EASY BUILD SKELETON CLO

SP4 Assembly Notes

Instructions for building large3D printedskeletonclock
This design has been optimized for easy construction
Run timeupto 21 days

Steve Peterson
06-Mar-2021
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De<ription

This document describes tlassemblyof alarge eag to build pendulumclock Most of the parts are 3D
printed and many changes were made to simpbfnstruction.The clock haalongruntime so you are
not constantlywindingit. The large size akesan impressive looking clockhis is a great starterak.

The primary goal of all ngesigs is to create a functional clodkat is visually impressiv&his clock is
over14 inches wide with an 8 inch dehd fully exposed gea Accuracy is with a few minutes per
week Multiple gear train options are provided with runtimes ob4lays, 77 days,10.2 days 14.3 days
or a veryimpressive 21.5 day# weight drivenclock thatruns for more than a weeis verynice It is
evennicerwhen it is sonathing that you have built yourself

The secondargoal for this clock was to simplifiie construction proces3.he use of nowprinted parts
has been minimized to just a few componenisth a bill of materials that is half as compexmy other
clocks

Thiscomponents are sizei print on a Prusa MK3 (250x210) oCrealityEnder3 (220x220A smaller
version of the clockized for the Prusa Miiasalso been release Thelighter gearsn the small clock
allow a runtime of up to 32 days.

Details

A pendulum clock is conceptually very simple. A spring or falling weight provides endigy to
pendulumand gears cowert the periodicmotion to a displayf time. The challage is to make
everything work elegantly and accurately.

This clock design startedth the goal of reducing the number and types of Aaninted componentsit
uses one size of ball bearings that aeadily available worldwidé.have not found a bettependulum
support method that is accessible to the average 3D printer owner. Twedfineetal shaftsand one
screw size are used throughout the clo@ke few additional parts include fishilige, BBs for the

weight shell, springs from a ball point pemd a few pennies for the pendulum bob. Everything else in
the clock is 3D printed.

The large geargear the weight shelhre 10 dametralpitch (LODP or MOD 2.54)hich gives &0 tooth
gear adiameter of 5 inches. Thgears near the@scapementare 13 DP (MOD 1.9%)ith the largest 70
tooth gear having a diameter &f4 inches.

The geatooth profile started as a 14.5 degree pressure angle gadroptimzed further using

concept calledt ¥ I y O& 3 S| NEitp://gRSEoOdIaddsReorheil com/fangears.html The
basic premise ithat clock gearsperate with different criter@ than most other gearing applicatians
Clock gearalwaysturn in one direction so only onedge of each gear tootis engaged The other edge
can have any shape as long as it does metiere with the neighboring teeth. This allows optimizing for
3D piinting. One surface of each gear tooth is defined as the active edganatieve edge waplaced a
constant distance away to produce the cleanest possible printed gear. The rim arevapdis were

also adjusted to print smoothly using a standard 0.4nmumzle.

Belowis the slicer output after optimizations for fancy gears. Notice how each gear tooth gets created
using continuous flows of filament. These gears are designed so thatdtie tem, and spokes are

4


http://garysclocks.sawdustcorner.com/fancy-gears.html

completely solidvhen printedusing 4 perimeers. The feature sizes were selected to print cleanly using
a standard 0.4Ammarzle.

oSS

Figurel Sliced gearsfeer optimization

The escapement and pallate among the most important components in a clock. A traditional design
has sharp escapement teeth that become rounded off when 3D printed, resulting in the escapement
releasing way too early.

riginal design
How it printed

Figure2 Traditional Deadbeat Espament



Theescapementeeth could be lengthened to compensate, but different printexsuld need different
optimizations. Theolutionusedin this clockis to widen the tips of th@escapemenandextend a
consstentwidth to the rim and spokesThepalletwidth was reducedo provide the proper clearance. It
may look differenthan atraditional design but the active surfacegre similar The predictable length of
the escapement teeth makesveryreliablein a 3D printed desigiThe consistent with allows
everything to printcleanly like the fancy gear tooth profile

Figure3 Escapement and pallet slicer output

Gear Ratios

Many traditional clock designs use small pinions with 8 taeth, but involute gears have leBition
usingpinionswith 12 or moreteeth. Low tooth count pinionsave more rubbing during engagement
Switching to fine pitch gears near the escapement alloest pinions to haveat leastl14 teeth.The
gears mestbetter with more rolling action insteadf diding.

A traditional grandfather clock would use 60 and 64 tooth gears with 8 tooth pinions. A 30 tooth
escapementotates once perminutg A G K | o dé L 2§V ¥ WSURHA @2y 2F o pé
anything smaller than a grandfather clgdoan extra gear set was added to provide some flexibility in
selecting gear ratios.

Thisclock uses a®tooth escapement with a 104¢ LIS y fcllirig 84%1 times per hour.The
pendulum lengthooks proportiaal to the rest of theclock Gear ratios were selected gupport the
MT ¢ LISy Rdzf dzY @

Beloware the gear ratios and the labelsed in the assembly documentatid®ome of tie STL file
names will make sens#ter looking at the diagram. For exapie, gear 3ishas 64 teethand 15 teeth on
the integrated pinion. It may be callggar3_64_1%®r simplified as just gear. ¥he longer name is more
descriptive and you can count teetb help determine if you have the c@rct gear.

Some of the gears haweultiple components associated with a primary gear. The minute hand arbor
includes a large gear (gear4_71®) along with asmallersecondary gear (gear4b_Pand some small
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spacers (spcer_4a and spacer_4b). The part nanhelp to identify the arbor thahey are associated
with. The names might get shortened to gear4 and gear4b throughout this document.

There are dew different configurations for this clocksears can be swapped todrease the runtime
from 4.6days to21.5days.Either7.7 dayor 102 daysisthe initial recommendationif the clock is
running well, therconsiderincreasing to the 14.3 day option. 21.5 days is the most aggressiviha
clockwill be more difficult to tune properly 4.6 da is abackupoption that is the easiest toaj running
reliably.

Switchingto a different runtime option involveprinting twonew gears to change the drive ratio
between the weight shell and the minute harthe longe runtime ogions will usually require the
heaviest drive weight. Multiple weiglshell options are also provide

Gear 0 - pallet (0.659 seconds)
(17.04" long pendulum)

Gear 1 - escapement (36.9 seconds)

Gear 2 (2.81 minutes)

Gear 3 (12.86 minutes)

Gear 4 - minute hand (60 minutes)

Gear 7 - ratchet (2.67 hours)
Gear 8 - winding drum
(8.33 hours per turn)
(10.23 days per 29.5 turns)

Weight cord

Gear 9 (8.33 hours) (1027 =29.5 turns)

Gear 5 (2.4 hours)
Gear 6 - hour hand (12 hours)

Figure4 Clock gear ratio®r the 10.2day runtime option




The gear traihas been completely modifiecbmpared to my other clock&verything between the
hour hand and the escapementessfinepitch gearswith at least 14 teeth per pinian

Gear 9 is a new addition to allow winding the clock withexitesdriction. Gear 9 is unloaded during
normal operation, sdriction fromthe large dameter shafis minimal

Anothersignificant change in this clock is a shiftaborizontal orientation.Thisallowsthe pendulum to
attach directly onto the pallet shaftri€tion is reducedby spreading the load equally betweamo
bearingsand the connectiorto the palletis very solid Runtime is improvedompared to my other
clocksusing similar weightsalthough not quite as long as the smaller version of this clock

The following diagrams shomultiple orientationsof the clockwith the gears labeled as much as
possible Many of the diagrams arghared withdocumentationfor the smaller version of this clockhe
topology is very similar, but the gears may have a different number of téditlofthe component
thicknesses are the same, so the arbor lengths are the samatlinviersions of the clock

gear 4 (back) and gear 6 (fron

-

gear 1 (escapement

gear 7 (ré&chet) gear 3

L

) ./
’I“\\,)

gear 9 gear O (pallet)

gear 8(winding drum) gear 2 (loy
gear 5 (high)

Figure5 Clock layoufront view



Another view from the lower left side

gear 0 (pallet)

[ ﬂ@ﬁ[ﬁ[ﬂ%ﬂ%&@ﬂﬁ

gear 9

gear 8(winding drum)

Figure6 Clock layout lower left view



And the view fom the lower right side

gear 1(escapement)

= gear0 (pallet)
N -

i
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gear 4 gear 5

gear 9

gear 8 (winding drum)

Figure7 Clock layout lower right view gear 2 top portion of

pendulum shaft

Printing the Parts

Print all parts usingd perimeters As described previously, the gears print very cleanly with the teeth,
rim, and spokes fanedassolid objectsvith 4 perimeters. The frme becomes stronger when printed
with 4 perimeters compared to the default of 2 perimeters.

The gears seem to print best using 0.15mm layer heights with 4 perimeters. Make sure to set some
elephant foot compeasation if your printer needs it.

Most o the remaining parts have looser tolerances and can be printed using 0.2mm layer heights. Keep
perimeters set to 4 so the frame has good stren@®% cubic infill is my default with 6 bottom layers

and 7 top layer$o provide extra strength for the framgarts. This may be overkill, but it only adds a

slight amount of extra print time so | keep using these values.

Other settingsnclude random seam positions minimize strigson parts like the weight shell. 0.12m

elephant foot compensation helps keep the gears meshing propBrysa Slicer 2.3 added monotonic

top and bottom layers that creates nice looking surfaces. | tred/iA Yy 3> o6 dzi RARYy QU &SS
improvement to justify the additional time. | accidentallgnedthe gears one and ended up with

elephant foot on the top of the gearsnbrmally just leave ironing turned off

10

N>



The total print timeis nearly100hoursusing0.15mm and).2mm layer heightsThis may seem like a lot
of time, but you will be creatg awork of artthat will last for many yearsviost partsprint flat on the
build platein the default orientationA few parts might need to betated to fit your specific priter.

Supports are never required in any of my clock designs. The large atdimetopof the weight shell
forms its owninternal supports as neededinionsare formed on the hubs of larger gearsing 45
degree angld edgesto print without needingsuppots.

Figure8 Gear profile example

Thecenter portion ofthe frameisthe largest componendf the clock It sets the minimum printer bed
size ofaround210x210mmdde extensions create largerclock frame thamostprint beds can handle
There is minimal force on the frame side extensions so they can attinh just a few screws\n added
benefit of the split frame is the ability to remove the pallet while testing the clock without tearing the
entire clock apart.

The gearsdok best usig a bold coloto make themstand out. Gold or bronze are gofor making
gears thatook likebrass. Silk PLiA almost any colohas a good loal usually print the frameising a
neutral colorwith awhite dial anddarkhighlights for thenumbers although you are free to use any
colors you like

The following diagraswill be useful for identifying names and shapeshefgears.There are a few
variations depending on options, but the gears should still be distinguishable based on trerdi&or
exampe, the gear sets include options faifferent runtimes. The ratchet #ll lookslike a ratchetwhen
the name changes fromear7 48 ratchet 10dayto gear7 44 ratchet 7day

Print the parts and inspect them to make sure they lookdydtou may ned to remove a few small

burrs from the gears. The gears have fairly loose toleza and can mesh properly with some

St SLKIyiQa F2204> o6dzi AF GKSNBE Aa (22 YdzOK GKSy &2
that the arbors fi loosely ingde theframe andgear center holes. Drill them out slightly if needed.

Geardb_3 and spacer_4a are supposed to be a tight fit on the arbor, so do not upsize their center
holes.
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FileName ColorSuggestior Print| Time |Filament Notes

frame_back_bottom Tan 1 Oh 42m 2.56

frame_back_center Tan 1 14h 44m 71.20

frame_back_left Tan 1 2h 13m 10.48

frame_back_right Tan 1 1h 58m 9.89

frame_dial_numbers Tan, lvory, Black 1 8h 57m 45.88 |See note 1

frame_dial_roman Tan, Ivory, Black 0 8h 54m 45.81 |Optionalroman numerabial
frame_front_left Tan 1 2h Om 9.13

frame_front_right Tan 1 1h 34m 7.39

gearQ_pallet Gold 1 2h 53m 5.50 0.15mm layer height
gearl_esc28_14 Gold 1 2h 56m 7.91 0.15mm layer height
gear2_64_14 Gold 1 2h 10m 5.71 0.15mm layer height
gear3_64_15 Gold 1 2h 24m 6.39 0.15mm layer height
gear4_70_18_10day Gold 1 3h 45m 9.65 0.15mm layer heightsee note 2
geardb_25 Gold 1 1h 18m 2.77 0.15mm layer height
geardb_25_tight Gold 0 1h 19m 2.76 0.15mm layer heightsee note 3
gear5 60 14 Gold 1 2h 22m 6.05 0.15mm layer height
gear6_70 Gold 1 2h 6m 5.13 0.15mm layer height
gear7_48 ratchet_10day Gold 1 5h 25m 15.60 | 0.15mm layer heightsee note 2
gear7b_16 Gold 1 5h 2m 12.44 | 0.15mm layer height
gear7c_clicks Gold 1 Oh 53m 2.26 0.15mm layer height
gear8_50_1p10 Gold 1 8h 22m 22.16 | 0.15mm layer height

gear9 50 Gold 1 4h 7m 11.63 | 0.15mm layer height
gear9_inserts Gold 2 Oh 29m 1.36 0.15mm layer height
hands_serpentine Black 0 Oh 54m 2.16 Optional hand style, see note 4
hands_spade Multi-color 1 Oh 38m 2.06

pendulum_bob Bronze 1 4h 47m 21.41

pendulum_shafts Black 1 4h 3m 17.57

nut_0p25 Black 2 Oh 16m 0.92 Used below pendulum bob
nut_O0p40 Gold 2 Oh 25m 1.41 Used at top of pendulum shaft
weight_shell_bottom_2p8§ Bronze 1 1h 10m 5.81 See nte 5
weight_shell_top_2p8 Bronze 1 11h 31m 40.59 |See note 5
weight_shell_quarter_2p¢ Bronze 1 6h 14m 19.35 |Seenote 5
weight_shell_pulley Bronze 1 Oh 27m 1.59 See note 5

crank_handle Tan 1 1h 22m 3.23

crank_knob Gold 1 Oh 55m 3.01

swing_gauge Ivory, Black 1 Oh 28m 2.04

spacers Gold 1 1h 3m 2.26 See note 6

Total 37 |198h 53m 396.03n

Tablel Printed Components

Note 1: Two different dials are provided with this clodike either one that you likdhe picture on the
front cover uses simpleumbers. The roman numerdial can be seeim the pictures of my second clock
at the end of this document.
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Note 2: Gear 4 and 7 can be configurkmt different runtimes It is reconmended to start witheither

the 7.7 dayor 10.2 dg runtime optiorsthat have a goodchance of working properly. You can try the
14.3day option lateif your clock is running well and you want a bit more runtime. It might require a
slight increase in drive weighthe 46 day option is a backup if you hatreuble getting the 77 day
version running reliablyThe 21.5 day option is very aggressive and may be diftatune properly.

Note 3: Geardb_25 is designed to be a press fit onto the minute hand aBiierent printer tolerances
might make the partoose, s@eardb_25 tightvith asmdler center hole has been providedou may
need to experiment with partially drilling out the hole until the arbor fits properly. Another option is to
rough up the arbor and glue gear4b_25 in place.

Note 4: Two different hand styles are provided withitsclock | think the spade hands look best with the
simple number dial and serpentine hands look best with roman numerals.

Note 5: Multiple weight shell sizes are providedour clock might need more or less weightdadtion

reliably. Determinethe minimum amount ofweightneeded foryour clock to run and addtdeast50%

more weight. If the clock runs for a few hours on 5 pounds, then it should run great on 8 pdtieds.

are several options to achieve the desiredige for your clockFiles are incded with2.4¢,H ®c € £ H ®y € X
oPnéI YR odHé RALFYSEGSN 4 S AcArKbé addedoSHe baitsbn oftlie 8 2 > MK n
weight shellto add extra weightThere is a section later in this document describing the wesphtl

options in more detail

Note 6: Small spacers for the arbors are grouped into a file called spacers. The following diagram shows
what they look like along with the corresponding arbor number. Spdcgoes on the pallet arbor

(gear0) Spacer_2 goesathe gear2 arbor. EtcAll the pacersare grouped into a single file for easy

printing. They also exist as separate files if yued to print them individuallySpacer_4amay need to

be scaled to make fit tight on the minute hand arbor.

S4b S7 S8 S9
©

@'

SO SI S2 S4a

FigurelOMisc spaers
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Print File Options

Severaparts have multiple print file optiongdere is a description.

Component| Option File Name Description
. . Front dial with numbers
simple numbers | frame_dial_numbers
Dial (shown on the covephoto)
. Front dial with roman numerals
roman numerals | frame_dial_ronan .
— = (shown in photos near the end)
Hands spade hands_spade Simple spade hands
serpentine hands_serpentine Ornate hand style
24" diameter weight shell *_2p4 Smalestdiameter weight shell
Weiaht Shell H®c ¢ RA | weight shell * 2p6 Small diameter weight shell
Digmeter 2.8' diameter weight_shell * 2p8 Mediumdiameter weight shell
odné¢ RAI|weight shell * 3p0 Large diameter weight
o PHE RAI|weight shell * 3p2 Largest dimeter weight shell
full height weight_shell_2p (or other dia) | Full height weight shell in ongiece
3/4 height top . . Partial height weight shell for limited
Weight Shell | section weight_shell_short_ height printers, about 75% height
Heiah ' - -
eight quarter héght ' . Quarter hglght weight shell used as
. weight_shell_quarter_ an extension to add a smalmount
bottom section . .
of additional weight
. gear4 70 30 4day, Safestgear set option with a
4.6day runtime gear7_3® ratchet 4day 4.6day runtime
27 7day runtime gear4 70 22 7day, Recommended gear set with a
' Y gear7_4 ratchet_7day 7.7day runtime
Runtime 10.2dav runtime geard4 70_18_10day, Recommendedjear sewith a
Options ' y gear7_48 ratchet (Qday 10.2day runtime
. gear4 70 14 l14day, Alternate gear set option with 24.3
14.3 day runtime gear7_52ratchet 14day day runtime
. gear4 70 10 21day, Most aggressive gear set option with
21.5day runtime gear7_56_ratchet21day a21.5day runtime
one file spacers All thearbor spacers in one file
Spacers o i Individual spacersSpacer_4a can be
individualfiles spacer0 (or _1, 4a, etc.) scaled in size to fit tharbor best

Table2 Print Options

The weight shell has many options depending on the printer size and material used to fill thé shell.
have had the clock runningith as little as3 pounds, but the pendulurswing was small andhé clock
would stop if it was slightly out of beat. It becesimuch more reliable with additional drive weight.
Different clocksand runtime options wilfequire more or less weiglitependng on the friction
throughout the clock. There are options éxtend the height of the weight shell to increase the drive
weight if needed. The frame on this clock is robust enough to support more than 10 pounds (4.5kg)
without sagging if your clécneedsthis much weightYou can use any combination of weight $hel
components toachieve the desired weight.
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Color Changes

The front frame has an integrated dial that needs a color chang8.80hm to highlight the numbers.
Another color change came addel at 10.40mm to addlight colordial. My clock starta/ith a tan base,
ivory at 0.40mm, andblueat 13.00mm for the numbers.Both dial styles have similar thicknesses, so
the layer changes occur at the same heights.

Prus&licerhas a really easyethodfor adding layer changes.

[ N
Fil= Edt Window View Configuation Help

Plater  Print Settings Filament Settings  Printer Settings

by Josef Prug

View | Color Pont ¥ Show | Dptons v Feature types v 4

Figurell Layer changes for front frame
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There argwo options for the clock hand3he serpentine hands are intended to print as a solid color,
but the spade hands look best with a layer chaag®.8nm to highlight the perimeter. Experiment with
different colors. Sometimes dark colors look good, but lighter caoeanore visiblef you have dark
colored gears.

1020_a
(€] ®

View | Color Print ~ | Show | Options | | Feature types v

Figurel2 Clock spade hands layer change

The swing gauwgis uséul for determining thgpendulumamplitude and also for balancing the
escapement trip positions. $hould havea color chang¢o a darler color when the lines appear

3.20_ &
(16) N

0.20
View | Color Print v | Show | Options v Feature types v 4 o ¢) I

Figurel3 Swinggaugecolor highlights

Additioral Component

There are a feviully 3D printedclocks posted on the interngbut most of them have extremely short
runtimes. | certainly do not want to wind a clock several times per day. All of my clocks last for several
days between winding so they are aatly usdul time pieces. It takes a few metal components to

reduce fricton for this to happen. Ball bearings are usedupport the pendulum and smallameter
steelrodsare used as arbors. And usirgal screws to hold components is much more relighén

printed screws.
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One of the goals in designing this clock was taicedthe bill of materials compared to my earlier clocks.
This clock uses about half as many qpoimted components as my other clock&hout any sacrifice to
runtime.

Here is a compte listof nonprinted parts needed to build this clock.

Component
Qty Imperial or (metric) sizes Notes
~25 | c E o Ranheadwood screw Metric equivalent is ~19mm long
lor2 |8xI-mkK HE LIy KSI |Forhanging clock on wall
or nail
18" | 3mm stainkssor brassrod CuttoH 0% X 0£€ X o0®péX | YyR
(0.5m) (51mm,76mm, 76mm, 89mm, and 114mm)
9" M K MOC E5mmmusic wire [ dzi (2 o0éX 0é3X YR o0¢
(0.25m) (76mm, 76mm, and6mm)
12 microfilament fishing line | usePowerPrdSpectra Fiber braidedstiing Ihe 65 Ib.
(3.5m) test, Eq Dia 16
~8lb. | lead shotor BBs ~11000 BBs are a great option. Lead shot allows a
(3.6kg) smaller weight shell, but more difficult to find
5 623RJearing (3x10x4mm) Open bearings are best, but rubber se@23RSgan
easily beeemoved Metal shields (62322) adéficult
4 click pen springs Use springs from ball point pens
~44 | pennies or small weights For filling pendulum bob

Table3 Nonprinted Parts

cEokné 622R &aONBsa& | NI sidge Sife wiskalcetwad igstamiwhérk A & Of 2 0

needed withoutbeing too large in other places. A longer pan head wood sorawailis used to hang
the clock on the wall. Ansize that fits into the hangig hook is good.

Music wire is great for the arbsecause it is typically hardened, although almost any mett r
should work in this clock. The 3mm diameter rod needs to fit inside the ball bearings. The smah rod
beeh G KS NJ Mk Min diam2eJ1.6ndrpméyralso work.

Microfilament fishing lie has been working great in my clocks for several years. Hrhasazing
strength in a very small diameter. Other cas®DK as long as it is strong enough to support the weight
shell and not so large thit builds up too thick when wrappeg0-35 timesaround the winding drum.

| have switched my weight shell preésce from lead shot to copper plated BBscsitthey ardess toxic
and easier to find. The density of copper plated steel BBs is only ar@3addver than lead shot, so

the size increastor the same weighis minor. You may also be able to use randoetgs of steel for

the weights, but you may need to experimentfind the proper size. The weight shell extensions help if
you need a bit moreveight

The 623RS ball bearings are the mostaaitcomponent required to get the clock functioning properly.
have tried other options and cannot find abgtter method to support the penduluntClock suspension
springs have been used for centuries, btg not readily availabl&D printed knife edgesiight work

with a 1-2 day clock, but have way too much frictitor an 810 day runtime. String suspensions might
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be an option, but they would be difficult to set up properly. | will stick with smalldealtings until | can
find something better.

| purdhase generic ball bearings from the typical places (Amazoty, @l&xpress, etc.) for around
US$510 in lots of 100pen bearings without seals or shields would be best, but they are difficult to find.
Rubber sealed bearings (623RS) are an acckpsaiition because the seals are easy to remove using a
small pin.The thick factory grease needs to be removedthe pendulum supporbearings This

requires removing the seals and soaking the bearings in solBeugh out or use an air gun to remove

the remaining gunk. Select the best ones for the pendulum supporiusedhe others for the weight

shell. The weight shell bearings can keep the seals intact if desired.

The final itens aresomesprings from ball point perend a few penniesOne spring is used for the
minute hand adjustment and three springs are used in the ratchie¢ pendulum bob is filled with
pennies. Washers or other small weights will work just as wateshe pendulum bob weight is not
critical.

Figurel4 Nonprinted components

ComponenfreAssembly

Metal Parts

Most of thegears in this cloclse music wirdor the arbors Themotion workarbors use small dmeter
rods to keep friction lowThere is enough toleranda the desigrthat eitherm Kk m . 5mm or 1.6mm
diameter music wireshould work Cut the lengths to size or slightly shorter. Round over the ends to
remove any slight burr fra the cutting proces.Keep in mind that hardened music wire needs an
appropriate aitter. Cheap diagonal cutters might not work well. A Dremel cutoff disk is a better choice.
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