-

P
brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Archivio istituzionale della ricerca - Universita di Palermo

13th World Congress in Mechanism and Machine SeigBaanajuato, México, 19-25 June, 2011

IMD-123

A Note on the Mechanics of Ancient Gear Systems

F. Sorge
University of Palermo
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Abstract—This paper deals with the mechanical
behavior of the gearwheels of the antiquity, whigdre
generally characterized by triangular shaping ofeth
teeth. The engagement of the conjugate profiles is
analyzed in detail, calculating the temporal vaidat of
the speed ratio due to the back and forth shiftifghe
relative instant center. The admissibility of thans of
the theoretical contact path is carefully checked,
estimating also the magnitude of the successivéhtoo
collisions and ascertaining the energy losses aggrom
the particular nature of the coupling. Some very
interesting results are that only one couple ofhearns
out to be active at each time instant and thatrée path
may belong to the only approach region or to théyon
recess region entirely or may be split into twoaege
sub-phases, the one in approach and the otherdas®
or may even straddle both regions. The occurrerfce o
each of these conditions depends on the averagedspe
ratio (tooth ratio) and on the assigned clearanetvieen
the two wheels. It is also found that the spe@illagon
is roughly contained in a £10% range and the effigy
may reach rather high values, despite the presuenabl
crude finishing of the ancient gearwheels due te th
rudimentary technology used in the constructionheaf

tooth profiles.
Keywords: triangular tooth gearing, history of mechanics

| Introduction

Though only very few residues from the antiquity
machinery are still preserved in some museumsesedalt
over the world, it is legitimate to guess that katreely
advanced construction technology had been achiandd
to imagine an extended practical use of many mechln
devices, especially in the Hellenistic, Byzantined a
Islamic worlds.

The gearwheel coupling was no doubt a somehow
current application and, for example, was largelgdifor
the implementation of astronomical devices,
planetary calculators for the position of many st
bodies, or astrolabes, or odometers.

One of the most significant find, the Antikythera
mechanism (Fig. 1), is a planetary gear system,
presumably of the first century B.C., ascribed peehto
the philosopher Posidonius or to the astronomer
Hypparchus of the Academy of Rhodes and used for th
calculation of several astronomical positions. lasw
retrieved at the beginning of the XX century frolret

like
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Antikythera wreck, which was accidentally discowkre
thanks to some sponge-divers anchored near thé abas
the homonymous island 4vrixo6npa, whose meaning

is "in front of Kythera", is a very small Greekasld with

less than one hundred inhabitants in the sea channe
between Crete and the larger island of Kythera).

Many in-depth studies have been carried out on its
functionality as a primitive analog computer (for
example, see Pastore [1], de Solla Price [2-3]giMri4]
and mind the recent activity of the Antikythera
Mechanism Research Project [5]). Reference [1] by
Pastore reports an extensive and careful desaripifo
this gear system and elucidates its functional
characteristics. De Solla Price spent a lot of timdis
studies about this mechanism, in order to recoasthe
missing parts starting from the few archeological
residuals, and also tried to assemble a completdemo
whose copy is now in the National Archaeological
Museum of Athens. Wright carried out a wide campaig
of X-ray detection of the wheel, continued latertynthe
Antikythera Mechanism Research Project, which paint
out the shape of equilateral triangles of the tmgth
unequivocally. On the other hand, it is sensatighat
such a profile denounces a less advanced design
conception in comparison with the recent find oé th
gearwheel of Olbia (Sardinia, Italy), which may be
ascribed to the genius of Archimedes of Syracusied(t
century B.C.) and is then earlier than the Antikyth
planetary of more than one century, but exhibits th
extraordinary characteristic that the tooth prafilare
very close to the modern cycloidal shape [1].

It is very probable that many gear systems like the
Antikythera mechanism were built during the Heltiai
period. Cicero mentions two other devices of thietin
De Re Publicaand says that they had been built by
Archimedes and one of them was brought to Rome by
Marcus Claudius Marcellus, who conquered Syracuse
during the Second Punic War. It is believed that th
cycloidal gearwheel of Olbia belonged to one ofsthe
devices [1]. Cicero also says that another suckcdéad
been built "recently” by a friend of him and thukis
technology was quite spread since the time of
Archimedes and the Antikythera orrery was only one
exemplar of a widely diffused manufacturing, though
skilled hands and complex calculations were nedded
this type of construction.
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of active teeth and the true line of contact fajusmntial
tooth gearings is limited by the need of avoiding
interference conditions and will be examined in the
following Section IlIC.

It is assumed that the teeth on the one and ther oth
gear have the same aperture angfei2d the same depth
h from the vertexV to the root circle, whence, fixing the
tooth numbers, the whole toothing can be designed
relying on evident geometrical considerations.

The triangleOBVin the detail on the lower side of Fig.
2 shows that the tooth degttand the side profile width
are calculable as

sin
h= 1——’37_[ (1)
sin[/} + j
z
Fig. 1. Main fragment of the Antikythera mechanisithe National
Archaeological Museum of Athens. sin
- z
The complex technology needed for the construaifon e=R——— (2)
these gear systems was transmitted, through the 5|r(,8+)
Hellenistic world, to the Byzantine and Islamic taué

and gave the conceptual origin to several geared
machines in the Middle Age, like odometers, meotaini  for each_ gear\_/vheel, whefe andR - h are the tip and
calendars and clockworks (for example, bear in mind root radii andzis the tooth number.

some machines described in the books of the Byranti Thus, the assumption of equal depths permits writin
monasteries, the volume Kitab al-Hiyal by Banu Musa
the odometers and astrolabes of al Biruni, etc.). sing

We can also find gear devices in the codices of 1- T
Leonardo da Vinci, i. e. at the dawn of the ModEra. sir(,B+J
However, the tooth shape is still quite rudimentafyen R :—_21 (3)
triangular, and far from the modern cycloidal ovahute R - sing

The present analysis aims at stating the fundansenta
of the mechanical coupling of ancient triangulaarge
There seems to be no previous study of this type.

rofiles developed after Euler.

and calculating for exampk once fixedR;.

The minimum value of the center distarizés Dy,in. =
o o R; + R, — h, but a tolerance facta;, a little greater than

A scheme of the gear coupllng IS representgd inFig 1, has to be multiplied b, necessarily in order to
a, b and c for three possible contact configuration  consider some backlash, which was especially needed
approach, profile matching and recess. The sizes ar the antiquity to let the gear system work, in cdesation
chosen in accordance to the design concepts to beof the unavoidable manufacturing inaccuracy becatise
presumed for those ancient times. Some elementary tpe crude technology of those days. THRIS; aDyin -
constraints _Iead to forced choices of the sy;tema da After fixing D, the ideal angular width of the meshing
(constant pitch, equal tooth depth, etc.), whilleot  yegion is specified by the intersections of the tiyp

variables are assumed lib. circumferences, of radig, andR,;
The ratio of the tooth numbers of the two gears

corresponds to the average speed ratio, whichpssed D2+ R? - R?

by the machine employment, though the simple cosd, , = ——— L (4)
geometrical shape of the tooth profiles implies the 2DR

variability of the instant speed ratio during theghing.

It is supposed firstly that each couple of conjegat wherei andj may stand either for 1 and 2 or for 2 and 1,
teeth engages along the whole ideal path, ignaifitg  while a; indicates the generic angular position of the
possible restrictions involved by the presence lo t
preceding and following teeth. In actual fact, thenmber

I1. Geometry of triangular toothed gears

2
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gearwheel, which is positive or negative for the meshing
entrance or exit of both wheels, according to Big.

I11. Kinematics of the gear coupling

Refer to Fig. 2 for the notation throughout theserea
section.

Starting from the initial meshing point on the fiirs
intersection of the two tip circles, where the ti@eth are
in contact through the apices, there is a firstsphavhere
the apex of the driven tooth is pushed and slidesga
the side of the driver tooth, and a second phaserev
the driver tooth apex pushes the side of the driveth,

as far as the ending meshing point, on the second

intersection of the tip circles. Such two phasee ar
separated by the matching position of the two [@sfi
which occurs for-a, = a;. This matching value will be

called a1, and the two phases will be named of approachy,,
and recess, though somehow improperly if comparing

with the modern gear terminology.

Thus, the approach contact locus coincides with the

arc of the driven tip circle preceding the matching
position &, (< 0) and the recess contact locus with the
arc of the driver tip circle following the matching
position a1, (> 0). The instant center of the relative
motion is given by the intersection of the nornwlttie
active profile, of the driver wheel in approach)(and of
the driven one in recessy), and the center line. A

sudden change of the speed ratio must occur when

passing from the matching position of the two teeth
In dependence om, it is possible to calculate the
driven anglea, and the distance = V)V, between the

two vertices by use of specific closure equations,
different for the approach and the recess.

A. Approach phase
Apply the two closure equations

R cosa, - vcos(a1 + ,8) +R,cosa, =D (5)
R sina, - vsin(a, + B8)- R,sina, =0 (6)

to get, by elimination o¥,
az(al):arcsi{Dsm(al+é)_Rlsm’g}—al—ﬁ )

Then, calculating cas and sim, by Egs. (5-6),
squaring and summing is easily eliminated and we get
a quadratic equation far

v? +2v[Dcoda, + B)- R, cosp]+

+[(D? + R? - 2DR cosa, )- R? ®
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Fig. 2 a, b, c. Scheme of tooth couplingz; = 2, 3= 30°.
a) approach phase; b) profile matching; c) recess phase

where the coefficient of the linear term is equatwice
the positive difference of the projections@fandR; on
the straight line containing the diver profile, wehithe

third term is equal taO,V, >~ R,” and is negative a¢, is
inside the driven tip circle. These observationdrass

the choice between the two roots of Eq. (8) towahds
plus sign,

v(a,)= R cos-Dcoda, + B)+
+(R ~[Dsin(a, + B)-R sin A

9)



13th World Congress in Mechanism and Machine SeigBaanajuato, México, 19-25 June, 2011

and it may be noticed that the term under the syt
is equal to the projection of the tip radi®& on the
straight line of the driver profile.

The approach phase ends when= - a; (a1 = o),
whence we get by Eq. (7):

(R1+R5)sin,8}_lg (10)

Ay = arcsw[

The instant centdt, of the relative motion is found on
the center line, tracing the norm@& to the driver tooth
profile, whose slope is equal W/ 2 — a; — 5. Equating
the projections of0,C, and O,V, on the prolongation of

the driver profile, the distano®,C, is found to be

JR -[Dsin(a, + B)-Rysin ]
O,C, =
2 coda, +f3)

(11)

whence the speed ratio = « /aa = QC,/0,C, =
D/0O,C, —1 is obtainable as

V) Dcoda,+p)
\/Rz2 -[Dsin(a, + B)- R singf?

r(

-1 a2

B. Recess phase

After passing the matching configuration, the apéx
the driver tooth slides on the driven tooth sidéiose
slope isf — a,, and the two closure equations are

R, cosa, —vcos(,B— a2)+ R,cosa, =D (13

Rlsina'l—vsin(,B—afz)—stina'2 =0 (14)
As it is desired to express all variables as fumstiof

a,, the distance may be firstly calculated, solving Egs.

(13-14) for cosr, and sim,, squaring and summing

v? - 2VR, cosf3 + [Rj - (D2 +R?-2DR, cosal)] =0 (15

where the third term is equal &> - OV, 2 and is
positive, so that both roots of Eqg. (15) are pusiti
Nevertheless, the geometric meaning of Eq. (13has,
fixing the angular positiomr; of the vertexV;, which is
inside the circumference of radi&s, one has to find the
position of pointV, on this last circumference so that the
angle \/1\7202 is equal tgB. Two possible positions fulfill
this condition, but the one closestWg is clearly to be
selected, i. e. the lowest root
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V(a,)=R, cosp+
—\/(D2 +R*-2DR cosal)— RZsin® B

(16)

SinceD” + R” - 2DR,cosz = 0.V, 2, sinceR,sing gives
the minimum distance of the ceni@ from the straight
line prolonging the side of the driven tooth anacsi the
apexV; lies on this line, the quarter-discriminant under
square root of Eq. (16) is certainly positive.

After obtainingv, it is possible to getr, by back
calculation

[ R sina; J_( vsing ]
D- L -
R, cosa R, vcosﬁ] 17

a,(a,) = arcta

vsing

1_{ R sina, ](
D -R cosa, \ R, —vcosf

and Equation (17) may be observed to be equivatent
stating that the absolute value @f is given by the sum
of the angles formed by,V, with the center line and
with the radiusO,V, .

The instant centeC, of the relative motion during the
recess phase is located on the center line, on the
intersection with the normal to the driven tooth profile,
whose slope is equal ta/2 - 8 + a,. Equating the

projections of OC, and OV, along the direction parallel

to the driven profile, the distand®C, is given by

ocC = Ricos(ﬁ_al_az)

AT codpmar) 4o
and the speed ratio= w/w is
() R codB-a,-a,) (19

i DCOiB—aZ)— Rlcoiﬂ_al —0'2)
wherea,() is given by Eq. (17).

C. Real meshing conditions

Of course, the teeth are closely distributed in two
regular sequences, on the one and the other wéuee)|,
after ascertaining that the contact conditions oarut
be described by the analysis of the previous stiossg
it is necessary to investigate if all the idealteah points
are admissible and if several meshing couples neay b
contact simultaneously.

Choosing a generic contact point on the ideal path,
either in approach or in recess, the homologoustpaif
the preceding or following tooth couples have aagul
distancest 277 /z; andx 273 /2, in the driver and driven
gearwheels respectively, wheye= 1, 2, ... Therefore,
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drawing the full ideal diagranmx(a;) a generic point
must be regarded as admissible only if, tracingaight
line with slopez/z, through such a point, all the other
points whose abscissae differif7j/z; from it lie below
the diagram, as otherwise there would be interferdar
some tooth couple.

Since the diagranmm(a;) will be shown to exhibit a
slight upward concavity nearly everywhere excepthat
matching positionay,,, where a sudden slope change
occurs, the above reasoning leads to exclude aitgof
the diagram that lie above the prolongation of that
particular chord (or sum of aligned chords) witlops
z/z, and (total) projection &/z, on the a; axis, that is
located as much as possible at the bottom of thi@a ma
concavity. The admissible contact points, which nhiigs
below this straight line, may then be searched by
checking the interference condition of the precgdind
following teeth at any position of the ideal path.

The consequence is in practice that only one coalple
profile may be in contact at each time instant @sdsoon
as such profiles detach themselves, two new pspfile
either of the following or of the preceding toothuple,
join  simultaneously to mesh, either upstream or
downstream. This will be better elucidated by shgwi
some practical results from the numerical calcofeti

On the other hand, comparing with the inverse nmgtio
it may be proven that the back inactive profilestiué
teeth are quite far from the interference condition

D. Tooth collision

The motion transmission is continuous, but the dpee
ratio is variable, as the position of the instaenter of
the relative motion moves back and forth alongaeter
line. Moreover, since the entrance speed ratidwiays a
little higher than the exit one, because the netaitistant
center shifts towards the driver wheel center dugach
partial engagement, a slight impact occurs at the
beginning of any mesh phase or sub-phase, as itrendr
profile has a slightly lower speed before the eegaant
than after it.

It is supposed that the impact is inelastic, sa,tha
immediately after the conjunction of two profilethe
velocity components of the driver and driven paitliing
the normal to the contact are equal, while immedtijat
before this instant, the driven velocity componént
smaller, where the difference is proportional te fipeed
ratio jump.

The velocity components normal to the active pegfil
may be obtained as the total velocities of thosatpmf
the two planes rotating rigidly with the one and tither
wheel, that are located on the intersections of the
parallels to the profile traced from the wheel eesiwith
the normal to the profile itself.

It will be shown that, for not too large backlashe
meshing phase is entirely in the approach regiomzfa,
rather larger than 1 and in the recess onexfas rather
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smaller than 1. On the contrary, in the neighbodhob
z/Z, = 1, we may observe two sub-phases, the one in
approach and the other in recess, distant one angul
pitch from each other and with a trend to join iro
single phase on increasing the backlash. On ther oth
hand, whatever the tooth ratio may be, the mespivage
tends to straddle the approach and recess regions o
increasing the backlash, as is also intuitive.

If the whole meshing phase is in the approach regio
indicating the driver and driven angular speeds$ wit
and @ = T, the velocity components normal to the
active (driver) profile are

Vin :wlﬁcos(ﬁ"'al):
=aa{D codf+a,)-|R: -[Dsin(5+a;)-R sin g
Vo = TaR, COS(:B +a, +02) =

= z'a)l\/Rz2 - [D Sin(,3+ al)_ RISinlB]z

} (20)

(21)

Indicating the conditions preceding and followirng t
impact with the superscripts and + respectively and
assuming for example that is constant, one hagy; =
V]_D+ = V1o and V2D+ = V1o, WhenceVQD_/V]_D = VZD_/V2D+ =
r/t", so that oo — Von) / vip = 1 - 17/1" and,
calculating the speed ratios at the beginning aedend
of the meshing phase by Eq. (12), one obtains

Dcoiﬁ-‘-ale) _1
Vi, -v;, . JRi-[Dsin(B+a,)-Rsingl
2le2 _1_ DCOiB"'[]lI) _ (22)

JR -[Dsin(B+a,)-R sin ]

where the subscripisande define the initial and ending
values of the angle;.

When the whole meshing occurs in the recess region,
the velocity components normal to the active (drjve
profile are

Vip = @Ry COS(,B’ -a; —02) (23)
Vo = T O,C, Cos(lg_az) = (24)
= 1w[Dcod-a,)-R codB-a,-a,)]

Proceeding as in the previous case, but using npw E

(19), one gets

DCOiﬁ—UZi) _Ri
V;D _VZ_D =1- co:{ﬁ—aﬁ _azi) (25)
Vlm Dcoiﬁ_a%) —_ Rl

Coilg - ale - a2e)



13th World Congress in Mechanism and Machine SeigBaanajuato, México, 19-25 June, 2011

If the meshing begins in the approach region ams$ en
in the recess one, which may occurs for large alezes,
it is possible to use both equations Egs. (12) @9,
minding that the initial speed ratio refers to #pproach
and the ending one to the recess:

Rl Coiﬂ —a, - a2e)
V;D _VZ_D =1- DCOiﬂ—O’Ze)— R1 Cos(ﬂ_ale _aze)
Dcodg+a;) _1 (26)

JR -[Dsin(B+a,)-R sin ]

VlD

At last, if the meshing phase splits into two sub-
phases, the one in the approach region and the ithe
the recess one, their total width and the distdrstereen
each other are both equal to the angular pitch$se&on
V). Therefore, each couple of profiles starts the
engagement in the approach region and meshes for
period shorter than the angular pitch, at whose tbed

a,
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meshing are due to the sliding friction and to tbeth
impact.

The ideal pressure angle, formed by the normatkeo
active profile and to the center line, &+ a; in the
approach phase anffi— a, in the recess one and is quite
larger in comparison with the modern involute taagh

Owing to the sliding friction, the line of actiorf the
force exerted by the driver tooth on the driven dse
rotated of the friction angleg = arcta with respect to
the normal, towards the center of the driven whieeth
in the approach and in the recess phases (se2)Fig.

Since only one couple of teeth is active at eacle tim
instant, the problem is isostatic and the mutuatdas
given by the ratio of the driver torqud;, which is
assumed constant, except the instantaneous peak® du
the tooth collisions, and the corresponding abm
Tracing the parallel to the line of action of theitoal
force through the relative instant center as in Bigthe

preceding couple engages in the recess region andarmsb; andb, are calculable as, = QC, cos(G+ a1t ¢,)

meshes for the complementary angular pitch, until
separating simultaneously with the engagement ef th
new couple of profiles, following the first one, the
approach region. For the impact at the beginnin¢hef
approach sub-phase, Equation (26) may be used
choosing properlyre (end of the preceding recess sub-
phase), while for the starting impact of the recesl-
phase, one has to use an inverse relationshiprestect

to Eq. (26), minding that, refers now to the end of the
preceding approach sub-phase:

Dco ,B+ale)
Voo =V =1- \/R22 _[DSin(ﬁ+ale)_ Rlsmlg]z
Vin B Rlcos(,B—aﬁ _a2i)
Dcos(ﬁ_azi)_Rlcos(ﬁ_aﬁ _a2i)

(27)

Likewise, in the particular case when the engagémen
straddles both, approach and recess regions, iticadtb
the impact described by Eq. (26), also the impé¢he
tooth profiles at the matching position must bestalnto
account. All the intermediate points of the driyaofile
between the two tooth tips bounce on the drivefilpro
except the inner point, which remains in contant the
velocity jump is still given by Eq. (27), providédat one
replacesa;; andae with ay,,, anday; with — agp,.

All these impacts involve relative speed jumps ap t
the order of 10% and may produce a significanteratt
the gear system if the driving crank has an apabiei
angular speed.

V. Power loss

Apart from the other energy losses, for examplthé
supports, or because of the air drag, or becausthef
loss sources, the losses to be ascribed to thé toot

6

+ V,C, sing, b, = O,C, cos{B+ a+ @) — V,C, sing, for
an approach contact, argl = @cos(ﬁ—aﬁqﬁl) +
\Esimﬁ, b, = @cos(ﬁ—aﬁ@) - \Esimﬁ, for a
'recess one, wherg, = ¢ sgn(@), ¢ = ¢ sgn@.).
Considering thatV,C, = R.sina; OcosG+a;), V,C, =
R,Osina, 00 /cos(G-ay), @ =7 @ using Egs. (11)

and (18) and carrying out some calculations, theesof
b, andb, are found to be given by

b, = R,[rcodB+a, +a,)cod B+a, +¢,)+sina,sing,|

codB+a,) (28)
b, = RQ[COS(ﬁ ta t 02)005(,6’+ a, + ¢2)_ sina, Sin¢2] (29
cod+a;)
during the approach, and
b, = RlcodB-a,-a,)codB-a, +¢,)+sina,sing,| (30

COS(IB - 0’2)

Coiﬂ_al —az)cos(ﬂ—az +¢1)

T

cos(ﬁ—az)

—sinalsin¢l} (31)

il
b, =
during the recess.
The efficiency 7; due to the only sliding friction is
obtainable as the product of the speed ratiad the arm
ratiob,/b;:

= COS(,B+0'1 +a'2)cos(,8+ a, + ¢2)_Sina2 sing,

,7f access : A
sSina, sin
cod+a, +a,)eod f+a, + ;) + ISP
T

(32

_codB-a,-a,)codB-a, +¢,)+1sina,sing, (33)
7+ ecess™ codB-a,-a,)codB-a, +¢,)-sina,sing,
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The sliding friction energy loss during one comelet
meshing of two conjugate teeth can be calculated by
integration:

L=, (-7, M.da, (34)

where, in the case of two partial contact sub-megithe
integration must be extended to both of them. Dngue
applied to the driven gearwheelNkb, /b, and is variable
owing to the variability of the arms; and b,.
Furthermore, this torque differs from the outpugistant
torgue due to the secondary shaft inertia and the
variability of ap.

As regards the impact losses, the previous assongpti
of constancy of the driving speedy and inelastic
impacts lead to the conclusion that, for every hoot
collision, the work “4,w*(7** - %) must be provided
by the driving wheel, wherd, indicates the moment of
inertia of the driven wheel and all the masses eoted
to the driven shaft, while the speed ratiosefer to the
instants immediately after and before the impazthe
calculated as in the previous section. In the cdsvo
partial contact sub-region or of one single regsiride
the matching position, two impact works must bestak
into account, because of the approach, recess and
matching impact. Such impact works have to be adoed
the sliding friction work, Eq. (34), to get the dabtlost
energy due to the tooth coupling during one simgésh.

V. Results

Figures 3 to 5 show the numerical results arisiogf
the above formulation for three tooth ratmgz, and two
values of the clearance facto= D/(R; + R, — h).

Figures 3 a and b refer to a speed down case. The
active fraction of the diagram is confined in thexass
region and its width along the abscissa axis is°/260
The concavity of the diagramm(a;) is slight and upward
directed, so that the admissible active pointscardined
under the bottom chord of width 368°And slope; /2.

The speed ratio decreases along the direction ef th
meshing evolution, i. e. from right to left.

Close to the matching position;, the distance of the
contact point from the relative rotation cenis very
small, which justifies the high sliding efficienagar this
position. A coefficient of frictiorf = 0.2 was chosen in
all the examples, assuming bronze gearwheels ame so
sort of rudimentary lubrication, which compensatas
the necessarily crude profile finishing somehow.

Comparing Fig. 3 a with Fig. 3 b, which refers to a
larger backlash, it is possible to observe a sicgnift
reduction of the ideal meshing width, but no rerabatk
changes in the real mesh. Therefore, rather large

7
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Fig. 3 a, b. Secondary rotation, speed ratiad and sliding efficiency
n, in dependence on the driver gearwheel rotatiodla; = 3602;.
21 =48,2=96,4=30°,f=0.2.

(thicker line: admissible working points withoutenference).

(a) clearance fact@ = 1.01,4vzr/vin= 0.1582,fmean= 0.5000;
(b) clearance fact@ = 1.025,4vo0/Vin= 0.1457 ,Tmean= 0.5000.
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Fig. 4 a, b. Secondary rotation, speed ratiad and sliding efficiency
n, in dependence on the driver gearwheel rotatiorla; = 360z;.
2,=96,2=72,4=30°f=0.2.
(thicker line: admissible working points withoutenference).
(a) clearance fact@ = 1.01,4v,0/vin= 0.1117,Tmear= 1.3333;
(b) clearance factom = 1.025, @v,n/vin)a = 0.0682, AvanVin)m
0.0314, Tmean= 1.3333.

clearances can be adopted without any important
worsening of the mesh conditions, to the advantdgee
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prevention of possible transmission stops dueeddbth
locking.

Figures 4 a and b refer to a speed up case antasimi
comments can be made as for Figs. 3. The main /!
difference is that the real mesh phase developddribe s
approach region, but tends to develop astride the e b 20 2
matching position on increasing the backlash. Tas = Ata
feature is clearly typical of all cases. ) 1¢3,

Figures 5 a and b refer to a unitary speed ratiw. F
small clearance, two partial meshing regions can be
observed, the one in the approach region and trexr ot
the recess one. The sum of the widths of thesestvie 2
regions along ther; axis is equal to 3602/ and is also ®) Y
equal to the distance between them. Thereforegatidig 20°
with the numberingj — 1, j, j + 1, the sequence of three
successive couples of conjugate teeth and stattiag
analysis of the engagement with the approach sakeph
of the couplg, from the right of the diagram towards the
central position, the coupje- 1 begins the engagement
of the other sub-phase, in the recess region, inatedy
after the conclusion of the approach sub-phasig ahd
keeps on until this recess sub-phase is entirehgreal. (a) clearance factoa = 1.01, @vphi)s = 0.0876, v

0.0095, fpearn= 1.0000 Aay, + Acy, = 360°t;

Then, the .couple,=+ 1 starts a new approach sgb_—phase (b) clearance facton = 1.025, Wi )a = 0.0696, £ Na)m
from the right end and the whole process beginsnaga 0.0119, Tnear= 1.0000.

This sequence is permitted by the circumstance ttieat
distance between the two extremes endpoints, on the
right of the approach contact and on the left ef tdicess
contact, is exactly equal ta<260°/z.
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Fig. 5 a, b. Secondary rotation, speed ratiad and sliding efficiency
n, in dependence on the driver gearwheel rotatiorla; = 360°%;.

2 =96, =96,4=30°f=0.2.

(thicker line: admissible working points withouténference).

characterized by a sensible rattling noise dudéatdoth
collisions consequent to the variability of the epeatio.
: 7 ) ) The energy losses were of course more relevant
On increasing the clearance, the left sub-regiattwi 5 mparison with the present gear systems, but,siues
decreases to the advantage of the right one, thif that a sort of rudimentary greasing or oiling & tontact
width and their mutual distance remaining Unchanged m|ght have been app“ed even in the antiquity,fﬂwon
until it vanishes and leaves only one single cdntac |osses due to the rough technology in the tooth
region. On increasing the clearance further, tgue construction might have been compensated in pathéy
phase moves to the left, until straddling the matgh lubrication. Thus, energy losses of the order d¥16r
configurationay, and lying in part in the approach region less may be reasonably conjectured.
and in part in the recess one. This is clearlyolésin the
case of Fig. 5 b, where the sliding efficiency rexits
highest average value and the impact velocity juwsp
-V, is very low. For this configuration, i. e. speatic

References

[1] Pastore Gll Planetario di Archimede RitrovatfThe Discovery of
Archimedes' Orrery). © Copyright 2006-2010 - Giomafastore,

1:1 and rather large backlash, we get thus the best[Z]
conditions as regards the energy losses. Cleary th
gearwheel clearance cannot be increased too muchi3]
because, if the ideal region of virtual contactdmes
smaller than 3602/, we may have standstill period of the
driven wheel, with important collisions at the newtion
start, or else its definitive arrest.

(4]

V1. Conclusion
the
(5]

The extraordinary advancement degree of
Hellenistic science in conceiving planetary geastems
is somehow overshadowed by the technology
primitiveness of that time. Nevertheless, an apphie
level of functionality can be detected by an actra
analysis. The gearing behavior was certainly

8

www.giovannipastore.it, ISBN 9788890471520 (iridtia).

De Solla Price D.J. An ancient Greek computS8cientific
American, 200 (6):60-67, 1959.

De Solla Price D.J. Gears from the Greeks. Pikythera
Mechanism: A Calendar Computer from ca. 80 B. Gn¥actions

of the American Philosophical Society, new serig4(7):1-70,
1974.

Wright M.T., Bromley A.G. and Magkou E. SimplX-ray
Tomography and the Antikythera Mechanism. PA®evue du
groupe européen d'études pour les techniques plmsiq
chimiques, biologiques et mathématiques appliquéas
I'archéologie (Journal of the European Study Group on Physical,
Chemical, Biological and Mathematical Techniquespliga to
Archaeology), 45:531-543, 1995.

The Antikythera Mechanism Research
http://www.antikythera-mechanism.gr. March 23, 20.

Project,



