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Abstract
Electromagneticphenomenaanddevicessuchasmotorsaretypically
unfamiliar to bothteachersandstudents.To bettervisualizeandillustrate
theabstractconcepts(suchasmagneticÞelds)underlyingelectricityand
magnetism,wesuggestthatstudentsconstructandanalysetheoperationof a
simply constructedJohnsonelectricmotor. In thisarticle,wedescribea
classroomactivity thatelicits studentanalysisto aid thecomprehensionand
retentionof electromagneticinteractions.

We describethe constructionandthe conceptual
and introductory level mathematicalanalysisof
a simplehandmadeelectricmotor. Constructing
and analysinga simple motor provides students
with a fun and interestinghands-onexperience
that helpsmake concretecomplex abstractideas
like themagneticÞelddueto loopsandcoils, the
magneticÞelddue to a permanentmagnet,ßux,
torque,backEMF andsoforth [1Ð5].

Materialsfor this activity areavailablefrom
various vendors. The ceramicmagnetsshown
are part numberCB60 from Master Magnetics
(www.magnetsource.com). Motor wire is widely
available, and should be approximately14Ð16
gauge,enamelcoated,solidcopperwire. Inexpen-
sivewiremayalsobeavailable(in shorterlengths)
from a local motor winding factory. Standard
D-cell batteries and large paperclips are also
necessaryfor this activity. D-cell batteriesare
capableof supplying5Ð8A of currentduring a
shortcircuit, sopleasebecareful.

To construct a Johnson[6] motor, wrap
insulatedwire arounda D-cell battery to form
a coil, extend the two wire endsoutward from

the loop for armatures,and selectively remove
the insulationfrom the armatures.Currentruns
throughthe coil from paperclipsconnectingthe
two polesof the D-cell batteryto the armatures,
and a magnetstuck to the side of the battery
supplies a Þxed magnetic Þeld. To expedite
the activity, thesecoils can be pre-wrappedand
preparedby a teacheror studentassistant.There

Figure1. Theassembledmotorapparatus.
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Questionsand solutions

Q1. My motorarmaturehada
resistanceof 0.015! . Assuming
the1.5V batterycoulddrive
a constantcurrentthroughthis coil
at rest,whatwould thecurrentbe?

I =
V
R

=
1.5 V

0.015!
= 100A

Q2. An actualmeasuredcurrent
ßow throughthecoil is about5 A.
WhatmagneticÞelddoes
this producein anidealcoil?
Draw thedirectionof this Þeldin
adiagramshowing thecoil.

B = Nµ 0I / 2r

For coilsusedin thisexperiment:
N = 10, µ 0 = 4" ! 10" 7 N A" 2, I = 5 A,
r # 0.0175m

B #
10! 4" ! 10" 7 ! 5

2 ! 0.0175
# 2 ! 10" 4 T

Figure 2. Magnetic field produced by a current-carrying
coil.
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Q3. Why is thepermanentmagnet
stuckto theD cell neededin our
motor?

ThepermanentmagnetprovidesanexternalÞeldfor the
Þeldproducedby thecoil to oppose.It is theinteraction
of thetwo Þeldsthatexertsa torqueon thecoil.

is a certainlevel of difÞculty in winding multiple
armatures.Perfectsymmetryandweightbalance
are not essential,but the armatureneedsto be
fairly balancedto function. While it is rewarding
to see misshapenarmaturesspin, it requiresa

certain amountof practiceand repetition to be
ableto createvery reliablearmatures.However,
if studentshave sufÞcienttime andguidancefor
building their own armatures,they are able to
observe the constructionprocessfrom start to
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Q4. Sketchanddescribethe
magneticÞeldsin this motorat
differentpointsduringtherotation.

Figure 3. Magnetic field and resultant torques.
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Q5. View themotorin thedark.
Whatdoyouseeat thepaperclip/
armatureconnections?Why?

It is possibleto seeasmallarcbetweenthepaperclipand
armature.This is evidencethatcurrentis ßowing
throughthecoil.

Q6. An engineercouldclaim that
thismotorshouldsimply lock itself
into asingleposition,andthe motor
doeshavea tendency to do so.
Whatis this (electricallypowered)
position?Why doesourmotor
not continuouslylock in this
position?

TheÔlockÕpositionis whenthecoil is perpendicularto
theÞeldof thepermanentmagnetsuchthatthetwo Þelds
areantiparallel.If thecurrentthroughthecoil were
constant,any displacementfrom thispositionwould
resultin aÞeldinteractioncreatinga torquethatwould
tendto opposethemotionof thecoil. Thesemotorsdo
not lock in thispositionbecausetheenamelinsulationis
removed from only half of thearmature.Whenthe
motorreachesthispositionthecurrentis interruptedand
thecoil rotatesthroughthesecondhalf of its cycledueto
its rotationalinertia(angularmomentum).

Q7. If lockedandnot rotating,
wherewould theelectricalenergy
from thebatterygo?

Theenergy wouldprimarily raisethetemperatureof the
coppercoil.

Þnish,andmay Þndcompleteconstructionmore
educational.Anothersolution to save time is to
pre-fabricateall of thearmatures,but manufacture
onein front of theclass.

The studentsshould be told to leave an
interrupter (an areaof intact insulation on one
or both of the armatures)which will reducethe
tendency of the armatureto lock up in a speciÞc
position[7]. This conceptcanbeaddressedlater
in the classdiscussion. Once basic armatures
are fabricatedand observed, variations include

increasingor decreasingthe numberof loops in
the coil, creatinga bigger or smaller loop and
altering the shapeof the coil. The beneÞtof
thesechangesis to allow the studentsto make
empirical observations, comparethe behaviours
with the standardmotor and begin to Þgureout
how the different variablesrelate to eachother.
Thisisaprecursorsteptoderivingequationsbased
on their knowledgeandexperience.After initial
observationsandexperimentshave beenmade,a
permanentÞxturecanbe constructedor given to
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Q8. A secondmagnetcanbe
broughtbeneaththecoil andcan
eitherslow or acceleratethe
armatureÕs rotation(seebelow).
Explainwhy, usingadiagram.

Figure 4. Interaction of induced and permanent
magnetic fields. (For scale, the magnetic interaction
with the steel battery casing is ignored.)
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allow hands-freeobservationsandmanipulation.
As a prerequisiteactivity to the Johnson

motor, studentsshould be made familiar with
magneticÞeldlinesby having usedcompassesto
mapandsketchmagneticÞeldsfrom permanent
magnets. In a similar fashion,studentsshould
havemappedmagneticÞeldscreatedby acurrent-
carrying wire to connect electrical current to
magnetism.Usingsuspendediron Þlings,a ferro-
ßuid or severalcompasses,studentswill mapthe
area surroundinga wire. A third prerequisite
hands-onactivity is kinesthetically feeling the
forces and resulting torquesinducedwhen two
magnetsare brought close together in various
alignments. Following this activity, students
shouldbe given the opportunity to disassemble
commercialmotorsand attemptto explain how

they work. This can be usedto conÞrmtheir
understanding[8, 9].

Activities and classprocedurecan proceed
as follows. After the studentsassemblethe
motor apparatus(Þgure 1) they make simple
qualitative observationsaboutthe motor. If the
teacheris intentionallynon-speciÞcregardingthe
orientationof themagnet,thecontacts,thebattery
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 variouspositionsanddescribe
theforce,or ÔpushÕ,thatthey feel from themotor.
A guiding questionfrom the teachercanprompt
the studentsto try reversing the magnet, the
battery, thearmatureor any combinationof these
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factors. Studentscan also try addingadditional
magnetsor batteriesin alignmentwith or against
the original set. Each of thesemodiÞcations
will leadtoadditionalqualitativeobservationsthat
canbe documentedandusedfor referencewhen
developingaworkingmodelfor how andwhy the
motorswork.

Advancedstudentscando further andmore
in-depth investigationinto the technicalaspects
of the motor. For electricalcircuit analysis,the
load, amperageand circuitry of the systemcan
be analysed. For a more thoroughinvestigation
of GaussÕs,FaradayÕsand LenzÕslaws, the
backelectromagneticÞeld(magneticÞeldand/or
currentgeneratedby themotionof thearmature)
can be calculatedand comparedwith the actual
value.Computerizedvisualizationsof electricand
magneticÞeldsareavailablefrom theMIT TEAL
studio[10].

Theunit canbetaughtthroughawhiteboard-
ing discussion[11]. Thequestions(andsolutions)
shown in theBox canbefreelydistributed1 [12].

Classroom or laboratory analysis of the
Johnsonmotor not only connectsthe subjectsof
electricity and magnetism,it will provide real-
world applicationsand contexts for the physics
concepts. Taking the mystery out of motors
and dynamos will not only improve student
understandingbut also reducethe apprehension
towardstechnology.
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1 Similar activities are usedin the secondsemesterof the
ArizonaStateUniversityModelingPhysicsCurriculum.
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