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INTRODUCTION

We will investigateherelationshipbetweercolor, wavelengthandenepy for thevisible spectrum
of light usinglight emittingdiodes(LEDs). Theseareelectroniccomponentsvhich passcurrentin
only onedirection.Whencurrentflows throughanLED, theenegy from thatcurrentis corverted
into light of a particularwavelengthassociatedvith the materialinside the LED. Thesewave-
lengthsareusuallyprintedon the packagingof the LED, andmary differentcolorsareavailable.
For a particularmaterial,only certainwavelengthsarepossible.

Visible light is just onepart of the electromagnetispectrumanddifferentcolorsaredistin-
guishedby their differentwavelengths(or, equialently, frequencies).Whenall wavelengthsof
visible light areshonetogetheytheresultis “white light.” The spectrurmatureof this white light
canberevealedusingadiffractiongratingor prism,which bendsdifferentwavelength=of light by
differentamounts.

DEMO: Shinean overheadprojectoror slide projectorthrougha
diffraction gratingor prism. Have studentsotethatthe colorsare
spreadutin aparticularorder which they will recognizerom rain-
bows. Beyondtheredis infraredradiation,andbeyondthe blue is
ultraviolet, neitherof which arevisible to the naked eye.
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Figurel: Theelectromagnetispectrum.



All waves,whethedight, soundwateror stadium travel ata specificvelocity. If youmake one
of thesetypesof waveswith a particularfrequeng, they will alwayshave the samewavelength.

DeEMO: Have a pair of studentshold oppositeendsof the ropeon
the surfaceof a slipperyfloor while the othersgatheraround. One
studentshouldhold their end steadywith the otherwavestheir end
back and forth at first slowly (low frequeng), then more quickly
(highfrequeng). Have studentobsenrethata high-frequeng wave
is shorterin wavelength.It alsotakesmoreenegy to make a high-
frequeny wave, for a constanamplitude.

We canthink abouta similar situationfor atrain, for example.If we werestandingoesidethe
tracktrying to figure outhow fastit wasgoing,we might count15 train carsgoingby eachminute
(60 secondsy-thisis afrequeng, f

15 cars
f= 60 sec
Later, whenthe train stops,we could measurdhe length of the carsandfind thatthey are8
meterdong (analogoudo a wavelength).Fromthis, we candeterminghe speedhatthetrain had
beentraveling.

= 0.25 Hz

speed = 8 meters x 0.25 Hz = 2 meters/sec

We canalsopictureatrain traveling alongat a constanspeedput with a secondype of carat
thebackendof thetrain: theseareonly 6 meterslong. Sincethetrain speeds still constantthe
frequeny with which we obsenre passingcarsmustincreasevhenwe getto the sectionwith the
shortercars,asit did with theropewaves.

2 meters/sec 20 cars
=————=033Hz=
/ 6 meters ’ 60 sec

It is corvenientto describdight in termsof its frequeny, wavelengthor enegy. As with the
train example,theunit for frequeny is Hertz,abbreriatedHz. OneHertzis onecycle persecond,
1/sec. Wavelengthsare often measuredn metersor fractionsof meters: micrometerg(10-¢ m,
alsocalledmicrons),nanometer§10-° m), Angstroms(10~1° m), etc.

All typesof light are composedf the sameoscillationsof electricand magneticfields, but
at longeror shorterwavelengths.Regardlessof wavelength,all light travels at a constantspeed,
c = 3 x 10® m/, andthe productof the wavelengthandthe frequeng (in appropriateunits)will
alwaysgivethisvalue.Thus,the higherthefrequeng, the shorterthewavelength aswith therope
wavesin thedemoandthetrain-carexamples.

c=\f 1)

wave speed= wavelengthx frequeng
[meters/seck [meters]x [Hertz]



It is usefulto remembethatlight is justanotherform of enegy: chemicalenegy andelectrical
enegy aresomeothercommontypes.Therearemary unitsfor enegy in usetoday:Jouleg1J=1
kg m?/s?), calories(1 cal= 4.186J),andelectronvolts (1 eV = 1.6 x 10~'° J) areafew examples.
If we recallthatelectronvolts area measuref theenepgy of anelectron(of chagegq) in aelectric
potential(of voltageV’); we seethereforethatenegy canbe definedaschage x voltage. Since
theunitsof chageareCoulombg(C), 1 Volt = 1 Joule/Coulomb

We alreadydiscoreredhow to relatethe wavelengthand frequeng of light, and one of the
earliestadvancesn quantummechanicsvastherelationMax Planckfoundbetweerthe enepy of
light andits frequeng.

E=hf (2)

enegy = Plancks constantx frequeng
[Joules]=[Joules- sec]x [Hertz]

As the twentiethcenturyhasprogressedPlancks constanthasfound its way to the heartof our
guantummechanicatlescriptionof theuniverse:it signifiesthefinestscaleto which we canprobe.

LIGHT EMITTING DIODES

Light emitting diodesare commonin mary electronicdevices becausehey consumevery little
electricity Thereasonfor this is thatthe processvhich allows themto releasegphotonsis a fun-
damentabne,andtherearevery few “losses, aswith the heatproducedoy standardncandescent
lightbulbs.

A lightbulb is basicallya thin pieceof (tungstenwire. Whenthe currentpasseshroughthe
wire it encountersomeresistancg¢from theatomicstructureof thewire, thepolycrystallinenature
of the wire, otherdefectsin the wire, etc.). This resistancdéeadsto heating,andthe heatedwire
givesoff radiationof a wide rangeof wavelengthsknown as“blackbodyradiation? Most of the
enegy consumedy thewire is given off in heat,so lightbulbs arevery inefficient light sources.
In contrast,all of the enegy consumedy the LED goesinto electronexcitation, which leadsto
emissionof a particularwavelength.
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Figure2: Schematiof enegy bands Batterypumpselectronsup to higherenegy band,andthey
fall backdown to thelower-enepgy band,emitting light.



ThecrucialmaterialinsideanLED is a semiconductqQmwhich hascertainelectronicproperties.
All electrongonary atom)have aparticularenegy, sowe saythatthey “reside”in aparticularen-
ergy level. In asolid system(asemiconductgrametal)therearemary levelswith thesameeneny,
andmary morewith similar enegies,sothe levelsaregroupedin “bands: In a semiconductqr
thereis an enegy gap F (wherethereare no levels) betweenthe bandwith the highest-enagy
electronsandthe lowest-enaggy empty band; this is the enegy gapwhich is crossedoy excited
electronsvhena currentis passedhroughthe LED. (SeeFigure?2.)

Thebatteryprovidesenengy to lift electrongo thehighest-eneagy level from thelowest-enegy
level. Whenthe electrongrelaxbackto their initial enegy, they emitlight of enegy F, thesame
eneqgy it took to lift them. For eachelectronwhich falls acrosshe bandgap,a photonwith this
eneqgy is releasedTo make LEDs of differentcolors,differentsemiconductorareusedsothatthe
gapbetweerthelevelshasa differentenepy.

A moredetailedexplanationcanbefoundat WashingtoriJniversity:
http://wunmr.wu st I. edu/E duDev/ LabTuto ri al s/ Perio di cPro perti es/
MetalBonding/Met  al Bondin g.h tml

LED LABORATORY EXERCISE

SETUP

Studentswill constructa simple electric circuit composedf a battery(enegy source),an LED
(sourceof single-wavelengthlight), anda resistor(dissipatesgxcesspower). Figure3 shovs how
this is to be done,using standardelectricalsymbols. Note that the resistorand the batteryboth
have “direction” to them: if oneis reversedwith respecto the other the LED will not light up.
The batterywill be labelled® and&, andthe flat edgeof the LED correspondso the flat line
shawvn in the circuit diagram. The resistorcanfaceeitherdirectionwithin the circuit, andlie on

eithersideof the LED.
—. + Top View

LED -
A — 30 v

___ Battery Side View

+
Voltmeter _
+
33(180) Q - K + Schematic
(@) Resistor (b)

Figure3: (a) Circuit diagramfor LEDs. Theresistorcango on eithersideof theLED. (b) Locating
thecathodg—) andanode(+) onaLED, sothatit canbe properlyorientedwithin thecircuit.



Color | Wavelength| Voltage | Frequeng (Hz) | Enegy (J) Planckconstant
A (hm) [V (volts) f=c/A E=qV h=E/f (J-9)
infrared 940 1.35 3.3x 10"  [2.16 x 1071 6.55 x 10734

red 700 1.70
orange 620 2.09
yellow 585 2.14
green 565 2.26
blue 466 3.20

Figure4: Sampledatafor a setof six LEDs. Wavelengthvaluestakenfrom manufcturersinfor-
mation,voltagesmeasuredandremainingcolumnscalculated.

Whenthecircuitis constructeatorrectly the LED will light up. If it doesnot, try reversingthe
directionof the LED with respecto the battery consultingFigure3b for correctorientation.

Eachgroupwill needa collectionof 4 to 6 differentcoloredLEDs, eachsolderedo aresistor
appropriatefor the batteryvoltage,anda batterysetupto provide power. The solderingcanbe
donebeforehandor includedas part of the lab actiities. The batteryshouldbe either3 or 6 V,
mosteasilyprovided by a pair of AA batteriesn a batteryholderor a6V lanternbattery For the
3V battery a 33 ) resistorshouldbe used,while a 1802 resistoris appropriateor usein a 6V.
It is possiblefor eachgroupto getonly afew LEDs atatime, andswapwith anothergroupwhen
they aredone,sothatthetotal numberof LED setupds reduced Becausélue LEDs will needto
useapproximately8 V in orderto light up, they will work bestwith 6 V setups.

TAKING MEASUREMENTS

For eachcolor LED, attachthe leadsto the batterysothatthe light turnson. Measurethe voltage
drop(enegy used)acrosghe LED usingthe multimeter asshavn in Figure3. Recordthe voltage
andthewavelength(from tag,packagingpr catalog)for eachLED in the collection.

If you and/orthe studentsare unfamiliar with the useof multimeters,the following tips will
help. Sincewe are measuringvoltage and not current,caremust be taken that the leadsof the
multimeterare attachedo the appropriateerminalson the multimeter(generallymarked — and
+ or COM andV{2). Theremayalsobe a dial which mustbe setto “V” to measurevoltage,and
sometimes correctrangemustbe choseraswell.

ANALYSIS

Studentsshouldgraphwavelength(or frequeng) vs. voltage(or enepgy) to seethe relationship.
Fromthis point, severallevels of sophisticatiorarepossible While wavelengthis the valuegiven
on the packageof the LED, the frequeng (f) is the more physicallyinterestingguantity sinceit
is relatedto theenegy (E) of thelight by Plancks constan(h).

Thereforestudentzandetermineavaluefor Plancks constanby cornvertingvoltageto enegy
(F = ¢V, whereq is thechage on anelectron)andwavelengthto frequeng (c = Af) in whatever
unitsthey arecomfortablewith. The slopeof anenegy vs. frequeng graphwill give avaluefor
Plancks constanfor aline which goesthroughtheorigin.
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Figure5: Samplegraphfor a setof LEDs: frequeng vs. enegy, with bestfit line throughorigin
plottedandexperimentalvaluefor A (slope)shawn.

If doingthe conversionsandfitting is not desirablea simplegraphof voltagevs. wavelength
will still shav a trendwhich canbe discussedjualitatively, and even usedfor extrapolationand
interpolation. A samplestudenthandoutsuitablefor usein gradest — 8 is availablewhich uses
mostly qualitative reasoning.

c=3x 108 m/& speedof light
g = 1.602 x 10~ Coulomb electronicchage
h = 6.626 x 10=3* Joule- s Plancks constant

To determinePlancks constanth in the most commonunits of J - s, unit corversionwill
be a necessanypart of the lab. Wavelengthwill be givenin A (Angstroms,10-1° meters)or
nm (nanometers10—? meters) sothis corversionis fairly simple. Frequeng is determinedrom
Equationl, with theresultingunitsin Hz (sec!). Rememberthis is motivatedby theropedemon-
stration.

For the enegy partof the calculation,it is usefulto considemwhat happenswithin the circuit.
Conceptuallyelectrondeave the batterywith somevoltage(3V or 6V, dependingon the setup).
This voltageis the enegy per unit chage on the electron,andthe electronswill have lost it all
by thetime they getaroundto the otherendof the battery The LED will take whatever enegy it
needqto producedlight, anotherform of enegy) andtherestwill beusedup in theresistor(which
heatsup over time asa result). So, to determinethe enegy of thelight, we just needto multiply
the voltage(1 volt = 1 Joule/Coulomb)y the chage on theelectron(1.602 x 10~!* Coulomb)to
gettheenegy of thelight producedoy eachelectron,in Joules.

Whatis a Joule?It would take 1 Jouleof enegy to lift a 1 kg weightby 10 cm. If we want
to work outsidethe metric system,anotherexamplewould be to lift a 5 Ib bag of flour by 1.7
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inches.You couldalsocalculatethetotal numberof Joulesbeingreleasegersecondy the LEDs
by measuringhe currentwith the multimeter the valuefor which will be givenin Coulombs/sec
(Amperes).

MYSTERY LED

TheteacheshouldprepareanLED (or enoughfor eachgroupto have their own) wrappedn black
electricaltapeor enclosedn afilm canistey but with the leadsexposedfor testing. Studentscan
usetheir multimetersto determinethe voltagedrop acrosghe resistor andinterpolate/gtrapolate
from their graphto determinea wavelengthandpredicta color. Whenall predictionsarein, the
color canberevealed.

If aninfraredLED is usedfor this section,it canleadto a discussioraboutotherpartsof the
electromagnetispectrum.While the light is not visible to the naked eye, it still behaesin the
sameway aswith the otherLEDs. Onenice featureof digital camerass thatthey aresensitve
to “near” infraredlight, allowing studentdo indirectly seethelight emittedfrom the LEDs if you
have oneavailable.

REFERENCES
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MATERIALS

FOR EACH LAB GROUP

e aselectionof differentcoloredLEDs taggedwith their wavelengthandwith a 33 2 resistor
solderedo each.

e pair of AA batterieq 1.5V each) in a batterypack(it is possibleto substituea 6V lantern
batterywith scrav-onterminalsif the 33 €2 resistoris replacedvith oneof 180¢2)

e “mystery” LED (infraredfor extrapolationor orangefor interpolation) tapedoveror hidden
in film canistemwith leadspokingout

e multimeter
e graphpaperruler, calculator

e labinstructionsheet



FOR CLASS DEMOS

e 610 10ft. flexible ropewith centermarkedwith pen
e columatedwhite light source(overheador slide projector)
e diffractiongratingor prism

e electromagnetispectrunchart

PREPARING THE ELECTRONICS

Whensolderingthe LEDs to theresistorstake carenotto allow the LED to becomeoo hot. This
canbeavoidedby holdingthe leg beingsolderedwith a pair of metalpliersor analigatorclip to
actasaheatsink. Theresistorscanbe solderedn eitherside,but beingconsistentvith thecircuit
diagramhelpsinsurethatthe LEDs areplacedinto thecircuit facingthe correctdirection.

If batteryholdersarebeingused;t helpsto solderalligatorclipsto theterminalsontheholders.
Thismeanghatstudentsanquickly andsecurelyclip theLED setupsnto thecircuit. If 6V lantern
batteriesarebeingusedthey have scrav-down terminalswhich aremosteasilyusedf flexible wire
leadsaresolderedo the endsof the LED setups.

SOURCES FOR MATERIALS

Radio Shackgenerallycarriesred, yellow, and greenLEDs, and other colors may be specially
ordered.HosfeltElectronicqhttp://www.hosfe It .co m)carriesmoreexotic LEDsfor reason-
ableprices.

Wherever the LEDs are purchasedbpe surethat the wavelength(in nm or A) is printedin
the catalogor on the packagingsincethis informationis neededor the quantitatve partsof the
laboratoryexercise.

EXTENSIONS

Connectiongo mary branchesf scienceand math are possible. Below are generaldiscussion
guestionsaswell assuggestedctiities pertainingto varioussubjects.Referencesreprovided
for obtainingmoreinformation.

ASTRONOMY
TAKING THE TEMPERATURE OF A STAR

While starsgenerallylook whitish, a more carefulexaminationrevealsthat someof themarere-
dishwhile othersarebluish. Thisis dueto their differing surfacetemperaturesStarson the “main
sequencetangefrom hot, blue stars(high mass)to cooler red stars(lower mass).Astronomers
plot thesevalueson a Hertzsprung-Russe{HR) diagram.Oneeasy-to-spoéxampleof ared star



is Betelgeusen the constellationOrion. Theseconceptsarerelatedto thoseof blackbodyradia-
tion, listedunder‘Physics”below.

ScienceMuseumof Virginia: “How Hot is that Star?”
http://www.smv. or g/ ji ms/unit .h tm

Universityof Colorado,Boulder: “Physics2000”
http://www.colo ra do.e du/ physic s/ 2000/ in dex. pl

EXPLORING THE UNIVERSE IN DIFFERENT WAVELENGTHS

Until recently astronomersouldonly explorethe nightsky usingtheir eyesandtelescopedjmit-
ing their vision to the “visible spectruni. New technologiesllow themto explore usingall parts
of theelectromagnetispectrumfrequentlyby placingtelescopeabove the earths atmospheren
orbit.

HubbleSpaceTelescope
http://www.stsc i. edu/

SpacdnfraredTelescopd-acility
http://sirtf.jp I. nasa.go v/

Chandrax-ray Obsenatory
http://xanth.ms fc .n asa.g ov/x ray/ axafp s. ht ml

ComptonGammaRay Obsenatory
http://cossc.gs fc .n asa.g ov/

Exploratorium:“*Spectrafrom Space”
http://www.expl or at or ium .e du/s pectr a_from _space/

Centerfor ScienceEducation:“Light Tour” of differentwavelengthof light
http://cse.ssl. berk el ey. edu/ li ght/l ig ht tour.html

BiOLOGY
CHLOROPHYLL, PHOTOSYNTHESIS, AND THE SUN

Photosynthesighe corversionof radiantenegy from sunlightto chemicalenegy in plants,works
on the sameprinciple asthe LEDs: a particularmaterial (the chlorphyll moleculein this case)
canabsorba certainamountof enegy of onekind andemitthatenepgy in anotherform. TheLED
takesin aparticularamountof enegy from anelectriccurrentandemitslight of aparticularenegy
(wavelength).The chlorophylltakesin a particularwavelengthfrom sunlightandcorvertsthatto



chemicalenegy. Thesunlightexcitesanelectronin the chlorophyll,andthenthe excited electron
canbe transferredo othermoleculesto stimulateparticularreactions.Eventually the plant can
usethis enepgy to corvert CO, andH,O to the sugarfor food.

Studentsanobsenre the electrontransferprocesgoxidation/reduction)ndirectly by addinga
suitabledye to chloroplastdrom plants. As the chlorophyllabsorbdight, electronsare excited.
Thedyeactsasanacceptofor theelectronfrom thechlorophyll;thedyeis reducedandthechloro-
phyll is oxidized.DCPIPis agooddyefor this, becausd is bluein its oxidizedstateandcolorless
whenit is reduced.Thus,studentscanobsene the color changein the dye, which indicatesthat
the first stepin photosynthesigs occuring. This experimenttakesa fair bit of preparationasit
involveshanestingthe chloroplasts- oftenfrom spinach(usinga blenderandsomechemicaldor
extraction).

A descriptionof this lab is givenin: Dean,R. L. The American Biology Teacher, 58, 303—6
(1996)

RODS AND CONES IN THE EYE

We canseebecausef cells calledrods andcones. Whenlight hits the eye, it travelsthroughthe
pupil to theretina,wherethe conesandrodsarelocated.In thesecells, thelight causes chemical
reactionwhich translateghe light into a messagéor your brain. Therod cells containrhodopsin
andtheconecellscontainretinal. Theretinalmoleculesabsorlight of particularfrequenciegred,
greenor blue)andthenreleasecorrespondingmountsof enegy whichis corvertedto anelectri-
cal signalin the brain. Soin a sensethey work in the oppositedirectionfrom the LEDs. Because
conecellsaresensitve to only threecolors,thesearethe primary colorsof light, which arenotthe
sameasthe primarycolorsof pigments.

The TechMuseumof Innovationin SanJose
http://www.thet ech. or g/le xhib it s_events/online/ colo riv is io n/

The HowardHughesMedicalInstitute
http://www.hhmi .org/s enses/b /b 110.h tm

Red,greenandblue color-mixing applet
http://www.phy. nt nu.e du. tw/~ hwang/i mage/r gbCol or .h tml

CHEMISTRY
FIREWORKS! (FLAME TESTS)

Flametestsareusedto identify ionsin a salt(sodiumin tablesalt, potassiurin potassiuniodide,
etc). Theflamecolorindicategheenepgy givenoff by anexcitedelectronasit returnsto its ground
state.(The heatfrom the flameexcitesthe electroninitially.) The studentsanrelatethe color of

theflameto theatomicstructurej.e. why would it take more(less)enegy to excite anelectronin

oneatomor another?
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Therearemary waysto do a flametest;the easiests to just puta moundof saltonadish,add
methanolandlight! (Methanolis a poison;do notingest.) Somesaltsto try: NaCl (yellow), KCI
(violet), BaCl, (green-yellav), SrCl, (red).

Therearemary referenceswvailablein the Journal of Chemical Education.

ABSORPTION SPECTRA OF CONJUGATED DYES

A dye canbe thoughtof asa box of a certainsizein which an electroncan move. The size of
the “box” determinedhe enegy of the highest-enagy electrons(the onesthat are moving): the
smallerthebox, the highertheenegy. We canthink of this astakinga givenwave andsqueezingt
into asmalleror biggerbox: thewave in thesmallerbox hasa higherfrequeng andhenceahigher
enegy. Theelectronsarebehaing like wavesasthey move aroundthe box. The color of thedye
is the combinationof wavelengthan white light not absorbedy the dye, sothe color seenis the
conjugateof the color of light absorbedy thedye. Studentsanrelatethe sizeof a dye molecule
to its color andthe color it is absorbing.(Molecularstructurecanbe obtainedfrom the chemical
supplier)

Thestandardeferencdor thisexperimenis Shoemakr, D. P, C.W. GarlandandJ.W. Nibler,
Experimentsin Physical Chemistry. New York: McGraw-Hill (1996).

Anotherversionon theweb,from the University of Nebraska-Lincoln:
http://www.chem  .u nl .e du/ chem484/ conjd ye/

MATH
GRAPHING

In preparinghegraphof enegy vs. frequeng, studentshouldbeableto recognizehey = mxz+b
form, whereb = 0 in themodelwe areusing. Somegoodquestiongo raiseinclude:

e Findingabestfit line (by eye usinggraphpaperwith agraphingcalculatoyoronacomputer)
to relatefrequeng to enepy.

Discussingvhatunitsthe slopeof the equationhas.

Thinking aboutwhy theinterceptof theline might or might notbe at the origin.

Talking aboutexperimentalerror, scatterof points, andthe comparisonof a group’s data
pointto the plot for theentireclass.

Whereextrapolations/interpolationsrevalid.

TRIGONOMETRY

The waves of light take on sinusoidalforms, providing mary connectiondo frequeng, period,
wavelength,andevenphase.

11



Applet shaving electricandmagneticcomponent®f light assinusoids
http://www.phy. nt nu.e du. tw/~ hwang/e mvave/ emWawe. ht mi

PHYSICS

Many connectionsarepossible:voltagerulesin circuits, electromagnetispectrumplackbodyra-
diation,enepy levels,spectralines, color mixing, diffraction,wave-particleduality, photoelectric
effect, semiconductorsgtc. In fact, muchof twentieth-centunyphysicsasbeeninvolvedwith the
conceptgaisedhere!

For acollege-sophomortevel physicstextbookswhich coversmostof the physicstopicsmen-
tionedabove,referto: R. A. Servay, C.J.Moses,C. A. Moyer. Modern Physics. Saunder€ollege
Publishing(1998).

Red,greenandblue color-mixing applet
http://www.phy. nt nu.e du. tw/” hwang/i mage/r gbCol or .h tml

Applet shaving electricandmagneticcomponent®sf light
http://www.phy. nt nu.e du. tw/~ hwang/e mvave/ emWawe. ht mi

University of Colorado,Boulder:“Physics2000”
http://www.colo ra do.e du/ physic s/ 2000/ in dex. pl

Onepossibleextensionof the lab exercisefor older studentsvould be to have themresearch
andpresensomeof the biology, chemistry andastronomyconnectiondasedon their knowledge
of physics.

TECHNOLOGY

Studentscanbrainstormwaysin which LED techonolgyis foundin everydaydevices: computer
indicatorlights, on/off onstereossomenew flashlights etc. Efficiency of devicescanbediscussed
via thedifferencebetweern_EDs andincandescentghtbulbs. If the studentassemblehecircuits
themseles,solderingskills andtheinterpretatiorof schematiaiagramsareinvolved.

David Macaulays The Way Things Work or The New Way Things Work Containsinformation
on mary deviceswhich make useof theseconceptsin afun andpictoralformat.

LED Museum
http://ledmuseu m.homeat t. net/
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