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1 Intro duction

In 1978, a Foucault pendulum was installed in the Administration Building, now called
Grawemeyer Hall, at the University of Louisville as a simple demonstration of the Earth's
rotation.

The pendulum is supported from an iron structure spanninga skylight at the top of the
domeof this Je ersonian-style building. A largebrassbob is suspgendedjust above the lowest
o or, approximately 80 feet below. The pendulum swingsfreely with a measuredperiod of
9:4 0:05secondsgcorrespnding to a length of 220 meters (72 feet) for a ideal pendulum.
The actual length is thought to be slightly greater (22:4 meters) but the radius of swing
of this pendulum is not uniform aswill be explainedlater. The plane of the swing slovly
rotates, taking 38:7 hoursto completeoneturn. This motion is a consequencef the Earth's
rotation, for indeed if we were at the Earth's North Pole looking down on the pendulum
then it would appear to rotate clockwise once ewery siderealday (23 hours 56 minutes),
the time it take for the Earth to rotate once comparedto distant stars. At the pole, the
plane of swing would be xed asthe Earth rotated counterclockwise around it. At other
latitudes the motion is more complex,and the pendulum's plane would not changeif it were
at the equator. One way to think about it is that the Earth's surfaceis moving under the
pendulum, with points closerto the equator moving faster that points closerto the pole.
In generalthe period is given by 24=sin(latitude). The samee ect is responsible for the
circulation that makeshurricanesor tornados.

This report was written to recordthe history of the pendulum, to documen the details
of its construction, and to provide instructions for its cortinued maintenance.

2 History of the Foucault pendulum pro ject

The Administration Building was completely renovated in 1977. In the early days of the
University of Louisville on Belknap campus, this building had been pressedinto service
beyond its plannedfunctions and many interior changeshad beenmade. As recerly asthe
1960'sthe ground o or remainedpartitioned into o ces for the Bursar and Registrar, and
the fact that the o or above had beenopen was long forgotten. During the presidencyof
Dr. JamesGrier Miller, the building wasrestoredto its original appearanceinside aswell as
outside. The rst o or wasreopenedin the certer sothat one could look from the ground
o or to the top of the domein the rotunda. The original terrazzo o or that had beenhidden
under tile wasrevealedto shov a stone compassrosereplicating the iron work in the dome
above.

In mid-1977, Mr. John M. Houdens, former Registrar, who had an interest in the
Foucault pendulum, proposedto Dr. John A. Dillon, Jr., Vice Presiden for Academic
A airs and a Professorof Physics, that it would be an interesting and educational feature



Figure 1: Grawemeyer Hall in 2005

Figure 2: Compassrosein the lower level o or of Grawemeyer Hall.



Figure 3: Graweme\er Hall dome skylight. This composite image shows the skylight detail
aswell asthe interior of the dome.

to add to the building, and that it t naturally with the new open spaceand compassrose
pattern. Dr. Dillon enthusiastically agreed,and he arrangedfor funding from a combination

of private donations and restricted University funds. Someconsiderationwas given initially

to having the pendulum constructedby an outside rm, but it wasrealizedthat the expense
would probably exceedthe funds available. Dr. Dillon enlisted a group of personsfrom
within the University whoseknowledgeand skills would enablethem to make and install a
Foucault pendulum, together with its drive and cortrols.

The design which was adopted is similar to one used by the California Acadeny of
Scienceshut the details were deweloped independertly here. A pendulum bob was designed
and madined by Dr. Walter L. Moore, who had retired asa Professorof Mathematics a few
yearsearlier and wasthen an Instrument Maker in the PhysicsShop. Mr. Verne Baxter and
Dr. Sanuel Bell from the Department of Electrical Engineeringdeweloped the circuitry and
sensingapparatus neededto maintain the steady swing of the pendulum by cortrolling a
magneticdrive medanism. Mr. John Takeudi, Director of Facilities Managemenm, designed
for the portions which would be on public display. Dr. RogerMills, a Professorof Physics
alsoservingin the O ce of AcademicA airs, coordinated the working group and designed
the drive magnetand the pendulum support.

Plans for modi cation of the structural iron work supporting the dometo accommalate
the pendulum mount were preparedby a licensedengineerin the rm of Senler-Camplell
and Assciates. The construction work was performed by a crew from Steel Fabricators,
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Inc. (SFI), a Louisville rm. They performedthe welding for the mount platform, and after
additional macining by Dr. Moore, the platform wasraisedinto position and installed some
72 feet above the ground o or level by their crew.

The pendulum bob and its ttings were madined by Dr. Moore from a single brass
casting, madein a local foundry from a pattern designedand preparedby Dr. Moore. The
weight of the casting was not accurately determined, but it was estimatedto be between
170and 1801b. A small cranethat had beenbuilt to install a telescop at the University's
obsenatory (aptly now namedin honor of Dr. Moore) enabledworking with the casting
in the lathe. He built a unique deviceto generatethe sphericalshape by pivoting the tool
about a point under the certer of the sphereasthe brassturned in the lathe. After the last
ne cuts were made with the tool, the bob was nished and polishedby hand. The crane
was usedto move the nished bob into position in the Administration Building.

The pendulumwashungin the Springof 1978by Dr. Moore, Dr. Mills, and two studerts,
Cyril Meyer and David Mattingly, from the Electrical EngineeringDepartmert. They were
also involved in researb projects for Master of Engineeringthesesrelating to the sensing
and drive electronics.

Sinceair resistancecausesthe swinging pendulum to loseenergy it comesto a stop in
about two hours after it is started at full amplitude. To overcomethis tendency at eat
swing, a drive magnetimparts a small impulseto make up for the energylost. The magnetis
activated by a pulseof electrical currernt cortrolled by electroniccircuits connectedio sensors
to determine the momen when the pendulum bob has readed the certer of its swing. In
the rst yearsin which the pendulum was installed, the sensingdevicewas located at o or
level in the light ring. This feature also has 360red light emitting diodesin its top surface
which were used as indicators of the apparen precessionof the plane of oscillation of the
pendulum. The sensingtself wasdoneusingoneof two light beamsnearthe o or which were
interrupted asthe tip of the pendulum passedthrough them. The design,installation, and
maintenanceof the electronic componerts which sensedhe interruption of the light beam
and initiated the current pulseto the magnetwas done under the supervision of Mr.Baxter
and Dr. Bell. They worked rst with Electrical Engineeringstuderts Mr. Mattingly and
Mr. Meyer, and later with Ms. ShayestehKhosravi-Kamrani. The nal \rst generation”
designwas basedon courting the interruptions of the light beamto regulate the position
of the activated red light and of the active sensinglight beam. Experienceshoved that the
ewverts becameunsyndironized after seweral days had passed,and it was necessaryto reset
the systemmanually every few days of operation.

The original conceptwas to mark the progressionof the pendulum with an LED, and
the designof an attractiv e light ring to hold them wasthe work of Mr. Takeudi. The metal
parts for the ring were madeby Dr. Moore, and nish work with its wooden trim was done
by Mr. Lee Tucdker, a master carperter in the Physical Plant Departmert. A bridge at the
northward side of the ring wasincluded sothat the ourish in the designof the compassose
would not be obscured.In use,unfortunately, the electronicscould not trigger ead red LED
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accurately and the ring display only approximated the position of the pendulum. precision
that would be neededto switch eat of the 360lights.

In late 1988and early 1989,a group from the Physics Departmert, Mr. CharlesCowan,
Electronics Tednician, Mr. Ron Smith, Instrument Maker, and Dr. Mills, redesignedthe
sensingdevice. The original LED display wasabandonedin favor of a simpler setof medan-
ical pins that visitors could reset,and the new electronicsand sensorsverelocated with the
pendulum mourt at the top of the dome. Sinceit remainsin operation now, 17 yearslater,
it is descriked more fully below. With this systemthe pendulum will run for months with
no needfor maintenance. Casual obseners easily seethe motion of the plane of oscillation
when plastic pins, set upright every ten degreesare knocked over as the pendulum moves
pastthem. Visitors often resetthe pins themsehes,or someonevorking in the building takes
the responsibility of \k eepingthe Earth rotating."

3 Description of the Pendulum

The pendulum bob is composedof seeral brasspieces,all made from the original casting.
These can be disasserhled to accessthe ttings which capture the aircraft cortrol cable
usedto support the bob in its swing. The radius of the certral portion of the bobis 11.5cm
(4.5 in), and the two capsare appraximately frustrums of cones12 cm (4.7 in) high, and
with greaterand lesserradii of 3.0cm (1.2in) and 2.5cm (1.0in), respectively. The spindle
is cylindrical, with height 7 cm (2.7 in) and radius 1 cm (0.4 in). The massof the asserbled
bob is not preciselyknown, but we estimate it basedon its density and dimensionsto be
59 kg (a weight of 1301b). The statemert madein the lea et available in March 1990at
the pendulum site lists the weight of the bob as178Ib. This is comparableto the weight
of the original casting beforemadining. The susgensioncable, standard 1/8-inch diameter
aircraft cortrol cable,wastestedfor load capacity in the Civil EngineeringDepartmert and
found to be capableof sustaininga weigh of over 1200!lb,thus guararteeingan ample safet
margin. Over the 27 year life of the pendulum at this time, there has beenno obsenable
sign of cablewear.

The componerts of the mournt are inaccessibleto the public, and with preset OSHA
regulationscanbe accessewnly by personalwith appropriate precautionsfor working above
the dome framework. The photographsshonvn here date from the installation.

The structural members painted red are portions of the main framework supporting the
dome. The white panelsat the bottom are translucert panelsof frosted glassor of plastic
which are set into the iron straps which are bolted to the support menbers to form the
framework seenfrom belon as the compassrose. The pendulum platform itself rests on
supports attached to the structural menbers. The platform is held in place by its weight,
and is not rigidly attached to the structural members. The platform in fact restson Te on
discs on bradkets, and the position of the platform can be adjusted along two mutually



Figure 4: The Foucault pendulum bob.

Figure 5: The support framework shaving the drive magnet.



Figure 6: The support shaving the lensesand lamps usedto trigger the magnet.

Figure 7: Detail of the illuminator.



Figure 8: Coincidencedetection circuit box.

perpendicular directions so that the asserbly can be certered relative to the compassrose
in the terrazzobelov. Movemernt of the platform is accomplishedby turning bolts mourted
in the bradkets, and which bearon the platform edge.One of thesebolts is visible, somewhat
out of focus, asthe white object near the middle right-hand edgeof the gure.

A blackenedcylinder appearsbelown the platform and senesboth to obscureoverhead
light from the hole within which the pendulum cable moves, and to locate the sensorsfor
the light beamusedto determinethe momerts at which the cable passeghrough the certer
of the swing. Two sud beamspassthrough holesin the cylinder to photodetectorsin the
far side of the cylinder. A wire leading from one of thesedetectorscan be seennext to the
left side of the cylinder. The light sourcesare mounted sothat they project beamsat right
angles. One of the mourts for the sourcesis seennext to the wooden block at the lower
left of the picture. The cylindrical object at the certer of the gure is the drive magnet.
It is held against the platform by Z-shaped braces,and it can be certered independerily
of the platform by the adjustmert of the setscrewsn the Z-braces. A hollow rod to which
is attached an iron disc surroundsthe cable. It swingswithin the magnetand couplesthe
support cableto the magnetic pulsesof the drive.

The cableitself passeghrough a brassbushing (cut from the original casting) and then
through a secondbrass tting (alsofrom the casting) whereit passeghrough an shaped hole
and is seizedby setscrews.The holein the bushingis wherethe bendingof the cableoccurs.
In order to avoid stressingthe cable at a particular point which could result in fatigue or



breaking of the cable, the inside of the bushingis ared toward the bottom, appraximating
an ewlute to the surfacetraced out by the pendulum bob. The bending of the wire asthe
pendulum swingsthen is distributed over approximately oneinch of the cable, resulting, as
noted earlier, in a shortening of the radius of the swing by about an inch from the certer to
the maximum of the swing. (The action of the magnetalsocausesa momenary displacemen
of the certer of the swing, also a slight divergencefrom the description of an ideal simple
pendulum.) The nal tting is held rmly in placeby the weigh of the pendulum bob. It
doesnot move at all relative to the platform (or to the building itself). The only moving
part in the whole assenbly is the pendulum itself. The magnet power supply rests on the
platform near the magnet, to the left. At the right, one can seethe power supply for the
electronicswhich respond to the light sensorscortrolling the actuation of the magnet. A
third component box, not visible in this photograph, contains the coincidencecircuits and
the adjustmert cortrols.

The magnetis cylindrical in con guration sothat the swingis not biasedin any particular
direction. It was carefully madcined and wound by Dr. Mooreto achieve this con guration.
The circuitry triggers at the certer of a swing and then actuatesthe magnetnear the end of
its swing sothat it attracts the disc near the top of the cable. The timing of the electrical
current pulsewhich actuatesthe magnetis cortrolled by the optical sensors.

The second-generatiorsensingassermdly consistsof two beamsof light oriented to cross
at the certer of the swing of the pendulum. In cortrast to the old designin which only one
beamwas active at a time, both of the beamsare always on. This eliminatesthe needtoo
switch from oneto the other. The evert which initiates the currernt pulse occurswhen both
beamsare simultaneously interrupted. Even when the plane of oscillation happensto be
parallel to oneof the beams,this simultaneousewert can occur only wherethe beamscross.
The fact of the simultaneouseert is detectedwhen signalsfrom light sensitie componerts
combine in a coincidencecircuit. The successfubetection activates a timing circuit which
then pulsesthe magnet. In essencethe timing is resetat the middle of ead swing, and there
is no accurulated error. The circuits are normally poweredfor twerty-four hours ead day.
If the pendulumis interrupted in its swing by a viewer, or if there is a power failure, there
may be a needto restart the pendulum swing, for the pendulum's drive magnetis e ective
only if the pendulumis swingingat or near full amplitude. On any of the lower o ors, a light
click shouldbe heard nearthe end of ead swing. This is dueto the iron disc beingdrawn up
into the slotted magnet, and it is a sureindicator that the magnetis functioning correctly.
If the clicks are not heard, or if they are heard only when the pendulum is swingingto one
side, the pendulum will needattention. A full swingis easily noticed, for it will carry the
bob over the light ring on the ground o or by about six inches. As stated, if the swing is
reducedin somemannersothat the bob doesnot read the light ring, it will probably need
to be boostedfor the magnetto again becomee ective.



Figure 9: The pendulumin motion.
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4 Main tenance of the Pendulum

Medanical maintenance of the parts of the pendulum will ordinarily be minimal. These
consistof two typesof problems: starting the pendulum, and alignmert. Therewill, of course
be a needto resetthe plastic pins on a daily basis,but that task requiresno instructions.

It may becomenecessaryto restart the pendulumiif it should be disturbed by touching,
or if the power to the magnetis turned o long enoughfor the pendulum's amplitude to be
damped to the point wherethe magnetcan no longer be e ective. Boosting the pendulum
swing is easily done by a short gertle push againstthe cortrol cable toward the certer of
the compassrose. Once full amplitude (enoughto swing the bob four to six inchesover the
light ring) is readed, the position of the bob at the bottom of ead swing, badk and forth,
shouldbe obsened. If the position relative to a point at the certer of the compassoseis the
same,the motion is planar, and no further correction is needed.If the position shifts from
the swing away from the obsener to the swing towards the obser,the bob is ellipsing, and
the sidewisecomponert should be damped out. This is also easily done. Obsene whether
the lowest position of the bob shifts on the swing away to the right or to the left. Lightly
the left or right side of the cableuntil the shift no longerappears,or at leastis reducedto a
small fraction of an inch. Someellipsing may recur naturally asthe pendulum bob swings,
but this will be small and is not of importance. Any sidewisemotion of the cable at the
bushingin the mount alsotendsto reduceellipsing, sothe natural tendencyis for the swing
to be nearly planar.

4.1 Alignmen t of the Pendulum Assembly

Once aligned, the major assemly itself should be secure(barring a deliberate attempt to
dislodge the platform) against almost anything short of an earthquake. If there should be
someconcernabout the fact that the platform is held in place only by its own weigh, the
addition of clampsto secureit could be easilydone. Howeer, should the improbable occur,
the following instructions for realignmen should be adequate.

There are two medanical adjustmerts which must be made. The rst is aesthetic,
certering the swing over the lower compassrose. With the pendulum bob hanging at rest,
the bolts cortacting the edgeof the platform should be adjusted sothat the bob is certered
over the pattern onceagain. Note that this adjustmert hasnot neededcorrectionduring the
rst dozenyearsof operation of the pendulum. The secondmedanical adjustmert is more
important. In order that the magnet can best sere its purpose,it is necessaryto adjust
its position sothat it will give maximum boost on ea end of the swing. Thus the magnet
shouldbe alignedsothat its certer coincideswith the certer of the swing. In orderto do this
the pendulum should be started so that its amplitude is just enoughto causethe magnet
to catch the iron disc on either side of the swing. This can be doneat the o or level or at
the platform level. The side of the magnetwherethe magnetdoesnot catch the discis then
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too far from the certer, and it should be moved toward the certer by looseningthe upper
setscrewsn the Z-piecesand adjusting the setscrewsn the legs. The procedureshould be
repeateduntil the discis caugh by the magnetequally well on either end of the swing. The
sameprocedure should then be applied after the plane of swing has beenchangedto one
which is perpendicularto the rst plane. Oncedone,the setting in the original plane should
be cheked oncemoreto assurethat the secondadjustmert (if any) did not disturb the rst

one. Securingthe magnetin position with the upper setscrewsshould guard the magnet's
position againstany further shifts.

4.2 Alignmen t of the Sensing System

Sincethe sensingsystemis mounted at the platform level, the alignmert must be done at
that position. Piecesof plywood which will t overthe iron work are storedin the upper part
of the domenearthe platform, and should be placedin position to assuresafefooting when
doing any work at this level. Care should be taken in handling the plywood pieces. The
inner dome itself consistsof a thin shell of plaster, and can be easily penetrated. Further,
the plates of glassin the compassroseframe are not tempered, and break easily

The sensingsystemis composedof two light sources,two detectors, and an electronic
circuit which triggers a pulsewhenboth light detectorssimultaneouslyreceive no light. Two
dummy sourcesare also presen only to presene the symmetry of the pattern when seen
from the o or below. The light sourcesinclude a high intensity light bulb mournted in a
holder placed before a focusing lens. The resulting beam is oriented so that it erters the
blackenedcylinder below the platform through a oneinch hole and proceedshrough, unless
obstructed, to a photodetector mournted on the opposite side of the cylinder. Sincethe bulbs
are not built to strict uniform speci cations, the variance of the position of the lament is
accommalated by mourting the bulb holder on gimbals. The light sourceitself is clamped
to oneof the curved piecesof iron forming the upper compassrose,and can be shifted from
sideto sideif needbe. The focusinglenscan be adjusted badk and forth beforethe bulb so
that the beamis focusedon the cablewhenit is in the certer of its swing. Working sketches
of the mount details were preparedby Mr. Ron Smith and are included in the Appendix.

There is a triangular con guration of LED's on the coincidenceelectronicsbox. When
the beamsare unobstructed, the LEDs are o. When the left hand beam, the one from
the sourceshownn in gure above is obstructed, the LED labeled\1" lights. When the right
hand beamis obstructed, the LED labeled\2" lights. When both beamsare simultaneously
obstructed, all three LEDs will light. The light bulbs have an averagerated life of 3000hours
when operated with 0.20A at 14 V. In theselight sources,the bulbs are operatedat 11V
to extend the lifetime of the bulbs. It is estimatedthat at this level of use,the lifetime will
be about 10,000hours. When rst installed, the bulbs operated for about 400 days (9600
hours) beforean interruption in serviceoccurred which madeit necessarnto changethem.

Alignment of the light sourcesconsistsof placing the light bulb in the holder, and focusing
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the beamon the cable. A pieceof rubber tubing hasbeenattachedto the cableat the level
of the beamto make the focusinglesscritical, but this should still be donewith somecare
sothat there will be maximum occlusionof the beamwhenthe cableswingsthrough it. The
bulb should be maneuwered in the mounting so that the trigger LED which is asseiated
with it is extinguishedwhenthe pendulum's cableis away from the certer position. Except
for assuringthat the beamsare as nearly perpendicular as possible,the two beamscan be
focusedand alignedindependerily of ead other. The coincidenceevert which initiates the
timing of the pulse of current to actuate the magnet occurs when the cable obstructs both
beamsat the certer of the swing, regardlessof the orientation of the plane of oscillation.

5 Afterthough ts

Aside from resetting the pins daily, the University of Louisville Foucault pendulum requires
little maintenance. If the swing should be disturbed, the pendulum is easily restarted. If
upon restarting, it is not possibleto hear the distinctive click near the end of ead swing
causedwhen the magnet seizeghe disc, one should rst ched to seethat the power to the
magnetis on. If the power is on, and the clicks are still not audible, it is necessaryto ched
the functioning of the light bulbs which provide the sensingbeams. If one of theseis burned
out, it can be replacedfollowing the procedurestated above. Sincethe cost of the bulbs is
nominal, it would be sensibleto replaceboth when either burns out sincethe remaining one
will probably go beforemuch more time has passed.It might be just aswell to replacethe
bulbs on a regular sthedule,perhapsyearly. It may be desirableto polish the pendulumbob
when there are occasionsof ceremoty in the building.

13



6 App endix: Electronics

The accompaning hand-dravn schematicsshav the second-generatiortircuitry for driving
the pendulum.

There are two light beamswhich crossat 90 at the certer of the pendulum's swing. For
eat beamthere is an incandescenlamp and a matching phototransistor sensor. The light
beamsare establishedby two lenses.The mounts for the lensesand lamps provide enough
adjustmert that the lamps are focusedto intersect on the cable at the certer of its swing.
Drawings for the lens mourts are shown in the next section. A lamp and lens mourt is
visible in the photographsabove.

The circuits for ead lamp-diode pair are idertical, and labeled on the schematic as
BEAM1 and BEAM2. The GE 1487 lamps are 13 V rated but operated at 11 V for a
longerlifetime. The phototransistorsare TIL414 which cortrol the input of an LM339 quad
operational ampli er. The voltageat the outputs of the op-ampsis either 0 or +V depending
on the illumination of the phototransistor. Theseoutputs are labeledas\1" and\2" on the
coincidenceboard sthematic. Diagnostic LED's turn on when either beamis blocked by the
pendulum cable.

A CD4011quad nand gate provides coincidencedetection for the state whenboth beams
are blocked. The outputs \1" and \2" of the op-ampsare input to the rst nand gate and
the secondnand is usedsimply to invert that state. Another diagnosticLED turns on when
both beamsare broken in coincidence. The coincidencedetection pulse at \3" triggers a
delay circuit.

The delay circuit board uses3 sectionsof a CD4050hex non-inverting bu er to shape the
coincidencepulse. The output of this bu er isa 0to +5 volt pulseat 4 on the delay circuit
board sthematic. The bu ered coincidencepulse triggers a delay timer basedon a 74121
monostablemultivibrator. Following this delay, another 74121determinesthe duration of
the magnetpower pulse. The conbination of the two timers createsano -on-o +5 V TTL
pulse that cortrols the magnet power supply. A diagnostic LED turns on wheneer the
remote magnet power supply is turned on.

Current for the magnetis derived from a Lambda LRS-52-12power supply. The current
is cortrolled by a TTL remoteon/o feature of this supply. SK9097diodesin the output of
the supply are usedto cortrol ringing. The 33mH, 1.6 , magnetcoil is connecteddirectly
to the supply as shavn on the schematic.

The coincidenceand delay boards are mounted in a box with the LED's on the front
panel.

The magnetis a stationary coil wound inside a split cylindrical soft iron caseshowvn in
SectionAA on the sketch in the appendedmedanical drawings. The bore of the magnetis
a conethrough which the pendulum support wire hangs. There is an iron disk attached to
this wire. The disk is pulled into the iron magnetwheneer the coil is actuated. Details of
the coil are not available, but its resistanceand inductance are noted on the sdhematic.
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7 App endix: Mechanical Drawings
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