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Abstract
Electromagnetiphenomenanddevicessuchasmotorsaretypically
unfamiliar to bothteachersandstudentsTo bettervisualizeandillustrate
theabstractonceptgsuchasmagnetidoelds)underlyingelectricityand
magnetismye suggesthatstudentconstructandanalyseheoperationof a
simply constructedlohnsorelectricmotor. In thisarticle,we describea
classroomactity thatelicits studentanalysisto aid thecomprehensioand
retentionof electromagnetiinteractions.

We describethe constructionandthe conceptual the loop for armatures,and selectvely remove
and introductory level mathematicaknalysisof the insulationfrom the armatures. Currentruns
a simple handmadeelectricmotor. Constructing throughthe coil from paperclipsconnectingthe
and analysinga simple motor provides students two polesof the D-cell batteryto the armatures,
with a fun and interestinghands-onexperience and a magnetstuck to the side of the battery
that helpsmake concretecomple abstractdeas suppliesa bxed magneticbeld. To expedite
likethe magneticbelddueto Ioopsandcoils, the the activity, thesecoils can be pre-Wrappe(hnd

magneticbeld dueto a permanenmagnet,Bux, preparedby a teacheror studentassistant.There
torque,backEMF andsoforth [1D5].

Materialsfor this activity areavailable from
various vendors. The ceramic magnetsshavn
are part number CB60 from Master Magnetics
(www.magnetsource.comMotor wire is widely
available, and should be approximately14D16
gaugeenametoatedsolidcoppemire. Inexpen-
sivewire mayalsobeavailable(in shortedengths)
from a local motor winding factory Standard
D-cell batteriesand large paperclipsare also
necessaryfor this actvity. D-cell batteriesare
capableof supplying5b8A of currentduring a
shortcircuit, sopleasebe careful.

To constructa Johnson[6] motor, wrap
insulatedwire arounda D-cell batteryto form
a coil, extend the two wire endsoutward from Figure 1. Theassemblednotorapparatus.
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Questionsand solutions

Q1. My motorarmaturehada
resistancef 0.015! . Assuming
the1.5V batterycoulddrive

a constanturrentthroughthis coil
atrest,whatwould thecurrentbe?

V 15V
| = = = = 100A
R ~ 0.015! 00

Q2. An actualmeasuredurrent
Row throughthecoil is about5 A.
Whatmagnetidcelddoes

this producen anidealcoil?
Draw thedirectionof this beldin
adiagramshawing thecoil.

B = Npol/2r

For coils usedin this experiment:
N=10po=4""! 10 "NA"2 | = 5A,

r # 0.0175m
10! 4" 1 1071 5 .
B # #21104T
2! 0.0175
direction of
conventiona

current

Figure 2. Magnetic field produced by acurrent-carrying
coil.

Q3. Why isthe permanenimagnet
stuckto the D cell neededn our
motor?

The permanenmagnetprovidesanexternalbeldfor the
Peldproducedby thecoil to oppose.lt is theinteraction
of thetwo Peldsthatexertsatorqueon the coil.

is acertainlevel of difpcultyin winding multiple
armatures Perfectsymmetryandweightbalance
are not essential,but the armatureneedsto be
fairly balancedo function. While it is rewarding
to see misshapenarmaturesspin, it requiresa
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certainamountof practice and repetitionto be
ableto createvery reliable armatures.However,
if studentshave sufbcienttime and guidancefor
building their own armatures,they are able to
obsere the constructionprocessfrom start to
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Q4. Sketchanddescribethe
magneticbeldsin this motorat
differentpointsduringtherotation.

coil

B

perm

B

perm

maximum torque minimum torque

coil

B, B

perm perm
circuit interrupted minimum torque
no B,

coil
Figure 3. Magnetic field and resultant torques.

Q5. View themotorin thedark.
Whatdo you seeatthe paperclip/
armatureconnectionshy?

It is possibleto seea smallarcbetweerthe paperclipand
armature.Thisis evidencethatcurrentis 3owing
throughthe coil.

Q6. An engineeicouldclaimthat
this motor shouldsimply lock itself
into a singleposition,andthe motor
doeshave atendeny to do so.
Whatis this (electricallypowered)
position?Why doesour motor

not continuouslyock in this
position?

The OlockPositionis whenthe coil is perpendiculato
the peldof the permanenmagnetsuchthatthetwo belds
areantiparallel.If the currentthroughthe coil were
constantary displacementrom this positionwould
resultin a Peldinteractioncreatinga torquethatwould
tendto opposethe motion of the coil. Thesemotorsdo
notlock in this positionbecausehe enameinsulationis
removed from only half of thearmature Whenthe
motorreacheshis positionthe currentis interruptedand
thecoil rotateshroughthe secondhalf of its cycle dueto
its rotationalinertia (angularmomentum).

Q7. If lockedandnotrotating,
wherewould theelectricalenegy
from the batterygo?

Theenepgy would primarily raisethetemperatur®ef the
coppercoil.

Pnish,and may Pnd completeconstructionmore
educational. Anothersolutionto save time is to
pre-fabricateall of thearmaturesbut manufcture
onein front of theclass.

The studentsshould be told to leave an
interrupter (an areaof intact insulation on one
or both of the armatures)vhich will reducethe
tendenyg of the armatureto lock up in a specibc
position[7]. This conceptcanbe addressethater
in the classdiscussion. Once basic armatures
are fabricatedand obsered, variationsinclude
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increasingor decreasinghe numberof loopsin
the coll, creatinga bigger or smallerloop and
altering the shapeof the coil. The benebptof
thesechangesss to allow the studentsto make
empirical obsenations, comparethe behaiours
with the standardmotor and begin to Pgureout
how the different variablesrelateto eachother
Thisisaprecursostepto deriving equationdased
on their knowledgeandexperience. After initial
obsenationsand experimentshave beenmade,a
permanenbxturecanbe constructedr given to
429
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Q8. A secondnagnetcanbe
broughtbeneattthe coil andcan
eitherslow or acceleratéhe
armaturefxotation(seebelaw).
Explainwhy, usinga diagram.

Figure 4. Interaction of induced and permanent
magnetic fields. (For scale, the magnetic interacti
with the steel battery casing is ignored.)

allow hands-frembsenationsandmanipulation.
As a prerequisiteactivity to the Johnson
motor, studentsshould be made familiar with
magneticheldlines by having usedcompasseto
map and sketch magneticheldsfrom permanent
magnets. In a similar fashion, studentsshould
have mappednagnetideldscreatedy acurrent-
carrying wire to connect electrical current to
magnetismUsingsuspendedon blings,aferro-
Buid or several compassesstudentswill mapthe
areasurroundinga wire. A third prerequisite
hands-onactiity is kinesthetically feeling the
forces and resulting torquesinduced when two
magnetsare brought close togetherin various
alignments. Following this actvity, students
should be given the opportunityto disassemble
commercialmotors and attemptto explain how
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they work. This can be usedto conbrmtheir
understandingg, 9].

Activities and class procedurecan proceed
as follows. After the studentsassemblethe
motor apparatus(bPgure 1) they make simple
qualitatve obsenationsaboutthe motor. If the
teacheiis intentionallynon-specibeegardingthe
orientationof themagnetthecontactsthebattery
and the armature, different studentswill have
different orientations, which can lead to later
discussion. The studentsdescribethe motion of
the motor when spinning freely, then manually
hold the motor at variouspositionsand describe
theforce,or Opushéatthey feel from themotor
A guiding questionfrom the teachercan prompt
the studentsto try reversing the magnet, the
battery the armatureor ary combinationof these
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factors. Studentscanalsotry addingadditional
magnetr batteriesn alignmentwith or against
the original set. Each of these modibcations
will leadto additionalqualitatve obsenationsthat
canbe documentedaindusedfor referencenhen
developingaworking modelfor how andwhy the
motorswork.

Advancedstudentscan do further and more
in-depthinvestigationinto the technicalaspects
of the motor  For electricalcircuit analysis,the
load, amperageand circuitry of the systemcan
be analysed. For a more thoroughinvestigation
of GaussOsFaradayOsand LenzOslaws, the
backelectromagnetiteld (magneticbeldand/or
currentgeneratedy the motion of the armature)
can be calculatedand comparedwith the actual
value. Computerizedisualization®f electricand
magnetidceldsareavailablefromtheMIT TEAL
studio[10].

Theunit canbetaughtthroughawhiteboard-
ing discussiori11]. Thequestiongandsolutions)
shavn in the Box canbefreely distributed [12].

Classroomor laboratory analysis of the
Johnsommotor not only connectghe subjectsof
electricity and magnetism,it will provide real-
world applicationsand contets for the physics
concepts. Taking the mystery out of motors
and dynamos will not only improve student
understandingout also reducethe apprehension
towardstechnology

Acknowledgments

This manuscrippartially addressedequirements
for the PHY690: Masters@Project at SUNYD
Buffalo StateCollege.

Receive® January2006,in bnalform 31 March 2006
doi:10.1088/0031-9120/41/5/001

1 Similar actiities are usedin the secondsemesternf the
Arizona StateUniversity Modeling PhysicsCurriculum.
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