRAIGHT LINE, USING QUANTITIES LIKE DISPLACEMENT, VELOCITY, AND ACCELERATION IN METERS, METERS PER SECOND, AND
METERS PER SECOND SQUARED, RESPECTIVELY. ROTATIONAL KINEMATICS, ON THE OTHER HAND, FOCUSES ON MOTION AROUND AN
AXIS, USING ANGULAR QUANTITIES LIKE ANGULAR DISPLACEMENT, ANGULAR VELOCITY, AND ANGULAR ACCELERATION, MEASURED
IN RADIANS, RADIANS PER SECOND, AND RADIANS PER SECOND SQUARED, RESPECTIVELY.



Q: WHY ARE RADIANS PREFERRED OVER DEGREES IN ROTATIONAL KINEMATICS
EQUATIONS?

A: RADIANS ARE THE PREFERRED UNIT IN PHYSICS BECAUSE THEY ARE A “DIMENSIONLESS” UNIT DERIVED FROM THE RATIO OF ARC
LENGTH TO RADIUS. THIS INHERENT MATHEMATICAL SIMPLICITY MAKES MANY ROTATIONAL FORMULAS, ESPECIALLY THOSE
DERIVED USING CALCULUS, MUCH CLEANER AND MORE DIRECT. For EXAMPLE, THE RELATIONSHIP BETWEEN LINEAR AND ANGULAR
SPEED, V = R, IS ONLY TRUE WHEN N IS IN RADIANS PER SECOND.

QZ CAN AN OBJECT HAVE ZERO ANGULAR ACCELERATION BUT STILL BE ROTATING?

A: YES, ABSOLUTELY. IF AN OBJECT IS ROTATING AT A CONSTANT ANGULAR VELOCITY (A STEADY SPIN RATE), ITS ANGULAR
ACCELERATION IS ZERO. THINK OF A PERFECTLY BALANCED TOP SPINNING WITHOUT SLOWING DOWN, ITS ANGULAR VELOCITY IS
CONSTANT, MEANING ITS ANGULAR ACCELERATION IS ZERO, EVEN THOUGH IT IS CLEARLY ROTATING.

QI How DOES THE RIGHT-HAND RULE HELP IN UNDERSTANDING ROTATIONAL MOTION?

A: THE RIGHT-HAND RULE IS A CONVENTION USED TO DETERMINE THE DIRECTION OF ANGULAR VELOCITY AND ANGULAR
ACCELERATION VECTORS. BY CURLING THE FINGERS OF YOUR RIGHT HAND IN THE DIRECTION OF ROTATION, YOUR THUMB POINTS
IN THE DIRECTION OF THE ANGULAR VELOCITY VECTOR. SIMILAELY, IF YOU ALIGN YOUR THUMB WITH THE DIRECTION OF
ANGULAR ACCELERATION AND CURL YOUR FINGERS, THEY WILL INDICATE THE DIRECTION OF ROTATION CHANGE (SPEEDING UP OR
SLOWING DO\X/N). THIS VECTOR REPRESENTATION IS CRUCIAL FOR ANALYZING MORE COMPLEX ROTATIONAL DYNAMICS.

QI ARE THE KINEMATIC EQUATIONS FOR ROTATIONAL MOTION ONLY APPLICABLE WHEN
THE ANGULAR ACCELERATION IS CONSTANT?

A: YES, THE SPECIFIC KINEMATIC EQUATIONS PRESENTED (Q =Ng t AT, ETC.) ARE DERIVED ASSUMING CONSTANT ANGULAR
ACCELERATION. |F THE ANGULAR ACCELERATION IS NOT CONSTANT, CALCULUS MUST BE USED TO FIND INSTANTANEOUS
ANGULAR VELOCITY AND DISPLACEMENT BY INTEGRATING THE ACCELERATION WITH RESPECT TO TIME. HO\X/EVER/ THE
UNDERLYING CONCEPTS OF ANGULAR DISPLACEMENT, VELOCITY, AND ACCELERATION STILL APPLY.
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