An Astronomical Skeleton Clock

Where we standafter six and onehalf years of construction
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Overview

In August of 2007 th&lAWCC Bulletin published the first articlen a complexastronomical skeletotiock
commissiond by the author anteingbuilt by Buchanan of Chelmsfordyustralia® At thattime a detailed

full size wood mockup was completedandthat t i cl e covered the proposed
specifications and functions as depicted through the mockup. Avfaloarticle was published in April

2011 marking roughhthe halfway point in the constructioft that timethe fourmovementrains with

muchof t he Obet ween t he pl aThesse é¢hetimexelestiatbasicquarterand e ¢
hour strike trains.

As of July 2015we are a decade on since the initial design and moakdgix and onehalf years into
constructionRight after the April 201Bulletin article there was a hiatus of two years during which time
Buchanan hadhoved his shop taew quarterandtaken on an intricateestoration project ofrether
complex atronomical clok which was also the subject of a three part series iBalietin.2 Construction
recommenced in the middle of 201%&stimate completion sometime in 2018this third segment | will
cover what has been accomplisisice the 201Bulletin article The entire left hand side of the dial
complication work is complete as well as what is represented by the small dial below the large tellurian ring
on the right the strike selectqi(Figure 1 prior page. The dial workis comprisel of athird-order, reversible
perpetal calendar. An equation of time asidereal timgunctions that areverlaidby the mean solar time
dial work allowing one to see the difference Wween all three types of time simultaneouglysmall world
time dial as well as the strike selector representing completion of the quarter repeat on dédnanden
Sonnerieas well asilencing.

At this pointonemi g ht as k, AWhy 6 sl two sl d akiimgctsot henmgeé&ad
for a full explanation of the complexities and mechanical innovations of this. aleck briefly we are

creatinga machine that will have nearly 10,000 parts; including about 400 wheels, four remahtal
Harrisongrasshopper escapements, compound and epicyabieaimpr fly fans andepending on how one
counts, about fortgomplications®

I knew we could not cr skdetoelock, either in the Nurdb@rsof commplecatoonc 0 mp
or components. That was beyond the scope of this endeavor, aléwxaigting institutional public and

church clockswe will probably be within the top twenty or so matet is small enough to fit comfortably

within a domestic settindly ambition isto createone ofthe morevisually fascinating clock | will createa
machine that will immediately grab the viewer, hold him and not leTgere have been many clocks made

with a variety of visually interesting features, especially those employing ataancomplex musical

apparatus. This creation focuses on the visual display of an overwhelmitggsting geared mechani$m

a ffgeardeliphe@uWrd sdpproach to every aspEBavtcanavé makethiss
part or mechanicalystem both beautiful and fascinating to the viév@his is done through the use of

multiple, complicated movingomponents that are actuatedreguent andn one casenpredictable ways.

The other and no less compelling feature will be the beadfsign and hand craftéshovative
workmanshipcreated by the Buchanan finvhich | think the reader will see, s2cond to nonéVe have

also included a bit of whimsy.here is a forest of wheeWithin an organic ivy themagpper frame

structure. And whiais a forest without animals? So we have birds to inhabit the trees as well gsanthier
depictinganimal analog within the structure of the machirfnd finally the enormity of uniquely designed



components will draw the viewer in through a journeyt®fmany layers of mechanical discoverpave

borrowed liberally from thelesigns of the past masters of the horological arts, Tompion, Breguet, Janvier,
Harrison,Schwilgue FasoldtLeCoultre,and otherst can only hope thato theyh
looking down at this creation with a smikideo link: https://www.youtube.com/watch?v=I\WdSOxCMM

Before | begin to describe what has transpired since the last time the clockatvasd irthe April

2011Bulletin, | want to address what often castie the mind of people who see this machine, especially

those who work in the field of clodbrication,maintenance nd r epai r . MHow iethet 0 t he
world does onenaintainlet alonef i x t hi s t hing?o

Maintenance

An important goal we had in this project was to make this machine as trouble free and serviceable as one
could accomplish given its enormous complexiigrological history is littered with exceptional clocks that
became unserviceable years after their creadiosultimatelylost. A clock that does not work, unless
recognized in time ashistorically significant artifagteventually will be regardedith neglect, contempt

and ultimately destructioi.he first area Wwere we address this problem is in the pivotss complex

machine of nearly 400 wheels and 900 pivots will rurfreg? Qil is the number one reason why clocks fail.
Oil eventually breaks down, dries out and is an attractant for contamination tretceiérate pivot wear.

As Breguet is reputed to have said, AGi veehane t he
chosen fulball and ball raceeramic bearings wherever ball bearing pivots are called for. Unlike metal
bearings these gaiire no oil whatsoever and are aisomune to corrosionThey are used whever we have
heavy loading othere aregotational speeds in excess of once per lnowhere the configuration of the

pivot would make the use of a jewel impractiddie most comnon areas of the last example would be
bearings in excess of 5 mm in diameter or where there is the need for nested Healtingeamicbearing
werefairly rareand expensivevhenthe project was first conceiveid 2003, but fortunately haugecome

widely availablein time to fulfill this important criterionThe remaining50 pivots that are lightly loaded

and have rotational speedfless than once per hour will run in dry jewel beariAgss ideais not so

radical; Jaeger LeCoudt has used this den in their Atmos clocks for decad&8®hy not use ceramic

bearings in all pivots? The reason is that real jewels simply look beaSuie of the jewels atarge up

to 5mm,and the play of light from a jewel bearing is quite-egéching.All of the ceramic bearings will

have a simulated jewel end cagld by three screws around the perimsteas to keep them virtually dust
proofand give each one the look of a jeweled chatainr use of Harrisonbs gras
obviates the need for oil vehe it would be required in many other conventional escapeniérigsdesign

has no sliding surfaces. Furthermore,¢the mpound pendul ums run at half
second beah other words a two second beat, four second cyties results in all of theéime train
comporentsrunningat half speedagain a nod to the Atmagay of achievingongevity between servicing

We also avoid corrosion by using stainless steel for all of the wheel anmother steel partahich will
not belater bluedIn those arbors that run in jewelbdarings we insert hardenstdel pivot points since
stainless is not a suitable material in this application.

| estimate hhatthe clock should be able to run successfwithout the need for servider at least 50 years.
That is, of course, barring unanticipated problems, and how many of those could there possibly be in a


https://www.youtube.com/watch?v=lWd-HSOxCMM

machine of this complexity??? But seriously we have tried in every way imaginable tengueeeifor this
very problemof complexity the oilfree nature of tle clock being an important example

Repair

But whathappens whethe movement has tbe disassebied whichat some point it mudie? If we were to
use conventional <c¢clock design, weshetwebnavhieh alothee or
wheels would be supported. This would make servicing very difficult because of the sheer number of wheels
and th& disparate sizeSimply aligning all of the arbors to get them to fit into the plate being lowered onto
them would le very difficult. Anyone who has serviced a thteen conventionathiming or musicatlock

knows this.Our solution is to use a base flat bed frame upon which the indivitmsgmentrains are

mounted, not unlike the common hybrid flat bed frame desigade popular in tower clocksthe

beginning of the twentietbentury. Basically the clock consists of four interconnected comporidwdirst
threearetheupper frame componentsnsisting othe time, quarter and hour, and the celestzhs

(Figures Zhrough5). Theyare all mounted on the lower flat bed frame containing the four going barrels and
associated power duration indioes, (Figure 6)
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Figure 2. Left hand module, théme train Figure 3. Right hamn module, thejuarter and hour strike trains



The time train has a dual Wagner gravity remontoire drivingoémelulums. Howeverthis train does not
encompasall of thetime train functios, (Figure 2). Tie escapement is locatedthin the centemoduk, the
celestial trainfor visual balancéFigures 4 an®). Since the time train employs a dual remontoire it requires
two fly governors. One is mounted directly abovettire train which is located on the left sector of the

clock, (Figure 2)and the dter is mounted above the strike train which is located in the right sector, (Figure
3). Both the quarter and hours trains are contained wttleione module. None of striker repeatontrol

work is shown here. Those parts as well asthkefly goverrors are spread thughout the front of the

clock. Due to the large number of parts it would have been impraiciikekp thenall within theconfines

of the stike train module. For esthetic reasaves located theseomponentsvhere they wouldhave themost
visual impact. All ofthe control levers;acks and fly governors alecated on the outside of the front frames
making their access as easy as possible without the necessity of removing any of the main train modules.

Figures 4 and 5 Center modu#, the celestial train and escapemevith Robin remontoire

The center traindrives the celestial functions. It alsmploys a Robin remontoire whicbntrols the release
for the timing ofall of the celestial complicatior®ntrolled bythis train® It also has the dual Harrison
escapements and is the most complex of the three train modules mounted te frenbas(Figures 4).’



Figure 6. Base frame with the four tranmain wheels Figure 7. The time train module is mountedtte base frame
The rexttwo photos demonstratbe modulaity of the clock designFirst the base frame containing the
main drive weight barrels along with the four stafevind indicators is shown, (Figure 6). Nekettime
train is mounted to thieft sde of thebase (Figure 7)

Figure 8. The strike train module is mounted to the base frankégure 9. The celestial train is mounted to the base frame

Next the strike train made is mounted to theght side of thebase Notice how the uppdrame pillar rises
smoothly from the existing pillar attached to the base frame. We use a lackimépature contained within

the frame structure to concebktway these frames are secuieeach other. The effect is a seamless look

with no visible fastning points (Figure 8) And thenthe center celestial train is addéBigure 9) Most of

the dial work has been removed for clarity. What is seen here is only half the number of final components.
These are -thepé ad lestOhwe e mp trains. A similar numbee is meededvta@compléte

strike and repeat work andh e e nt ihe dialwdrekhd hdcomponent heasc |l nefindes
complicationsIn this article we will examine theontrol assemblies for strike and repeat wahksidereal

and equation of time functionand perpetual calendakt this point Buchanan had commentédWe h a v e
created the Christmas tree, now we must hang the ornamBritg) on the ornaments!



Strike and repeat work

The firstcomponents after comyien of the basic strike drive trains, to be designed wedly control
governors. The various fly governors are a major visaaiponent in this project. Theye the parts that

have the greatest visual attraction when activated and if designed pralperat rest. This special attemtio
was demonstrated in the time tra@montoire governors. Those ultimately utilized a double fly assembly for
each of the two governods our own designFor the strike governors | borrowed a design | had seen
employal in a tower clock remontoire made by Charles Fasb&42 Fasoldt employed epicyclicgkaing

and rotating whip which was used to engage a detent at the end of the remontoire rec@lesdiehe did

this for visualappeal and to demonstrate meabal artistry there were so many easier and straightforward
ways to accomplish this job. | could see that Mr. Fasoldt was a man after my own heart.

We will use a pair of these and like the governors used for the time train remontoire they will be Inanded
that one will spin clockwise and the other anticlockwise

Epicycioid - N - 5

Figure 10.Di agram of Fasol dt 6s f Figurg blVEpiayatoi tracedoévehip tipn

The firstdiagrant | o s el y r e pgdesgme (Figudl)FAafaumblade tflydA, meshes with a wheel
that hasalong trainstoppiecewh at we ¢ adnd is aftdchee tovahéel, By deshingon the outside
of atoothed, centewhee| C, fixed totheframe pillar D. The whip and fly wheels are containeithin a
rotating cag€not shown)centered on the axis of the fixed wheel This desigronly allows for a small

length for the whip since it must be able to clear the winding squares on either side. The tip of the whip
traces arepicycloidspetal paternaround the perimeter of the fixed wheaslllustratedin Figure 11



Figure 12.Revised design using internally toothed wheel Figure 13.Hypocycloid trace of whip tip

Our revised desigaubstitutes an internally toothed whemi fhe conventional wheel fixed to the frame

pillar. The wheel with the whip meshes with the internal teeth and drives tHenfigagestill rotates on an
axiscem er ed on t he ,row shewh(Figuneel2 This shargeresslts in two advagea over
Fasoldtds original desi gn. ahymcyélaidmpatern, (Figureth® at t he
Compared to thepicycloidsdiagram the length of the whip is greatly increaaied visually this is

desirable The second is th&mployirg the internalvheelteethresults in the whip traveling in the opposite
rotational direction as the cage. This reducedatieng forces that come to bear when tbegerwhip stops

the fly governor assembly as opposed to the cage, whip and fly fanbdgsdimotating in the same

directonnAs an il l ustration, Buchanan drew the whip t
the fixed internal toothed wheel to show how much more whip tip is allpastthe winding squases. the
Fasoldd s o r i g ilmpaatticedhis £dnfiichcould never ocaince the hub holding the whip would be
located 18Bopposite of its current position

Figure 14.The two left and right hand strike train governors Figure 15. Side view showingariety of wheel styles



The completegbair of strikegovernors igusta bit more complex thaa conventionafly design!(Figure
14). Notice the variety of gear cuttingchniques employed here are bevel, internal, conventional external,
pinion and atchet wheel teeth all displed in just this one component, (Figure 15).

Figure 16.Quarter and hour fly governors with pair of bird analogue detent stops

The two fly governors are now mounted within the movement along with a pair of bird analdgg asrv
strike detents above each one, circled areas. TF
lowers a bit with each strike cycle until it intersects the path of the whip, stopping the train, (Figure 16).



For the rotating cagese chose to make theseseulpted sinuous design, rather than from flat stock. |
wanted to convey a feeling of speed and grace to what looks very much likéilooounovement The
cage pillars have yet to be decoratively turr{€tgure 173. Next the strike and repeat work control
assemblies were addressiaieo link:

Figures 18i 20. The steps in making the hour rack



Figures 21i 23. The stepsn making the quarter rack

Figures 18 through 28how the stepm the fabrication of the quarter and hour strike raEkst a paper

mockup is made to satisfy the criterion that must be met for a functioning comp@hguates 18 and 31

These inclde theareas where the gathering palletgst contact the rack to count the strike and raise the

rack, the rack pivot point and any areas that must be avoided to eliminate conflicts with existing component:
In addition there is a sector gear attachedhéodpposite side of the rack that meshék a fly governor.

These are needed as the racks are quite large and we wanted the release to be mediated so as to eliminate
sudden drop. But to be honest it was another excuse to include a pair of flyafangl thnhance the visual
entertainment when the strkes being O6set upb6 a few minutes befc
paper mockup is verified for accuracy the part is made in n{€igures 19 and 22At this point it is

created only vth regard to the critical functionalities and clearances. Once testing has confiahéukt
component is workingeliably, a drawing is made to depict the pdimal appearancéFgures 20 and 23

The racks are made from two different materidilserack itself is made of steel, which we may later decide

to blue or leave a polished steel depending upon how it looks. The other end is made of braskad this
sector gear meshing with tifig pinion.

Figure 24 The completed quarter strike kalsefore finishing  Figure 25 Hand fret saw used to cut the racks and other parts

The curvaceousgjuarter strike rdcbefore final form finishing(Figure 24. Note how the sector gearn the

left, is steeplyraked to compliment the general curvatof that part of the component. It almost disappears
within the curve Compare this to the drawing in Figure I3 steel components are cut with an old
fashioned fretting saw, all by hand with lots of elbow greéiSgure 25.
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Figure 26. Hour, quater snails as nautilus shell cross section&igure 27. Interior toothed sectagear with ivy spur design

The next twgphotos show some of the various components used in the strike contrainisechr he first
photo shows gair of snails for the quier and hour strike counts. They resemble cross seaifdvisutilus
shells,(Figure 26. This is no accident; it is in keeping with our whimsical animal motifs, in particular. birds
Figure 27shows an unusual internally toothed sector gear completeheitiry spurdesign maintained
throughout the project.

Figure 28 Gear in figure 27ith external sector, background Figure 29. A few of the parts needed to make the carrousels

Theinternally toothedsector gear in thioreground depicted iniure 27with its externally toothed mate in

the background mounted within the egp pumping assembly, (Figure)2Bwanted to point out this pair of

sector gears to illustrate how Buchanan uses every opportunity to demoastra he f i thenés t al
making of complex and interesting mechanical displays. It would have been so much easier to simply carry
out this function with two identical conventional sector gears. The pumper is needed to set up the strike wor
at will so it will properlyinitiate the quarter as well as the hour on demand and serves as aargusalurce

of powerfor this purpose. Other control systems allow the operator tot shke strike train to performefite

or Grande $nnerie strikeas well as silencing the strike work

11



Any grike mechanism needs a way to raise andaseléhe hammers fbells or gong; this is usually done
through the use of a simple rotating cam or wheel with pins to raise emaltbwthe levers connected to
the strike hammetio drop away after passingetcam orpin. We chose to make a setaafgedcarouseld

with a fancyspoke design to accomplish thisgure 29shows the numerous parts needed to make these.

"7

s 9%
)

Quarter strike cam carousel Figure 31 Hour and quarter strike carrousels with drive gear

Figure 30

The curvilinear spoke designs choder the carrouselare unique to these padsly, (Figure 3) and he
guarter and houstrike train carouselareshown with their drive wheels from the haand quarter strike
trains (Figure 3). As theserotate therodsbetween the wheebct asvould conventional pingo push the
bell hammer actuatots raise and releagbe bell hammers

Figure 32 Bird analogseesaw quarter rack advancer Figure 33. Bird analogbell hammer actuator

Next aretwo exampes of the typical bird analod he firstpair of birds serves as the quarter rack counter,
lifting the rack one notch for each stroke of the bell. These operate in attdtestefashionwith each beak
alternately pecking at the rack teetid are far more interesting to watch than a simgtltingone or two
toothed pinion (Figure 32. The idea was borrowdtbm JearBa pt i st ® scduntrask withgndis 6
Easter calculatr in the cathedral clocht StrasburgFrance 18432 This component illustrates the two type

12



of pivots used throughout thgoject. The center, larger pivot is actuallgeaamic, oHfreeroller bearing

covered by a traditional looking jeweled chatoomplete with screwsecuring the removable dust cover

end cap The twopivots to either side agyntheticruby jewelbearings The birddés beaks
center of the metal rolleyn its tailare also jewel stone$he roller is jeweled since theaee no pivots in this
mechanism that have a conventional mé&tahetal pivot conventional pivots require @hdwe employ

only oil-freeroller bearings and jewel$he second bird is one of thelbhammer actuators, (Figure)33

Look closelyatthebid 6 s |j ewel ed beak, it has a concave pro
carousel to keep proper alignmefihe bird analogues are used throughout the movement; examples being
the repeat and calendar work, the escapement, hammer actudtassvae have seen the strike fly detents.
They all inhabit the iwlaced wheel work forest.

Figure 34. Bell hammer actuator connectedcgrrousel Figure 35. Quarter strike carrousels and hammer actuators

The bell hamrar actuator imow installed withthe concave curved beak restingon the arrousel cam

lifter. As the carousel turns antickwise the lifter rod pushemgainst the jewel beak of therheer actuator.
The bird analogs pivoted in its middle allowing the beak to folldfe rotation of the carousel as the middle
pivot causes the connecting linkaganove leftward, raising the bell hamméFigure 34. Next the entire
guarter strikedualcarrousel assembly along with a paithaimmer actuators can be seen just in fréthe
single carrousel wheel for the hour strikBigure 35) The pair of wheels in the upper left is the pumper for
the repeat nehanism illstrated in Figure 28/ideo link: https://youtu.be/9MVgBZItY

Figures 3638 Each spring is custom made and tempefedopper envelope protects the springs. Mextoval after quenching

13


https://youtu.be/9MVgBz-ZltY

Leaf springs within the repeat pumper mechanism supplydterwhen loaded by lever pushed by the
operator. All of the spngs in the movemermtrecustommade andempered in durnace, (Figure 36 The
springs are encapsulated in a copper @petb protect the steel surface whilgthin the furnace(Figure

37) prior pageandnextare shown immediately after hardening bgter quenchingnd subsequent remoyal
(Figure 38.

Figure 39 Some of the various parts involved with the strike comtrethanism

Figure 39shows the layout of the quarter and hstnike control mechanisms their approximate positions
Depictedare the snails, raskand arop fly fan (only the quarter fly is shown hetke hour ly would be
located to the lefoutside the phofpthe seesawbird analograck lifters, as well as the repestap

positioning camsThe darker colored componeaattthe bottom of the photo is an experimental pibaewe
wanted to examine to evaludtew the strike components might look like in a blued metal as opposed to a
natural polishedteel colorThe pumper for the repeat is not shoavrd would be locatejgist above the right
corner of the photo

14



Figure 41 A three quarter view of the same parts

15



Figures 40 and 4&how thestrike and repeat control leks installed omhe front of the movementhe

components are designed so when combined together one sees a complex, latyogielctoks carefully

the bird analogs can be seen engaging with the rack teethedke temain engaged with the racks during
dormancy. Part of the strike set up includes the bird heads being pulled away from the face of the rack prior
to it being set upon the sna¥ideo link:
https://www.youtube.com/watch?feature=player_embedded&v=5r41XzNGO01c

Figure 42 Bell setwith decorative hammers Figure 43 Hammer adjustment controls with decorative knurls

For visual impact, andisual impact ighe guiding principal in this endeavowre chosdo havea set of bells

in the shape of miniature church bealisstom made by the Whitechapel bell foundryofidon Founded in

157Q it is one of the oldest business establishments inabdg(Figure 42. Each belactuator and hammer

can be minutelyositioned througlacomplex set of levers complete with multiple adjustments via an array

of knurledknobs to precisely adjuaind then lock doweacho f t he bird anal ogue ha
positiors in relation to the carousel as well astha mme r 6 Bomsdft todokde The hammer heads are
fitted with traditional leather inser{&igure 43.

Siderealtime

During the initial design stages of this projec006we had envisioned subsidiarydial readoufor the

sidereal time. This usuallytakes the form o& twenty four houformat Briefly, sidereal time is #ime scale

that is based on tHearth's rate of rotatiomeasured relative to ttizked starsrather than the SuA mean

sidereal days 23 hours56 mirutes, 4.0916 seconds (23.93#durs or just under four minutes every twenty
four hours shorter than a solar déyigure 44. The twenty four hour format is useful for astronomers to

avoid confusion in time log® keep track of the coordinates tzdtetheir telescopesna givenstarin the

night sky. After one year the divergence between the solar and sidereal time converge where the difference
exactly 24 hoursanother reason for the 24 hour formBle prdlem | have had with this type of dialthe
difficulty for someone who is looking éietwenty four hoursidereal time dial to see at a glance how it

relates tathe mean solar tim@ &2 hour dial
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https://en.wikipedia.org/wiki/Night_sky

The Sidereal and Mean Solar Day

MNoon on day 1 .
/ View to Sun and a Distant Star /SD To a Distant Star /..

1 day of revolution = 1“‘

361° rotation
MNoon 24 hours later
(1 Mean Solar Day later)

/

i\

1° of rotation = 4 minutes To the same Distant Star '

e
y

360% rotation
23 hours and 56 minutes later
(1 Sidereal Day later)

Figure 44. lllustration ofthedifferencebetweersidereal and mean solar time

Sho, omypacon

ondon
i

inter p etation of Tomp
In November 2013 was a guest speaker at tvard Francillm Time Symposiunsponsored by the

NAWCC andheld atthe Caifornia Institute of TechnologyyasadenaCalifornia.At that symposiumhere
was an exhibition of Tompion clocks and one in particular caught mfreyec1708 It featuredtwo
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concentric dial ringg(Figure 45).In his clock the sidereaime is read directly off the fixed inner rinigere
showing 1:51The outer ringndicatesmean solar time anebtates clockwiséwice yearlyand the tip of the
hour hand reads the mean solar timeout 6:35t0 thenearest fivaminutes from that dial for theirfst six
months of the yeaSince the dial rotates twice yearly, the second h&bf the year one must remember to
add twelve hours to the mean solar tiomesubtract the same from the sidereal timgetthe twentyfour

hour comparisoim the second half of the yedut otherwise one can easily and exactly contrast and
compare thelifference between the two timelhe gold hand n T o mp i i®arddnsmy dnidsalvays
fixed to the minute handt appears this is a manually adjusted hand for the equation of time but is not an
independently operated complicatidrknew instantly tht this format was what | wanted for this project

‘0, SN
MARGETTY®

Figure 47. DanielQuare using two separadadcleverly merged dials Figure 48. George Margetts dual dials, similar to ours

Tompion was not the only orte try to address this issue. Dar@hae, London, 1710, (Figure 3and

George Margés, London 1782, (Figure #®oth had radically differenyet each inspirational ways to
accomplish this. Quar edsusedéwo seganafhalsnfoeementsand st r ai ¢
pendulumswithin a shgle longcase clock. The two conventiomahute and houchapter ringoeautifully

overlap andare located below thevo separateipper seconds d&lwith the center dial being a calendar.

This allows a direct reading as does our design, but imdsxes one must remember to compensate the

twelve hours after June 30 since a twelve hour dial is empldjadjetts was thinking very much along the
same lines as&vare. He uses a triple setdls for hours minutes and seconds with the inner rotating discs
indicating sidereal time and the mafixed dial having mean solar tim&he hands are, as in our clock,

reading mean soldime with the discs rotating tidereal time allowing both to be read simultaneously.

Each design accomplishes the end of reathirgwo times simultaneouslynquestionably Margetts does

this in the most efficient and accurate marusng a twenty four hour dial for both mean and sidereal time
Unfortunately neither design was applicable to our project. We had to keep thesyisnadtry between the

|l eft and right hand sides of t heVidedlmkck, therefor
https://youtu.be/86XsL{f20h3U

Fortunately we had not yet created this function, so the changesafseparate twenty four hour dial to
Tompionds design did nCdtearrd gu iTroempti mm 6msa rcyl occhka mgd €
the sidereal time, as thistise readily legiblenner stationary dial. Ouwtesign reverses hgiority making
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https://youtu.be/86XsLf20h3U

the mean solar time a fixed outer dial with the sidereal time read off a counterclockwise rotating dial.
However we do his design one better. I n Tompionc
sidereal hour hand and the mean solar dial veastd to five minute increments so it is possible to read that
dial to the nearest 2 minutes or so. In our design we have both the siderealfttibesminutes rotating on

two independently couetclockwise rotang dials; the inner dial being the howvih the outer dial minutes
(Figure 46. This allows accuracy to the nearest ten seconds or so. The minute chapter ring also rotates fast
enough in real time to provide an interesting display. This quality is made even more interesting during the
demongtation function where one can see the interplay between mean, solar and sidereal times.
Significantly, this clockalso has dunctioning equation of timband the gold hand with disto beexamined

later. | cannot think of another clock wheoae carreadthe mean timegequation and sidereal timdgectly

at a glance angimultaneously off one dial set down to less than minute of accuracy between the three
readingsvhen comparing sidereal time and to the second for the equation oThendial readingsire:

mean time 12:53:37, solar time 12:42:3Ad sidereal time 8:37:1% he si dereal reading
interpolated from the sidereal minute dial ring where the minute hand is just one tick mark after the 37
marker Each minute has 5 tick marks for 4€conds eacl®ne cannot use the seconds hand here since it is
controlledas is the minute and hour hands from the meandeaeing and is not linked to the sidereal

gearing. One would have needed a third counter rotating ring moving to sidereal seceadsdirectly off

that hand tabtain accuracy to the second.

Figure 49 Framework showing unusual opposing pivot pointgigure 50. Complex, twisted prbfile for drive potence

Figure 49showsthe wheel frame for both the sidereal and equatiores. The two arrows point out an
unusual constructi on \wihotsatthe emdpoitiscoetveeenawowrigeesflaties a r L
approach each other from opposite ends on opposite framé&sac h fr amedés o6i vy st al
coordnates18® opposite each other to delicately th@wheelarbor. Thisis another departure from the way
most skeletorlock frames are made as mirror or near mirror images of each other between which the
wheels are mouad Greatemplanning andcarefulexecution arerequired for our miehir designBoth the

sidereal rotating dials and equation kidney areeth from a common point.F&at point is a double potence

which takes on a complex and twisted shape to exactly match the angles needed for the weimd dffive

each arbor to mesh with its mating whe&ligure 50. It looks like Buchanasimply took a pair of pliers and
twisted the potence armstteeir current profiles as the brass was the consistencysoft gastic. But in
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reality, this was cut witla hand fret saw out of a solid block of bra&sother view of this paris shown
within the circled area, (Figure 49).

Thesidereal and equatiomheel frame assembly is now mouwhte the clock. The sidereal and equation
complications are driven via a worm geaircled area, mounted to mangleddrive arbor arrows (figure
51). Thebrass ring represents one oé ttounterclockwise rotating plattethat will hold thesidereal dials
along with its worm drivecircled area, (Figure 52

The central worm connecting the sidereal drive rotates once per sidereal hour. We must also derive siderea
minutes. How we do thiis another tribute to the inventive and artistic abilities of Buchanan.

Figure 53. Main wormdriven gear attached to rear roller franktégure 54.Three roller wheels are next added to the rear frame

Figure 53 shows the main worm drive wheel miad to a decorative frame. The view is from the rear. Next
the assembly is turned over and a set of roller cage wheels are added to the reéfiffaraeh4).
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Figure 55.Center hub, and rollers set between the framdsgure 56.Outer hours rig attached to upper roller frame

Another decorative frame holds the rollers creating a roller cage between the two frames. These three roller
support a central hub seen with the six mounting holes that will secure the inner sidereal minutes ring,
(Figure55). Next a smooth rimmed wheel is mounted to the front decorative roller frame and will serve as
the mounting for the larger, sidereal hours chapter ring driven by the worm gear in the rear, (Figure 56).

Figure 57.Inner minutes ring mounted tenter hub Figure 58.Outer hours ring mounted to upper roller frame

Next the inner ring is secured to the central hub, (Figure 57). Upon this is secured the sidereal minutes
enamel chapter ring. Figure 58 shows the outer conceimgienounted to the wheel shown in Figure 56.
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Figure 59.The 68 parts needed to make the sidereal hours and minutes concentric ring drives

Figure 59 depicts the various components used to drive the two counter rotating sidereal chapter rings. The
are 68 parts in this subsystem. Additional wheels are needed to derive the sidereal minute from the sidereal
hours driven by the main worm inpgéar Video link: https://youtu.be/niSJLnJZt3s

o

Figure 60. Compleed sidereal drive unit

Next thecompleteddecorative sidereal drive unit installed within the movement, (Figure 60).
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Equation of time

The Equation of Time
20 . ! . |
Earth’s elliptic orbit

------- tilt of Earth’s axis
orbit + tilt

Minutes of Time

Jan | Felb| Mar | .ﬁ\pr | Mayl| Jun |Ju! | Aug | Sep| Octl | Nov | Dgc
0 100 200 300
Day of Year

Figure 61 Diagram showing how thequationof time is derived

The equation of time is the differenirethe positim of the surio an observer looking at the sun at midday
or Noon, on any given day die year and the mean solar timepoc | o ¢ khat is readeo® your watch or
living room clock Only four daysa year will both observations agree. ThoseApel 15, (tax day!), June

13, September December 25, (Christmas). My guess is the first and fowatidsdare coincidentalhe
eqguation of time is the result of both the tilt and elliptical orbit of the Earth. These factobsne tocause
the apparent posith of the sun in the skdirectly overhead at nodo appear ahead afock time by a
maximum of 16 minutes 33 seconds on November 3, to being late by 14 minutes 6 seconds on February 12
Thecombinations of these two movements reguthe apparent erriatmotion of the sun. Both of these
factors are shown on the graph and their mathematical condainatihe black line, (Figure $1That
graphical curve of the equation of time is what is physically represented by the contour of the equation
kidney cam.
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Figure 62 Error correction data for kidney carfigure 63 Comp|l et ed cam with ésun rayd spol

Figure 62shows one of 16 error correction tableed to create the profile of the equation kidney cam. The
cam must be contoured perfly to give the correct readout to the equation minute hand located on the main
dial. Once a rough outline is made, the cam is fitted and then tested against the dial. There are 73 test point
on the perimeter corresponding to 5 day incremending 3% daysand these are shown on the error table.

It took 16 iterations to get to the correct proftiathe total number of tests to achieve the final profile was

16 x 73 or 1168 trials; clearly a labor intensive process. The difference in the errorbdriwsttiteration

and the sixteenth are on an order of 1.5 magnitudes. For example Mdrak &n original error of 4.2

minutes on the first error table and finishes at 0.1 minupigsbsix seconds on the sixteenth table. On March

5" the difference btween mean solar time and the actual position of the sun when it is at its zenith, directly
over head, noon for the sundés position is 13.5 mi
clock will read 12:13:30. At this time of the year then isslowcompared to standard clock tini@ne must
keep in mind that this ¢ aomatiswideatpdine The smalkerithe camtall | U
other factors being equal, the harder it is to achieve accurbeycomyeted cam witht sunray spokes

shown inFigure 63 What better example for a cam that dep
c a nmspakes? This is another example along with our animal analogues of adding a bit sy \witinthe
movement 6s desi gn.
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Figure 64 Equation kidney cam with drive and setting dial Figure 65. The equation cam works installed on the movement

The completed equation kidney and its adjustment (kajure64). Figure 65shows thecamassembly
installed within the movenm. The hubwinding squarallows one to adjust the kidney carsing a ley.

Figure 66. Wheel set for equatioof time hangsun at slowest Figure 67. Wheel set wth differential, sun at fastest

The readout for the equation hand is lodata tke main dial and is controllgtirough a differential wheel
setattached to a wheeled idler arm riding on the surface of the kidney cam. Thistakdogguatiorhand to
continuouslyshowthe correct number of minutése sun iither ahead or behind theean solar time

minute handhroughout the yeaKFigure 49. Joseph Williamson, ¢.1720 was the first to use differentials to
display the difference between the solar and mean time simultanéoakigkwork1° The differential
wheelset was made in May @009 (Figures 66 and §7The leftmost wheel seen in the lemleft hand

corner of Figure 6@an be seen raised to the apfeft hand corner in Figure &nd represents the two
extremes of the supeing behind or aheadean solar timéiVe take the sunearin the differentialwhich
normallyis sandwiched between two planetary wheels and flatten it out to where the sun gear rides along th:
perimeter of the planet whedl.is visually the most impressive way we could fiodlisplay the movement

of the dfferential in response to the kidney cam.
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The third -order, reversible perpetual calendar. why do we need this?

Most calendar work seen in clocks is not perpefliadial indicating the date may have 31 divisions but it
does not distinguish which ofé¢Hour months of the year have only 30 days not totime February with 28
days in the three successiven leap year or 29 each fourth leap yedihe owner was expected to adjust the
date back to the first at the beginning of each mortikese are knowassimple calendars

The next step toward accuracy allows for the correct number of days for each ofths camtaining 30
days (April, June, September, November), or 31 days (January, March, May, July, August, October,
December). ldwever February ner changes and remains at 28 dagsthe accuracy is good for the three
years that February remaiwith 28 daysthis is am@annual calendarOnce February is automatically
adjusted to add an extra day every four years, also known as the intercajahe dajendabecomes éirst
order perpetual calendar. This is what nearly all clocks have when they are said to contain a perpetual
calendar.

However, the hierarchy does not endréh@ first orderperpetual calendawill remain accurate foonly 100

years. he seasons do not follow lockstep with our mechamieaking devices and so, like the leap year, an
additional refinement is needed every 100 years where the leap year is skipped, that is February will not ha
an extra day. This type of perpetealendar will be accurate fan additionaB99years and is known as a
second ordeperpetual calendar.

But it does not enthere. A further refinemeris needed to keep our calendars permanamsgyep with the
Earthds or bit allgear EkerydOf pearatbe irtelcalarytday és peingeded giving

February 29 days. This allows the calendar to be permanently pa&rpatl becomesthird order perpetual
calendar. Technically t her itrarysalendaand the trapicahyeahuts ¢ u | €
this does not amount to more than one day in over 10,000 years. | know of no fourth order calbirdars!

order calendarare rare anttave historically been used in astronomical clocks that contain an Easter
calculator Eastelis a movable feast based on a number of complex astronomical cetet@third order

perpetual calendar is a vital component of the calculator.

So in the Gregorian calendar three criteria must be taken into account to ikapgifyearsA year will be a
leap year if it is divisible by 4 butot by 100. If a year is divisible by 4 and by 100, ihct a leap year
unless it is also divisible by 400his means that 200dhd2400are leap years, while 1800, 190008,
2200, 2300 and 2500 are neapyears. When these criteria are accounted for the calculator israntiya
perpetual; it is a thirdrder perpetual calendar calculator.

The calendar we have built is a third order perpetual calendar, but we go one additiofdlistegdendars
alsoreversible. It will perform all the calculations needed to keep the calendar perpdiatd forward and
reversewithout the loss of datd he way we achieve reversibility to do away with the conventional

manner in which the dates are advanced usstg@per in the form of a star wheel for the dial indications.
Instead everything is directly geared together and is advanced each day at midnight using a remantoire. Th
perpetual calculator modules a special provision to allow it to step backwardguamindex wheel with

all of the other calculating components being geared together facilitating the ability to run in revehse.

best of my knowledge this has never been done before. Not because it presented a difficult technical
challenge, which idid, but because it was never needadhe end we had to create a small mechanical
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analog computer complete with logic circuitprogram,memory and smafixed mathematical processort |
is comprisedof 580 parts, more than many of the most complicatecks or watches in their totality.

Why do we need reversible pgetual calendar in this projé&the reason is that we will use the calendar
indications of the day, date, month and year to give an exact temporal reference to the demonstration of the
celestial functionsf the clock In other words, when the machine is in demonstration mode for all of the rest
of the celestial functions, the calendar will advance or go backwards in synch with that demonstration. In thi
way one can see exactly how egntcelestial events will look like or occur on any given date. This makes

the prediction owerification of events such aslar or lunar eclips the time of sun or moon rise and set, or
what the position of the stars in the sky are at any given tirsgilge.Looking at the orrery one will be able

to see the where the various planets and their moons are in relation to each other at any gien time.
subsidiary dial will take the accuracy further down to the hivatso makes resetting the cosmos bacthe

right time frame after demonstration very easy.one may be starting ffuess, this complication was
challengeNearly all complex astronomical clocks made in the past were designed to be set up and run in
real time to show celestial events heyt occur. My machine does this too but it also encourages the observer
to come and play. It is made for the operator to demonstrate easily and safely the many celestial componen
in ways that compare and contrast between the various functions of tke cloc

The perpetual module

The first component to be designed waspgempetual modulelhis is the heart of the caldar and contains

the program andhemoryof the calendar. Its components are on the scale of a pocket watch and ttentain
wheel and cam wi that executéhe first, second and third order calculatid®sce this was a novel

concept and we had no prior examples, we designedd p rcooonfc eopft 6 f unmbdelyn pldstictoct i o
test ourdesignbefore fabrication in metal. Theodelingapgroach has been useddther areas of this

project.The first was the epicyclical maintaining power systentlie four winding barrels. Next was

simplified modup of the time trairmployingthedual epicyclical remontora nd Har r i sonds e
andthird was the planisphere complicatidn those mockups the scale was-bm®ne 1:1 Here the model

is larger at ondo-three, 1:3ecausehe finishednodule will be at the scale of a pocket watdle needed to

be able to makehanges in the design aatserve the functionality of the mechanism which is easier to do

at a larger scale. It alsgould have been difficult to make this a functional mddmin overthe-counter

plasticat that scaleThe following set of photos takes one through the intrisasfehe perpetual module.

Fig. 68 Dalily index wheel days 128 Fig. 69. Detail showing dag9-31 missingFig. 70. Surprise piecefr days 29, 30 31

Figures 6870 show thebasic components of the calendar module if it were @ sienpe perpetual calendar.
Figure 60is the daily index wheelwhich acts much like a count wheel in a French strike trainagtthe days
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of the month represented by one tigh thirty one teethbut withthree teeth foR9 through 31 removed.

Next this secton is $1own in detailalong with thedaily index readedetent just above which is used to read
the index wheel,Rigure 69. Nextarethree movable teetihat substitute for the three vacant spaces
representing 231 on the index wheel. These can be mowed position as needeahd in the parlance of
watch repeater mechani sms t hegsre7/Qwoul d be call ed

Y = ;

Fig. 71 Surprise pieces over index wheélig. 72 Cam pair for 30,31 days; and Fétig. 73. 20 year canused in 100 gar cycle

Next the three surprise pieces are shown installedtbatmdexwheel, (Figure 7L The thee pieces do the
following: First acount for the 30 an81 dayregular monthly durations, seconccaunt for where February
is the one month that hashorter period than grother month, 28aysand third he addition of alay in
February, giving 29 days, for the leap ydagure 72shows thecams that dve two of the surprise pieces.
The monthlydeviations between 30 and 31 days controlled by th upper, irregular shaped cam. The
lower smooth shaped cam controls for Februbiyure 73is the leap year cam which runs on a twenty year
cycleand is usedh conjunction with another cam calculating the 100 year exceptidrhis will later have

an adlitional camand wheel worlattached thaih combination with this 10§ear cycle will cycle once

every 400 years for the next layer of complication to be discussed later.

29 30 31 days

(]

Fig. 74. All detent pieces raised, 31 day§ig. 75.0ne detent piece loweate30 daysFig. 76 Two detent pieces lowered, 28 days

Thenextthree photos show the normal month duraifor non leap years. Figure 3dows all three
surprise pieces in their raised positions to give a 31 day period, next one piece loweredday an8dth
(Figure 79 and next all three pieces are lowered for the regular 28 day month of FelfRiguyes 7%
Video link, demo of length of each montiitps://youtu.be/3z0LpLOhjyQ

Video link, demo of 2@ay monthhttps://youtu.be/iqOhjAJtzxQ

Video link, demo of 30 day monthttps://youtu.be/HJf2JvouPHM

Video link, demo of 31 day monthttps://youtu.be/PCH4N24CuZM

Video link, demo of February in leap yeattps://youtu.be/eq7wlgljMFI
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Fig. 77. Two detenfpieces raised 29 daysFig. 78 Camw/ flat cutfor February Fig. 79 Some of thalrive gear work
Figure 77is the leap year where February hasatra day for 29 days with owé the three surprise piese
raised. Figure 78hows themonth duration and Februacgns. The latters basically a round disc i a flat
cut where February is locatedext is some of the gear woused tadrive the cams, (Figure Y9

Now another layer of complexitig addedo male the calendar perpetual fodQyears.

Fig. 80. 100 year correction cam Fig. 81 100 year cam at correction Fig. 82 Geneva stepper drive

Here we see amallfive lobed Geeva stepper cam attached to a five armed cam attached directly above,
with one arm truncated, (Figure)88&ince the larger cam to which the srealtam is attached rotates every

20 years that smaller cam is stepped once every 20 years or will rotate one revolution in 100 yegsrs.

photo the cam presents an intact arm allowing for February to hadey&9or a leap year. Figure 8hows

the can with the truncated arm positioned to provide the correction needed every 100 years where the
surprise piece for the leap year is not raised and therefore is skipped and the leap year February will not ha
29 days. Next is the piece that will advatice Genevasteppercam (Figure 832.

Fig. 85 Cam mking insertion of 2day
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Figures 83and84 showsthe drive piecenstalled and the 100 year cam is shagnf February was having
29 days, which is a leap year. Next the cam is shown not giving February 29 diagdesp year is
eliminated. Figure 85howsFebruary having 29 days (arrav§o now ve have a system that will sképleap
yearonce every 100sears.

The final layer of complexitythe 400 year correctiotp make the calendar permanently perpetual is
described below.

Fig. 86. The 400 year correction Fig. 87. Cam correcting every 400 yearsFig. 88 Smooth portion for 39 years.

Figure 86shows a four lobe@Geneva camstepped once every 100 years angttached to the 400 year cam

along with the associated gearing and bridge work needed to install this upon the existidgroaork.

That cam is basically a smoothdisith one protruding arnkigure 87showsthat one protruding arm offie

four hundred year cam giving February, 88ys once every 400 yeacicled areavith the next photo

showing the remaining cam presenting a smooth surface for the remaining 34Rigare 83. One might

ask how it can be that with this cam rotating only once every 400 years, the detent does not ride slowly up
the one raised lobe thus confusing the insertion of the 29 day correction in the preceding and following year
oftheonec or r ecti on year. Here is where the Geneva c:
cam is never actually continuously rotating but only jumps to the exact position each 100 years. The jump is
madeand the surprise piece rides instantiytloe curved surface to present itself to itidexdetent reader.
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Figure 89 Edgeon view of the perpetual calendar model  Figure 90. Three quarter view of perpetual calendar module

Figures 89 and 9@how an edge on and upper thoparterview of the completed perpetual module.
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Figure 91 Components of the perpetual calendar module

Components of the perpetual calendar mod{Hegjure 97

A. February surprise piece conteml by the 100 and 400 year cams

B. February surprise piece coritedl by the month cam

C. Surprise pieces for months ending in 30 or 31 days controlled by month cam

D. 100 year cam driven 1/5 revolution for each ratioh of the 20 year camliminates leap yeannce
every 100 years for three hundred years

E. 400 year cam, insersap year once every 400 years

F. Month cam, rotates once per year and controls the 30 and 31 day surprise pieces

G. Februarycamfixed tothe month cam and lowers the surprise piece annually to allow for a
non leap year February of 28 days

H. 20 year cam, gives leap year at 4/8/12 year intervals, but not at tHey&ér as this is controlled by the
100 and 400 year cams

|. The daily index wheel
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Figure 92 Perpetuamodule withthe calendar driveront Figure 93 Perpetuamodule withthe caledar drive side

Figures 92 and 98howthe perpetual module within the context of the remontoire drive mechanism which
will trip the module once per day. There is an elaborate clutch mechanism incorporated into this device to
prevent unintended damagethe calendar module from a careless operator trying to crank the
demonstration drive too quicklpne ofthe many safety mechanism incorporated into the demonstration area
of the machingo prevent unintended damagdédeo link: https://youtu.be/|[E8yxEX]jRgw

Figure 94. Diminutive 100 and 400 year cam compais Figure 95. Delicately cut crenulated index wheel and cams
Figure 94shows a few of the completed components of the perpetual modnéscile in thgphoto has a

length of onlyone and ondalf inch or four centimeterfefer back to Figure 9dhowing the completed
plastic mockumf the perpetual moduleith the daily index wheel maddasolidp | ast i c 30 di s
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crenulated edgd he easiest route to reproducing timghe final small scalevould have been to make it

from a solid netal disk with the same tooth profil®r, the next easier way would be to make a thicimed
conventional spoked wheel and cut the crenulated desigthiatedge of the rinm the manner of a strike

train countwheel But Buchanan takes the most difficult and yet most visually spectacular route and makes
the entire rim nothing but the sinuous design. This is all cut by hand with a fret sawahodt@ne inch or

3 cmin diameteii atour de forcan the art of decorative frettind here are two moreelicate, irrgular

shaped cams belgwhe100 year and Februacams (Figure 95.

| O 2 Parrg

Figure 96. Components of the perpetual module

Figure 96showsanexploded view othe main components of the reversible 400 year perpetual calendar
calculatormodule The total comes in at a bit over 102 parts. The main components are as follows:

. Dailyindex wheel, this advances the datel is where the drive to tlsalculator begins
. One year cam, controls the duration of February in non leap years

. Ten year cam

. Twenty year cam

. One hundred year cam

. Four hundred year cam

. Twenty year chapter ring

. Month chapter ring

CONO O WN B
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9. Calculator frame assembly, patti
A. Four hundred year drive assembly

The S1 through S4 surprise pieces described befmxata n t he open area of
position on part #1, the daily index wheel

S1, S2. Dual surprise pieces that are controlled by both thentO@08 year cams

S3. Surprise piece for introduction of extra day in February in normal four year leap cycle

S4. Surprise piece for the introduction of thé' @ay in the appropriate months, excluding February
The remaining parts are ancillary drive wiee&eneva drives, fasteners and support parts.

Figure 97. Completednodule next to a wristwatch, sigeew  Figure 98 Completednodule next to wristwatch, topew

The completed module is just slightly larger in diameter than wrist watitbf course quite a bit thicker
(Figure 97. Note the silvered chapter rings which allow the user to easily program the m@dylee 983.

t he

Each dial allows the operator to independently adjust the cam work to bring the calendar into the correct

readings ér where one would currently be in the 400 year leap year cycle.

Calendar readout components

For eachof the fourcalendadial outpusthere is a pair of wheels to produce the readths. first is the

drive wheel, which is a conventional geared wh&bé second is a crenulated wheel with the number of

indentationsn the rimcorresponding to the positions on each diakse allow for the dial hands to be

stepped instantly at midnight to the correct readings, anakag to the ability of the calend& be
reversible.
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