WD 2004/ 048824 PCT/ US2003/ 037753 1 STANDARDI ZED
ROTARY ACTUATOR CROSS REFERENCE TO RELATED
WERPWOGEI4 ON [ 0001] This application clains theCT/US2003/037753
priority of U S. Provisional Patent Application
Serial No. 60/429,276, filed Novenber 25, 2002. 5
TECHNI CAL FI ELD OF THE | NVENTI ON [ 0002] The present
i nvention relates in general tq rotary power devi ces,
and specifically to rotary actuators for use in
aut omat ed machi nery. BACKGROUND ART 10 [0003] Mobst
aut omat ed nechani cal systens devel oped today are

bui It as uni que cyshepnebezf ROTUKYEABTEATIOYI Ng
little or no standardi zed architecture. This one-off

desi h '

exhi Biting 18 é’t%%eRF%Ef?%%é ?%?E%?Ebgf*fﬁﬁ%a@jof
d di.ffusion. { oy, ,

ZE%?%@raBn egfrg%kgaég?ggswgfg %gq%n?%%%haﬁ %%flgy of U.s.

desoegis inetaioded gyt | Bpp aiptat iohs desicancee . | Bogenpeyats, filed

erat.or_inte es are cunbersone, nai ntenance
?ﬁéﬁ?ﬁ?ﬁfi%§’ %éﬁ%lex, and the logistics trail for

- TS 55 SR,
d hani is fifst f it
e =0 metanisghs SAOMTLR TLISle SEESMANITE, covary

design of a ma

riedegy e vilgsencendf sgeandardilzetdomachame agtoiattors for use in

SOl UL NS Aust ,be, perfornmed beginning from basic
structural conponents, such as plates, beans, and

bearings. 25 [0006] G vegh&mReRbNgrt0i Nt of
sufficient rigidity, the nmachine designer then noves

I fi ' ' f 48
10 tp%}r(f(%%c' 'ﬁ@gto%ﬁ%ﬁa§@he%é&ﬁn9caw%%Q%/mg §g\4elo;%eé:1r today

2003/ 037753 2 a prine nover, a“power source

tqﬁgiﬁqQﬁg @gvgp;qp@3¢m$ﬁgmﬂone—off systems employing little or

no standardized architecture. This one-off design methodology

tends to result in systems exhibiting relatively high cost and

a low rate of change and diffusion of new technology.

15 [0004] Another wundesirable effect of custom mechanical

design methodology 1is rapid obsolescence. In general,

operator interfaces are cumbersome, maintenance training 1is

complex, and the logistics trail for maintenance is

permanent and expensive user obligation.

20 [0005] Often, the designer of an automated mechanical

system is first faced with the design of a machine joint,

which, owing to the relative absence of standardized machine

joint solutions, must be performed beginning from basic

structural components, such as plates, beams, and bearings.

25 [0006] Given a machine joint of sufficient rigidity, the

machine designer then moves to specification and selection of



and vel ocity feedback sensors for the joint, a control
system for the prinme nover, all necessary wring, and
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transm ssion elenments. 5 CGenerally, these conponents

will be discrete conponents. Although certain

conponents may be designed to interface with the

rel ated conponents, a relativeldy high degree of
eagppees i dgved f of tpoRest sslirkk Berexget geidd KRR € positional
that the various conponents will work together

pTo ergociﬂntcVer s APaFkefFS2B° of Obpeitati Hig coridiqangEeL system

[ 080 7EnénpraneanbRe Mhi £ | 1 & At 0N :has8 ghegny any necessary
effectuated wth sone degree of success’is

i MR EYrRRd Gt cof d9FEtERiRe M9fer PoNiRE t Herayeadssiann. elements.
Mogkhi €51 liy)corpakat i BembMdhd PriiHe nggerﬂi@vgzdetae 9&mponents.
train are known as "gearnotors" or "gearhead 15 _
ot grugh /—?ﬁ%&@h CEBREBNPIAES SRC desfdgsigngids to interface with

iﬁﬁ@gr@EﬁQBe@a$co§§E£§ﬂ@Q fo”!hﬂﬁﬁ%i%e9§ i%ﬂyﬂnuﬁéaree of
gear train designs, thereby limting the overall

eF eI Fends S IgPrSudmsodilidd. b 0P0B]teBeviet opmete that the
W4 Ki duld Qﬁﬁﬁobéﬁﬁgswﬂﬁﬁvkﬁﬁntb%%gﬁg¥ p§$§gyfy“uﬂa &tﬁayariety

many years, with the conventional w sdom bei'ng 2

OF wrraddrgneenaliaia®bl e has borne all the results

that are feasible. Generally, system designers would

pr & to OBPi MitRat &0t W igBaritearatént | haby Peahosgfectuated

Wiith idsmaricdftbe obagklkashs N9i $€:efH0%tionaR¢ Eh@SBQEHe mover

conpl exity. [0009] Hypocyclic gear trains were first
| JPfePSRTd tr28npat ¥REBYSF nikperpared ingnepEbnehprime mover

CEH UkY. géat urdRer syrge }Jn!'c‘)wnpa£§nt“.gré%r9898££3d dN t“Bgarhead
m d-1930s. Several industrial manufacturers presently

prIRIce “geall thavdn suieohs tusiusgeshypbeyEhie gahegration has

tgdﬁﬂg%edbuﬁrbﬂe|Ehéje%EQnSOETrﬂﬁ%d@d%%&ede§égpsftréyw C§83igns,
contain many parts and beari ngs, a circurtous force

et ehand WL ep e myewebbl of i eitieegearsof f orch modules.

bal anci ng _purposes. The bal ancing issue has |imted,

t P U8der t aPRVINYPTOL/ 048R4 LPCTYAIZ20082 0BT 7585 Peen  largely

stagnant for many years, with the conventional wisdom being
that all the science available has borne all the results that
are feasible. Generally, system designers would prefer to
eliminate the gear train entirely, along with its weight,

backlash, noise, cost, and presumed complexity.

[0009] Hypocyclic gear trains were first developed and
patented in the late nineteenth century. A further surge in
patenting occurred in the mid-1930s. Several industrial

manufacturers presently produce gear transmissions using
hypocyclic gear trains, but their designs mimic older designs,
which contain many parts and bearings, a circuitous force
path, and two opposing wobble plate gears, for balancing

purposes. The balancing issue has limited, to a certain
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extent, the use of wobble gear designs, but so |ong as
the driving eccentric for these gears is relatively

warmiio4ssan the order of 3% or |ess, they can PEI/US2003/037753

wel | - bal anced usi ng nodern nethods of precision

bal ancing. 5 [0010] In sone hypocyclic gear trains
produced presently, only one wobble plate gear nesh
is used. These designs use pifAs through the plates to

teameard,t tioF quee t £t RebBUE PYtarpladbegnadddibig a&of Udderas the
| evel, of conplexity and a nunber of di_nensions having

T SEEranEes T 16" B0 1992 For etHags vehyr #pall, “on the

yeadss & | 9w beveksef itRberesh Heas,aen shavtai 0sihe modern
desi gn of hypocyclic mptors with the claimthat they

gt RifgRTEG P 2 e9Fi8Beeds. They do, but no
oEe Qﬂs heretof ore found a satisfactory neans to _get
t Kt i gh £8r qisESt J¥ROCERLERt PRETY StratPAg PeeFPEed presently,

shrafit . odd (O Fladecagdart hiam prd nedddl Verbadi @85igns use
of, cycloidal_ drive Pear trains currently exist. These

iMAUdEPFRRIYe GNP HrsuERd HRARSBIMF TAMI AY&Japan)the output
TilaHe SEldnEM { Japaie randv ANDANTEIM (4N ATheSfber of

designs all depend on dual wobble plate differencing
S1086 1BV YR (ffided Bt LBECHMES f or 20 bal anci ng,

driven either by reci sion cycl oidal surface or a |
dﬁgp‘ et oFoﬁcégﬁg?BEth?ﬁEyf8F€§Spaﬁh:¥H? tHesle of interest

dess Clesen behveenihnpile aneiout WH hPod@Q idNtiotors with the
circuitqus, requiring | arge, and very heavy, hoo

SHAaddt G Fhede pTRA C{ghéi?’B?E@’équ%oﬁ? ai ‘Pl‘éd.sP%%df[ -OO?%l]leY do,

Wﬁﬁ&qdje&hh§eﬁa_slsﬁefr@1cbﬁc53§é_ 0fb1§itf“§ds§t'£§@é@§>r@”dneans to get
cantil evered glns to provide the final drive to their

Juitigut* 9Bl 5PESUE AIX G PRPSM YR BHtadringeolEPEbntEdited
to mal | _ out put shaft supported by additional ,
b%oéﬁizags. AF) 2%, §DTeRIdS T ABAPHEr B afdoRRe of cycloidal
CiYiplel aee andihackudferilgi dististQf 3Qelbe jgeandtr ahd. designs
Because of their uni gp geonetry, conpl exi t

/0

y WO
FFCAPGEE828Y PCT IS Jaman) 4 TEIJIN SEIRI™  (Japan) and

ANDANTEX™ (France). These designs all depend on dual wcbble
plate differencing gears, set 180 degrees out of phase for
balancing, driven either by a precision cycloidal surface or a
dual set of eccentrics. The force path for these devices
between input and output is long and circuitous, requiring a
large, and very heavy, hoop structure to keep all the forces

contained.

[0013] These devices use rollers on curved surfaces and
cantilevered pins to provide the final drive to their output
plates. Also, this type of drive is connected to a small
output shaft supported by additional bearings. All of this
adds considerably to the compliance and lack of rigidity of

the gear train. Because of their unique geometry, complexity,
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vol une and wei ght, these gear trains are very
difficult to integrate into self-contained actuator

wor@uwloess24 DI SCLOSURE OF THE | NVENTI ON [ 0014] ABCT/US2003/037753

di scussed above, automated nechani cal systens are 5

generally custom one-off systens designed essentially
from the ground up. The inventor of the standardi zed
rotary actuator nodul e descriled herein believes that

t*ﬁﬂmﬁyebn@fwe@yﬁtpnkﬁegén%@ék”&r&@ﬁw'H%éfﬁgrﬁhﬁlfflcult to
| ement ati on of _a notigon control system can be

d+ R9TeHS yFadER e I GdgRt Aetudt e WOISBRENt and use

of standardi zed nodul es of the @%g descri bed herein.

[0015] As a sol ut iOwHESVRE OB uStho™YEST4AY di | enma
machi nes, the inventor suggests the

uto
ﬁgfe nta Fo%lSS?S%% G Sar GHFPBREER RS rgHgal systems are
S@éﬁﬁkﬁmﬂyzeduihhnldl6@b*ﬂﬂ£3k§ysﬂéhd nebsdhi¥l essentially from
st andar di zed actuatogT i nks, end- effector t ool s,
e

colt r SFPEPE, Whd r eFAt ed T USHEGRentS, WS chtefpiEzed  rotary

aeﬁﬁﬁr&ﬁo&d rﬁdul@em%ﬁ%@dOQﬁr%%?g b@%ﬁ&zﬁsd%@igzec?uﬁ level of
erat|n Stemso tVVa,re O this en e
B PSR F IR PR, cParen TSk laen-aiies ¢ a motion

rceﬁra:rxsolactsy&tt@ﬁn | REEr pweatldi&s&ﬂéé&![f? M¥@hced 200883 h the

train, and a rotary nmachine joint_in si ngl e package.
g‘%?@ﬁﬁntgné f*ht@éra?E%quﬁq}%idS|ﬁ@@%ﬁes of the type

sl ferdertiahBedinmodul e that is easily scaleable to

neet a wide variety of application demands. The

rorearsy) act mat of 8BYutiiReOrper ahe ascushtew agedigne dilemma for

pr|n0| parts fitted with a mninmmof critical 25
Hﬂqgiggs é&ﬁ??rn& Pn 1RVepEPEMSPRgesEe the implementation
&ubséﬁﬂbpéh|¥rchfﬁéﬂﬁﬂﬂé\thﬂhd(ﬂﬁﬁﬁ@ﬁ@alagg building blocks,
e ergture varj ati ons. 6%0017 In certain enbodi ments,
d

2Py A 2 ROABFERAtOFS 1 héipkeseRPITRTENEION tools,
rmmtbe)mé@eucgﬁjdl&ﬁt@@d@b&péﬁgntgemw esnaRd S8kZE8bled on

Q&g}ppro riate set of standardjzed 30 sizes
5 SggsoPﬁ%a%?daﬂPé’arsBPQﬁ?JFWecﬁ WEERIARY System software.

TtV R SE SISz LoD s tegrates
standardized rotary actuator incorporating a prime mover, a
gear train, and a rotary machine joint in a single package.
These elements are integrated into a single self-contained
module that is easily scaleable to meet a wide variety of
application demands. The rotary actuator may incorporate as
few as five principal parts fitted with a minimum of critical
tolerances, resulting in a system that is substantially

insensitive to tolerance and temperature variations.

[0017] In certain embodiments, the rotary actuator modules
of the present invention may be produced in standardized
geometries and sizes. An appropriate set of standardized
sizes facilitates the standardization of machine architecture

accordingly. This standardization enables the machine



5 designer to assenble or reconfigure machi nes on
demand, in a simlar manner to that enpl oyed
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conputers. The use of standards enables the diffusion
of new technol ogy, tending to increase 5 performance
whi | e decreasing costs. [0018] One object of the

present invention is to createda standardized rotary

agésipgrorr W Cds Ladblle e sfedin@duGed AhchOiés COSt dehOMM, in a
wej hf and | ow volunme, and still maintain a high
I%ﬁéh Bt pBFFBFRance® VaPRSus FEREINEDf PHEYRURESs- for  the

f oon Ay@eanphe, of | gotsod@Edi Uopp @k NeavyneMysdesr standards
devel oped for varLous(ggpllcatlons. [0019] The

pPRRREHS | Rrentiioiisiona deianl gredarcilepanéendibyaky increase

asd tdlanice anyas i &drfsiegbedipgnts sharing certain
characteristic features. In general, a high |evel of

1Boqeaif or mepge o6gBchecpr eser ¥edseNen: hpint QM COStto create a
versi ons of the present invention. Depending on the

apPHTCHIYGRY EGERT Bf 2T HER &N HBdFfeAt] Phderfoaodsced at low

f esdtr esogeneLgiht Ngn@NQ o VLGPl aneerd@iin maintain a high
dvant ages. [0020] The novel_de5|3n of certain
6t nBht POFOLRERCS0 pr ¥&8EHPUS nv&HEL®N Yr obR@leedness—~ for

SéEPIQ, Y 10GhEeSi BEu S, NG sAdM REARY - - Dele OfyRRAbSed  for
and a mnimzed |ist of paranmeters, thereby allow ng

fE e PRPLVER VA SHal | form factor exhibiting _

except.i onal _conpact ness, stiffness and | oad capacity,

a V' wi t BRGui RECSEF efPVEPEIRD ogér afi oRSW THE\WhcRS TBermance
desighedadfatdr easya assenbty, ofdealoh®he BSSsharing certain
production at various quality |levels. [0021] Certaln

EHBORTTERLETOF t heeipieent i iWentds8§TAay be high level of

esperdlahy e Usgh Ube | Pird AWv@RERYANEL R By LY AMUQersions of the
applications of the type found in dextrous nmachi nes

S5G CcamyrBk et y BEPeyEis oEddpla@pléFatheRe eypRsof the

AmaRRhegak| Q&%o&?@ké’g@st_t.'ﬁ'@§€ur$souegn.éf‘a{iqg0t Sne or more of
manuf acturing cells and aircraft acCtuators.
certain advantages.

[0020] The novel design of certain embodiments of the
present invention provide simplicity of design using a minimal
number of parts and a minimized list of parameters, thereby
allowing for a relatively small form factor exhibiting
exceptional compactness, stiffness and load capacity, along
with quiet and efficient operation. They can be designed for
easy assembly, ideal for mass production at various quality

levels.

[0021] Certain embodiments of the present invention may be
especially useful in low speed and high torque applications of
the type found in dextrous machines having complex duty
cycles. Examples of these types of applications include those

found in robots, manufacturing cells and aircraft actuators.
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WD 2004/ 048824 PCT/ US2003/ 037753 6 [0022] The rotary
actuators descri bed herein have the potential to be

worerog/o¢ssegpact , sinpler, nore easily assenbl ed pantisioeye37753

expensive than any rotary actuator devel oped before.

These devices may al so be configured to exhibit |ower
inertia 5 and provide higher stiffness than any rotary
actuator devel oped before. 623] In a first

e & Inrent Thﬁherpt@S}éntaq!mlﬁémltsondEScalbeEth dfgfrein have the

a?&’é@{tcﬁ.ral' or@eorlﬁ\g%gg%gl{\% cht uat %}rgl;r?h%nol%%x[@g H‘i\YI ﬁ\&sembled

anetary cage di spose er di
aa¢¢rk¢8$1ﬁxnanﬂ@VED¢®anpanylmntargld&yuéuo&ﬂhd«bﬂd@%d before.

0 I con rinme er art.ion,
adﬁégéné iﬂ?%s it n€3§8|ee Pﬁgl?%‘%gv ?éﬁﬁﬂﬁg fliopgg inertia
pﬁtmdre poverdeporitiginer | sstriiffindkby ficked tanytheotary actuator
Qhﬁﬂ?t%kﬁ ggﬁr .gage. A cross- roller bearing | ocates an

output at't Rent plate within the shell. A shell gear
and an

012':-3 ri g' ?hy flfs.elfjs toet%k?oedl?nc;t %at chrjitgsgﬁtl'telpsﬁfq atztrév%ﬁp is a

output gear is gl dl
;ﬁqﬁaiy Cﬁet@atwnraonr@nehatyggeﬁrsacduspoﬁedﬂkﬂjlh@av1ng a

I ch h ve a firs ear porti on nmeshed
%H%k% ?sggearg%% Cg LEEGHR- ge% PG (1O &dvaReng first
tRfMﬂﬁenﬁWEgtpgeatoportgxﬂuyrﬁxﬁaﬂjUbOthbeaczeaeutpuﬁell and a
0 I econ enbod the pr
%ﬁtdi[ oét)g:f S aﬂor@% ary et uat ot aﬁ@BF Tt | ﬁﬁgaﬁnovable with
Eﬁﬁﬂﬂ@p@rtQhethemfiistuprmm@cmbbérCp@ﬂ@ﬁnﬂndsp&h@&deV@ixed to

' reln orti of th nover
S#%fg?ﬁ§¥%%§- atrhe §ﬁe|| gmﬁFPES a l%ﬁa ?ﬁFﬁﬁ%ttQﬁﬁtes an
iOE,ltlplugl CH‘Cy:afChmedtt plehe aﬂﬁ:ﬁﬁlhrlt&eCaQ%llA i‘i]t shell gear is

(.0l bear i sec ut attachnent
§%l 41X&jt%e gﬂ%IPC%Ra EIF ﬁg r 3% r3yi ARYPREx@gar is
trggttkiéyacﬁtwtatiorto stied | ouﬁpSLdt aé]t’@&llil'ﬁttgntg%ﬂa‘deg ”t ohdl Yor more
ed,.to the_ output chment plate eccentric,
GTS35 558" 2BB0E- t P BRERHH (Tt StF GBS Srsreagbanave s
ﬁambtogeﬂesbedtidhtﬁﬁ%ﬁﬁ&ﬂﬂo gear sakldlagear and a second gear

portion, adjacent to the first gear portion, meshed to the

output gear.

[(0024] In a second embodiment, the present invention is a
rotary actuator incorporating an actuator shell with an
eccentric cage and prime mover disposed therein. One portion
of the prime mover is rigidly fixed to the shell, while a
second portion i1s rigidly fixed to the eccentric cage. A
cross-roller bearing secures an output attachment plate within
the shell. A shell gear is rigidly fixed to the actuator
shell, and an output gear is rigidly fixed to the output
attachment plate. An eccentric, disposed about the eccentric
cage, has a first gear portion meshed to the shell gear and a

second gear portion, adjacent to the first gear portion,

meshed to the output gear.
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WOEDDANEBRRO3/ 037753 7 [0025] In a third enbodi PENUS20031€37753

present invention is a rotary actuator incorporating

an actuator shell having a prine nover and a two

stage planetary gearset disposed therein. The prine

nover is connected to rotate tHe pl anet gear cage of

t OB I i rsﬂnstaagh\:—hx)fdtdaebcgﬂaremt, WiHeh peseeat ir&rdrhﬂon is a

r_. sh aft having_a_shaft i.dly
flxe?f'I ﬁ%%é Bor lnco T RPEdd 9w aPhFﬁt?ﬂSNéG%ﬁggo Hﬁﬁla prime
[m&ﬁj alldsa itmot hthé hp YaheriigdigaRRbet ad SHOMMY therein. The

pl anet ar gear ca tatable with respect to the
TP BioNREL APy CGRATEC LD gl ahE the RIEIR: dea¢ gage of the

Cﬁgﬁstg&saragél glfdtljlefc_tyé@ﬂsd‘maﬁﬁhoregﬂéc@rtm fddtShtor shell.

ags | anetary gears disposed in the first, planetar _
%%a %@% % %%“ ave ggP%Estg@%%rrﬁGFFF%n esifed tgreto,  is
tdmspdm@ﬁtwgeainanaa&c@&@@ﬂd geari portion, adjacent to
the first gear portion, nmeshed to the cage gear. A

cﬂﬁéﬁﬂrolleﬂsdslbeaﬂhng sleottt esmisdd syt At kaebi®@Nblanetary

tewthin el | [002 or a'tofacultate
t%%liéz emcatl g wh%%h%ﬁ?é%ﬂzgﬁhég Sodt *8f Phanetary gear
actasat ang ahshehlafgeahass ar i gyl ygedd Xedgidn f heixed thereto.
qﬁtuator shel n _out ear isrigidly fixed to

ut
e 6ﬁiﬁﬁFeaf%§Egn€ﬁ?g%I%f e Al 987 So A& SBP SR &R oBhe first
&ﬂ@m@daﬁyageaplaﬂ@éﬁrqagfaﬁﬁmﬁkﬁiﬂh%ﬁo@@@rl@o&h@on meshed to
dkh ﬁ%anetar¥ gear cag each having a first gear
pofil% sHetr £8% e SREPid ggﬁ?raﬁarﬁlg%coﬁﬁjééﬁFt to the
pordsitojeaadjp@eetibn} OoméBRed f t6 SthgeaagPogtiHN, AESREds-roller

0 the output gear. 2004/ 048824 PCT/U82003/037753
SR EE 5@%&1&% “BRARACS T0024] “Fof 4 1oris shed.

dﬁﬁﬁ it derstﬁndln % f a%ures and advant ages

H& present OFATENt i6 %ﬁi%? & i Sow ffEnication  of
mechanical power out of the actuator, a shell gear is rigidly
fixed to the actuator shell and an output gear is rigidly
fixed to the output attachment plate. Finally, one or more
second stage planetary gears are disposed in the second
planetary gear cage, each having a first gear portion meshed
to the shell gear and a second gear portion, adjacent to the

first gear portion, meshed to the output gear.
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to the detail ed description of the invention al ong
wWith the 5 acconpanying figures in which correspondi ng

woeooiossss in the different figures refer to PCT/US2003/037753

corresponding parts and in which: Figure 1is a

cutaway isonetric view of a rotary actuator in

accordance with one enbodi nent of the present

invention; 10 Figure 2 is a cuPaway isometric view of

a rotary actuat ®RIBF dESORUBIORN Wt DRAWSERGHN

enbodi nent of the present invention; Figure 3 is a

cClicRsdy | Seaet i anoeeWeOhpBetOt @ide rsAGindahgr dM the features
gﬁggrdanc with g third enb%dlnent of the _ 15 present

RTGREEPGUPE 4T 5 CFany T 5ETRA i SH@Roof “aliow made

ral atlye astaplied d&sacigaridance Wi anfanditdn along with the
enbodi nent of the resent. j nventi on ure

AR B EE TGP evd o Vi Tt STy SRo Her daro Rl 0 the

aticiiedanee fthefl Ad fdrh tenbedtodatindifgt Bartpr&s@€ntn which:
invention; Figure 6 is a cutaway isonetric view of a
rotaryigaetudt ofsi B aggemEgnceonethia ixwwh e@bedireraty

of .th r.esent venti o 25 Figure, 7 is t ana
ARternLG; S ot TR ey SRel G aTiTer S Tortin s bsent
wirttenaisayent h enbodi nent of the present invention;

Figure 8 is a cutaway isonetric view of a rotary
actuawdguke acciy dancaitwivbl  dermainientddiwvmenm saofrothey

30 t tion: WD 2004/ 048824. PCT/ US2003/ 0377
FEREERE" G e lics Qi % EPr gt P Arargaiy Soothe
nmestsdntt aacentlagsice with certain enbodi nents of the

present invention;
Figure 3 1is a cutaway isometric view of a rotary

actuator in accordance with a third embodiment of the

present invention;

Figure 4 is a cutaway isometric view of a rotary
actuator in accordance with a fourth embodiment of the

present invention;

Figure 5 1is a cutaway isometric view of a rotary
actuator in accordance with a fifth embodiment of the

present invention;

Figure 6 is a cutaway isometric view of a rotary
actuator in accordance with a sixth embodiment of the

present invention;

Figure 7 1s a cutaway isometric wview of a rotary
actuator in accordance with a seventh embodiment of the

present invention;

Figure 8 1is a cutaway isometric view of a rotary
actuator in accordance with certain embodiments of the

present invention;
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Figure 10 is a side view of a single circular arc 5
gear tooth in accordance with certain enbodi nents of

w0 b4/ ogsesent i nvention; Figure 11 is a side vPEMUST003037753

single circular arc gear tooth in accordance with
certain enbodi nents of the present invention; and 10
Figure 12 is a side view of a single circular arc

gear tooth in accordance with dertai n enmbodi ments of
the priesest oi hyeat sode BEFAIJER BESERL £ AN GealHEocoth

I NVENTI,.ON [ 0029]. Wil e t he nmaki ng and using of various
éWE%ﬂiﬂéht?CSPrhT%C?héwﬁgbséﬁFtF%Qen?W%ﬁg S sGfsséde
i prafefmai linbehewsonjt should be appreciated that the
present invention provides many applicable inventive

conceptigrurehiloh icana beigabodéwdofnaa sdind@e \Aricet ¥rohrc
specific contexts. The specjfic enmbodi nents discussed
e PG it I TERISEr 4L FY oSBT - SpbeT i REYS ot 82260
ek std iusentbenj nventi on and do not delinit the

scope of the invention. [0030] Certain enbodi nents of
t he pragemrt ilnverd ionsade vséandar di zedgnet atiycular arc
act uators.which can be mass, produced at . | aw cost an
S R B R p Rt oBy Sy s lsg 28, oo fbe
| meedetofinvagygednessxd or exanpl e, |ight, nmedium and
heavy- may be enpl oyed for various applications. In
fact, Figerktaild dfs tdhesad¢ uater cobneeptingdeseiiirbetlar arc

herein w,ll .be found sufficiently .ru d j.n their

L e A AR B B N Beb R tne
metelentannbentsed. t o reduce cost 30 while stil
providing a highly-versatile actuator useful in a
vari ety of applTAHEDDSSCRIRBEONWH TEAt L HNENTEN
i ncl ude, but WO 2004/ 048824 PCT/ US2003/037753 10 are
ndt029%1m t edhibe Pog treiiemat eobs ps ddycef i onalousoleotoediments of

t§§@Lpre%ggtayhggﬁ%4$§¥%re discussed in detail below, it should
be appreciated that the present invention provides many
applicable inventive concepts, which can be embodied in a wide
variety of specific contexts. The specific‘ embodiments
discussed herein are merely illustrative of specific ways to
make and use the invention and do not delimit the scope of the

invention.

[0030] Certain embodiments of the present invention are
standardized rotary actuators which can be mass produced at
low cost and still maintain a high level of performance.
Various levels of ruggedness—for example, light, medium, and
heavy—may be employed for wvarious applications. In fact,
certain of the actuator concepts described herein will be
found sufficiently rugged in their basic design that parts
made of plastic or formed metal can be used to reduce cost
while still providing a highly-versatile actuator useful in a

variety of applications. These applications may include, but
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[0031] The present invention is a new high-performnce
rotary actuator in a variety of enbodi nents sharing

Ww@eoomiss24 5 characteristic features. Dependi ngp@OnU$1963/037753

appl i cation, each of the enbodi ments incorporates
features generating one or nore of certain
advant ages. [0032] The novel §SI gn of certain
enbodi ments of the present in enti on provi de
salmplrhccﬁ tyingftediegiogn pesitagla tdfls el edicediypnamaldobots, toys,
er of arts and a mnimzed |ist of paraneters,
ereaby aﬂPEOV\A ng for a reI atively small form factor
npact ness, stlffnessrh]tand | o

exiifit i ng-gxceptional
Cg@ac' ty, a 919 qUIlIelfV PERRECIRT % &nt "Bper qhoﬁer%ormance
Tieya v GiCTdE’S'—IOgﬂed’l far vaa$gt;assemhny>pdmleatsfehaﬁ&S§ certain

production ) arlous uality |eve 033] In,
Jhoa al erfLﬁese %C Brs ar SPS?&%&%e%?l %Hg aﬁpﬂﬁﬁbje%n’ each
dle‘sl ghe @nihxoblumengsreJnaioLrperaﬂsfnaehturés/ to@nerating one or
terg:)eeroat léreng\:[ld t(g)laenrtance effects. The actuators of

n a
€ ~ presen AVENtT o o Reor porate a rel ativel y short

f path S h- st ffness. cros r

bfeb;o%l"zd égeg%&%ax%%g% % FFEseLtang® C?lé“ nttﬁ of the

Ipre@ernttal nneabbdonenpsovmehe sotadcotg obft héepi@ﬁemﬁsing a
i ncor.por at st andar di zed at.t achnent

C%:%E'ngg ressma]{]ﬂogﬁ Th orl%del? a4F pf Poftote Tefinized 1ist of

Siaa:raadartdn:zatlmeretme ralawyng 25 cact vat eel@fitdley small form

esent vention can be co figured . to serve, _as a
:{aﬁﬁar§X% g Ty 71 8FAgP b Q %kqﬂ%cﬁngséysfgﬁ?gﬁiﬁﬁ1%Pd toad
hmﬁa@uhg,bbmokgnaythf@mleuaﬁﬁieﬁﬂmE1entebbegeﬂio@nd They are

apt bIe rOV|de for ng er ornanc .
sivelP8pss, coﬁﬁgcta%% 3Ugge 5t i B SRd Rapdegsion a
S&HdousrqhaﬂﬁﬁyghﬂmﬂEOVIde 30 standardlzed i nterfaces
for quick replacenent by technicians anywhere in the
Wa@03¢,] andIbe gemedaded thedear getenongh WO=2007/ @48834ionally
RGH5003,037/53 1L quantifTes to take agvantage of
ecaonorm es 0 cal e

temperature and tolerance effects. The actuators of the

present invention incorporate a relatively short force path

across a high-stiffness Cross roller bearing, thereby
maximizing stiffness and strength. In certain embodiments,
the actuators of the present invention incorporate

standardized attachment architectures.

[0034] In order to promote standardization, the rotary
actuator of the present invention can be configured to serve
as a standardized “building block” within a system. Such a
building block may, for example, be intelligent and adaptable,
provide for a maximum performance envelope, be compact and
rugged, be optimized in its structural design, provide
standardized interfaces for quick replacement by technicians

anywhere in the world, and be produced in large enough
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manuf acturing. [0035] Prinme nover requirenments may be
met either by D.C. brushless notors or swtched

WO edoyosssece notors, either in 5 cylindrical opCpusmakes7753

format. The gear trains may be made uni que, conpact,
rugged and cost effective under production in |arge
guantities. [0036] In certain enbodi nents,
cross-roller bearings are usedlto formthe joint

beartigs eshemsel take Chassntyd eror 1@ op@niBgS 8E€ scale in
select%g not only for their stiffness but also ow ng
T HEEprBBer geonetric conflguratlon In certain

e i.ment the cross-roller b arln
T Ina . Byale EPEPR BRdr S st Benee ther by D.C.
Rsacihtices |asgerandr sswddcieeal EeBlﬁ:cEtta’ﬁcfH Sméadrhe useter in
s ar or_conbined to satj sfy demandi n

%%ﬁ % a@EuﬁE@faﬁgqﬁoF@ﬁgn ﬂ heOTEAT | Faiit may be made

rr&mqu@ct dbinpgcee! teggddenotcaky a€E6at Die nafidreproabiction in
resen% %nventlon may be used directly as sinple
&Hegevi-tes; drlvers of conveyers, or jOInt

a ors reedom nan he
f‘f#’%end o e S e SRont TR LG RI poaritgs are
desdda ots manmputaéomalhavnnguiagsdagmﬁﬁ&ﬂaksfreedaﬁss roller
nd above can b senbl ed o nd, . Each

T8 i T o e ciived ol HaBHRdst S gk fput also
khﬁjﬁﬁnﬁoimh@ﬁﬁaq&ﬁpe&ndﬁﬁhbtmhth(kﬂ&l@aﬁﬁtﬂﬁmﬂteﬂBﬂCEertaln
requi renents, s fromonly 5 basic sizes in each
é@&PdigeBﬁBr|€§F OSPAFOALPL dPPFEAN By AGHE (T vERSaPTincipal
&ﬁﬁhMﬂtﬁhihﬂCkégﬁlné()atedﬂﬁﬁ £08d , tiM€l eaSerecision large and
perfaormance, and to open up the architecture of such

StleTS CREF g e U T PBD3STRFPGUrE el R SAN | ongtThined to
CHtaWaY MeR¥hOIin@ podd tiohal Yadei a0 e réfent s .
accordance with one enbodi ment of the present

| rO0RTI on. IRotnahyfactwalmyr cklQssShewe imtEr§uketdad®yY modules
VC\JQE 2%%‘” Ogr8e832e4n Pq{'lggr%ggg’é O?nZg/SSbe 1211$ed directly as simple
transfer devices, drivers of conveyers, or Jjoint actuators in
2 degree-of-freedom manipulators. At the other end of the
complexity continuum, highly dextrous manipulators having 10
degrees of freedom and above can be assembled on demand. Each
of the above systems could be assembled as needed, all with
the same interfaces, and all with the same maintenance
requirements, perhaps from only 5 basic sizes in each cell
application, and all driven by one universal software package

to reduce cost, increase performance, and to open up the

architecture of such systems.
Figure 1

[0038] Figure 1 depicts an isometric cutaway view of a
rotary actuator 100 in accordance with one embodiment of the

present invention. Rotary actuator 100 shown in Figure 1 may
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be configured to be very rugged, having high I evels of
both stiffness and shock resistance. [0039] A rotary

wW@eauassse4 such as rotary actuator 100 can havRCHUS2003/037753

nunber of geonetrical configurations. In one such 5
configuration, a rotary actuator has a "pancake"

geonetry, being relatively narrow in thickness al ong

its centerline and relatively-farge in dianeter.

Red acyn @iciuwatcortdl Qe sheown tuggdd guigvihdasiguchedels of both

rgﬁio.rrq!ift r)eé.s !_ﬁn alterknate .%n‘oodi ments, a rotary actuator
e%} 7852 e o R 5715888t ry, being 10 relatively
j l ong,the. centerline and relatively small, i
\é\ﬂ(goéegte}er. ﬁotréjrtfrgctalfattugrOﬁoﬁuscﬁovﬁﬁs iﬁo%r@'ur%c?%éjé: 100 can
tHdw: t ¥ perundle rgeshreyeymef 040] Gemeialdariochbe pamsakee such
versi.on _is.driven b SW £ched r%I uct ange_not

uat ﬁF

a or,,
( -93nd “opt mazeag?%rlbr 8aLER a5 PRPgifer PBPGUES afeometryy
loatery spdeddveThenaeodd een camiclrerss @long generahky¥rline and
olpti nt‘liiz%g f ruse in ila{m@t%exterfgof, machitne suc]II}gpas h ‘N
SR VFoB ot AR pil P SFE T Thi s VerEitor? ¥ & 4isTal shown 4
drigwere by hasbrushl essgdanGtriyot or I1of adosemitad kobediments, a
torque and,_hi gher _speed ranges, a onpareg to th :
SRU0 P64t n YRhel TS (T | S At bR t FRary being
aselmanyelgesiige chjoagt itvhes caatpoishdl endhirkeativéhe small in
same tine inimzin onpl.exity. This c¢onbination ,
ety 1 BPPALY PO PIoPharT Chl RS Cubes: Ghis type
wWieryspassirhbl.e. In  certain enbodi nents, the rotary

actuator of the present 25 invention is constructed so
aga4dInot menetylprovithe rotatyke ponersiicn a ijsoi Ativeut by a

to function as the joint its i ncorporatin

R Pe R eka P o T9s SRt Bl | gl produce
roigiey beagueg sttr uckutie sexedaneotte ['Q0424e| Bagertva@tfion is
enbodi nents, .the incorporation of i ck- 30 change
GRS P ds SPREBLETS T3 oot Ppit i Bl CHEHAIE JEFaChar eguch as
fedile relbaty magh gal QtSePr ovides ddigidasignasunili 8heven by
abi]ity WD 2004/048824 PCT/ US2003/ 037753

a brushless D.C. motor of somewhat lower torque and higher

speed ranges as compared to the SRM.

[0041] In general, it is desirable to satisfy as many
design objectives as possible while at the same time
minimizing complexity. This combination of design criteria
argue in favor of combining functions when possible. In
certain embodiments, the rotary actuator of the present
invention is constructed so as to not merely provide rotary
power to a Jjoint, but to function as the Jjoint itself,
incorporating sufficient structural rigidity as to make

additional rotary bearing structure extraneous.

[0042] In certain embodiments, the incorporation of quick-
change interfaces into the input/output attachment structures

of the rotary actuators provides the designer with the ability
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13 to assenbl e machi nes on demand. The geonetry of one
enbodi nent of such a quick-change interface is

waelemanidsed in detail in connection with Fi gurBCBUS2003/037753

below. In certain enbodinents, the self-contained

actuator may incorporate 80%5 or nore of the

machi ne' s conplexity, including_electronics, brakes,

buses, sensors, bearings, noto 3 gear train, and al
m&mes&a&m&ﬁbtambﬁhmhssandnird&méhmaes ﬁ®@43be8méaty of one

act uat.or use of jnternal bull gea 10

PP o mes Tt £ 8 o i R et bt degriibed in
1= tha r@haryoﬂﬁé¢ﬁﬂdﬂ' w@ehhSEnﬁ??ieﬁ bybal@w130|aal certain

ss..rol | er arin 08. . The bu ear 104 an

geé%r digeLPe 3&‘1 ’COBFah%?ggé‘éFga‘i‘fb IRy fRgorporate 80%
sarppsted olfy ﬂl&armm@slrﬂe% Ofor eSS tyf, | tlrfdlatfiﬁ.ﬁgl:baectronlcs,
assi ng through the sides of . the planet ca

e ety SsaP  Bear Ao Tha S G TBeing cend all
peddessefryt Betathneity endf ihberfoiady actuator 100, the

requi red weight goes down while the stiffness goes
upo4Aliso, Beeau§eactﬁﬂﬁbﬁkﬁﬂqyma&@plaws afl ah@gernal bull gear

ST T o L et Ho 1 SoatB b components of

gﬂeaatﬂo)talrlypmvedtot N @er ts@pﬁraﬁbadbp”emlsrlﬁdh@anea:ﬁcbas roller
chlned dire o the bul | gear

races [
i ing Wan® TREDIEE Brod bty apl St e 1 gab, fafven by
|pmaegart| tg,ea?a‘s t e @k&ﬂ om é\lm&td@e%y Nge diBiyhde Usedon press
ce_of cross-roller earing 108 in
|Jp€§£ %é"i‘f‘a Jn{; aBPP T8 i IHS IR ?ﬁgﬁef ety planet cage
strauct ure of the rotary actuator 100 can be made nuch

smal ler, lighter in weight, and nore cost effective,
tfooagh a Béeaugéiﬂﬁbiwuﬂmegemn‘a@m @hdpanhsgand 106 are part

simplified assenbly. nets 110 and may be
by e TR s Ui 2B EAEY AR CREC Ay oty required
fuditgmer Jower aemmamifiactuei BEisEAphs Chdys 3P. [ 084Bd, because

N%} net_ di sk 120 of the rime nover 122 is ri |d
attac HeG168 ERBLBY antl e ML EBEETf BT AR T %8@1““9 108,

POsSi M@ictural stiffness of the rotary actuator 100 is also
greatly improved. In certain embodiments, the bearing races
can be machined directly into the bull gear 104 and / or sun
gear 106 so as to improve the structural integrity of the
design. A ball bearing may be used in place of cross-roller
bearing 108 in less-demanding applications. Accordingly, the
structure of the rotary actuator 100 can be made much smaller,
lighter in weight, and more cost effective, through a
reduction in the number of parts and simplified assembly. The
planets 110 and 112 may be used in a Ferguson paradox gear

train mechanism to further improve manufacturing simplicity.

[0045] Magnet disk 120 of the prime mover 122 is rigidly
attached to the planet cage 118 to form the simplest possible
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WD 2004/ 048824 PCT/ US2003/ 037753 14 confi guration
between the prine nover 122 and the gear train 124.

weh@asisseage 118 and nmagnet di sk 120 are suppoPC@EUSI¥Y3/037753

bearing 126 in the bull gear 104 and needl e bearings

128 on stationary shaft 130. This design provides a

very rugged 5 support for the noving structure of

rotary actuator 100 so as to bést resist shock.
[dhhﬁﬂgd%aameh baQEeédSth@nprmmHMGvéﬁgtﬂ@ramm oielegedd train

ert ainc S ere ad .ona
res4gon3| 33%%30:8‘%6 322 Fap &2 gﬁ? erl Gt Piandprported by
]ﬂe&xam@ m mey ties a}mﬂrmd;%aﬁm(azs Qn@rnaédié;rlg?ﬁﬁq& 128 on
ndi n on t r tive_ di mrensi pns e esir
osady Mot Lo G TR St hoeP BT PeaigTuaged

fsﬁ.‘rp]_dcﬁ:&dlﬂ’dg thed mot’heg §eaciaiise [ch04:B}taB§aébﬁ@aﬂ.&2 D00 so as
shaft %SO IS us%g to provide additional support to
e R GESAPta¥hifent plate 134 of 15 rotary act uat or

ere_stiffness i tant_ con eration,
t[l(w)oe 4::16:5\?ach Apgt ¢ 6:a9ﬁesjﬁ i g‘ﬁ%;g %ﬁg r%ﬁcfeucfhg% e optt order to
streelucel O2nanid aheci&ésnayhéne phadfmhonhjclﬁsspons1veness is
p bear i |n order ze t
réﬁ? ﬁg schStupgggr |f9E%%s of" gngygggnWaane as small

ﬁﬁiaZyoaChHaﬂaEgéO@s @IekﬁehaﬁngSOQOtharg@ﬂathaé dimensions,
net disk, 12 addi tj onal, size acconmobdat

R ST e T 5 a6, H e, S PO e Lootn sizing

seduhed Fekutdadmagy, mahar otSRM rge@mt.ry shown in
Figure 1 is designed to nmaximze torque, and this
dexidgn 25Bsayibe omd maed ényftappBbcahbon3sﬂberebn provide

hk%g_notaglonal eeg is.not a nci concern. A
A Er R B1PSonete Y| 6OcBREI ATREORE MBI e 134 of
rmitae;fypl eyitngtbet h1ohe SRMJraénﬁb D&t:mﬂnﬁesrmver SanG ¥Y@Portant
cyl.indrical pr such g hl ess
F9BF ot Gher “PEl AFEIGTETUGY Ghd PowiIPPHET Ve shructures
tor G 1as 10enmpad efll 4t tjhaa &WIyt chefli@dicirangeseDbebxrimity to
tgg%ring 108 in order to maximize the resulting structural
stiffness of the system. In rotary actuator 100, field 136 is
larger than magnet disk 120. This additional size

accommodates end turns in the field 136.
Figure 2

[0048] The switched reluctance motor (SRM) geometry shown
in Figure 1 is designed to maximize torque, and this design
may be optimized for applications wherein high rotational
speed is not a principal concern. A wide variety of aspect
ratio considerations may be met employing both the SRM and DC
prime movers. Given a cylindrical prime mover such as a D.C.
brushless motor of higher relative speed and lower relative
torque as compared to the switched reluctance motor, the

geometry of actuator 100 can be modified into a coffee can
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geonetry of actuator 100 can be nodified into a coffee
can WD 2004/ 048824 PCT/ US2003/ 037753 15 geonetry

whaooisioggsad | the other attributes of the pancakecwhswe:037753

rotary actuator 100. Such an actuator is shown in
Figure 2 and generally designated 200. [0049] In one
enbodi nent, rotary actuator 200 may operate 5 at
speeds as nuch as ten tines hi §her, but produce ten

t{dmRtyensvifg aseL R that-aby taghted Hrol AheOfpahigUEeshaped
I. Inrotary actuator 200, there is a nuch higher

doHEEWn FFHIStREr 108 i n SuHe aFo\A FHgasOrucSurd 4ikd 4resBigure 2

CORCgfRhal 15t d&sSydatcbihgogear teeth due to a |ower
expected torque capacity. 10 [0050] Figure 2 depicts

r@toarey act uat @he2QAnbAiddnt SORBLAHE a&tAWRY M EWiay operate
Rotary actuator 200 is typically |onger_ than rotarg ,
&t RGISLRP TR Fertet £imsce dGREEr nPRBr PEAGUCe Ten times

stddf nessuel, thenpkenety cage418. 160cokdirighye 1. 1In rotary
addi tional support is provided by bearing 226

& %90 heFhetef 11515 Y hpfte Shedncespy g inertia in

a1 g0t dRtQrdebntio1858PbbfiYerd heodest s Pfin the gear
rotary actuator 200, the Elanets 210 and 212 are

SiRFSr 088 by BelaTgS*PEg AR ePrdudeaBAcihEf ts 216,
which are press fit into the planet cage 218 to ) _
fLHAEr i nErease 1 HEEPISESt FRE&EY of it %QQgéHZTB.lEGWEtrlC

[QA%1ayThe LUt pukod tachemedd ated 234 apgi &enty alonger than
stationary shaft 230 are nutually supported by bearing
XyraryGenbFartyr pdlausandf Higiter el BeFei €91 Phefor the

R+G£AREQr off NBhe SLIHALHN @a0E thie Pl anRtocad8g 218 Whkktional
be lightened to reduce inertia and the bearings 208, _
ZLPPOAitd DR6PRPVEIYE SHoRGRTSY 2301 hpRPeidater in the stiff

VBl QG nEeghae: 0052} AxtMalbrbeoappres atkbYro simplify
those of skill in the art, additional planets tend to

i Teer slpsd 98t PEf ReBBLY rasiiyéE orhaLRI aklte RiRhStPprdfeand 212 are

RAIdr@Ral LYCEUEREY A2 1N XRENSROTon GRARLEXDEY, afich are
inCreased 1 nerti a. ?_ar ge gear traln ratl os
press fit into the planet cage 218 to further increase the

stiffness of planet cage 218.

[0051] The output attachment plate 234 and central
stationary shaft 230 are mutually supported by bearing 232.
Generally, because of higher velocities in the D.C. motor, the
structure of the planet cage 218 will be lightened to reduce
inertia and the bearings 208, 214, and 226 will be chosen for

this higher velocity regime.

[0052] As will be appreciated by those of skill in the art,
additional planets tend to increase stiffness, reduce
backlash, and improve positional accuracy at the expense of
complexity and increased inertia. Large gear train ratios
require the use of multiple stages or Fergeson Paradox type

epicyclic gear trains. Generally, the planet gear cage will
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30 require the use of multiple stages or Fergeson
Paradox type epicyclic gear trains. Cenerally, the

w@b@nesssgear cage Wil WO 2004/ 048824 PCT/ US20BGr/032085®37753

16 represent the nost conplex part of the rotary

actuator, adding to cost, conplexity, and assenbly

i ssues. [0053] In alternate enmbodi ments, conpound

gears can be used in certain d4ses. Such gear trains

| neorEemat ehehoveyecompliex Haerent thel tatdONsactlaese, adding

types f earltra%ys can %IVE realistic reduction of

no- greater Lhan 10/t & L. 2RGFPREY, 15T486se gear trains

t o exhibit, considerabl.e backlash and . have hi gh

840 R L egPfi { SRS RREES, PoGuRg BBy o pe used

rirgi derhatot arpesonpl iSanhe,gere hE@MMsaﬂdcaﬁﬁofﬁﬁe, however,

space 0 .efficient. [0Q54 cordingly, epjcyclic

dggFaeﬁéiggﬂ%ngﬁ%??Er ?g?;ef%¥%ﬁ@ | t%%ﬁ%rgr dta sy 9rve @

ofedIneitri cc arghtdtiba geoned r yreatéhe theat argy psi ne Further,
ver. Unfortunat el hese ar , trains, exhihbit

11 m Y at ¥ oris EaﬂﬁiIgéﬁ%etﬁafgﬁﬁhfFeSPP§f rY Packlash and

rreduect hiogh ofotl&r s uthe gt echaptiaall g, OBhéhe apedamsaffficiently

100:.1. Conpound epic¥cLe ear trains can, of course,

Rigmet”

griciYe tFedtittigns an®t§00 " thr 80gh e G9& space
of ffdikinpl.e st ages. Conpound gear trains, however,

i ncorporate the linmtations described above. In

gEerierdal eabcwnﬁjircglg;earem@idﬁcexdréamttaasﬂlgnaﬁ:ecajadtter for
degree 20 . of backlash, require high tol erances, an
R s DpuPes BEREIET AL Fhot BoPoTBRCRI de rpeonetty to the
gﬁﬁﬁﬂgﬂ|p¢imbshob€rdeSUgﬂ@fh&ﬂhﬁdlyﬁaQ®@@€tgE@ElFrainshexhibit
te rature-rel at di nensi onal changes. Finally, the
ﬁﬁggﬁﬁ?éoﬁéa?stggfﬂ'us%%ﬁi?ﬁ%ﬁﬁ%%ﬂﬁq 1GEar PParnsedpetion of
Qhkﬁnad&&b@ﬁﬁdsmOibeoﬁeiﬁéid%ﬂaktdﬁ:%Qd:ﬂ.orﬁ%hgﬁgnd epicycle
mai ntaj n 25 between _one to two teeth in npesh. IS
F&6ret YA e r 3% s O Eh&EOUESdi Ry At IehF FHGTE 1885 wdtiohgg  than
sloioditngtved i t yher etieci 89 betihipt be sidergt h anghpbhed gear
ffi,ciency of the nechanism [0055] In order to

gﬁ@ﬁ@&ﬁe wgngOVén$?;ﬁqgﬂﬁeoﬁ@eoﬂJﬁutatlons described above.

In general, epicyclic gear trains exhibit a significant degree
of Dbacklash, require high tolerances, and are temperature
sensitive. 1In fact, backlash generally must be designed in to
account for temperature-related dimensional changes. Finally,
the involute gear teeth used in epicyclic gear trains are
often designed to be relatively tall, in order to maintain
between one to two teeth in mesh. This geometry increases the
loading at the root as well as sliding velocity, reducing both

the strength and the efficiency of the mechanism.

[0055] In order to overcome the above limitations of
epicyclic gear trains, elements are described below employing

a single planet driven by an eccentric to make a "wobble"
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epicyclic gear trains, elenments are descri bed bel ow
enploying 30 a single planet driven by an eccentric

W@ eoonkss24a " wobbl e" WO 2004/ 048824 PCT/ US2003/ BGIUSB03/037753

17 plate design while satisfying all the kinematic
requirenents nornmally associated with epicyclic gear
trains. Figure 3 [0056] One obgect of the present

invention is to make the 5 stéanhdardized

&b ecdd oddmichaniicale aedlialfging SILNP/It@eC HilnemditOfrequirements

desi choi ces, anong .sw tched rel uctance or brushl ess
B L1 8 §OGHEF TN pFRAEYCbHC dtasdntFRE S ngl o
pl anet hypocyclic gear trains, ldeally, each choice
can be considered as a plug-iiP%Ebstitute for the

0 w th_no other prij design 10 changes. [0057
e gl 9 B DEF PRI EhY rEREESRs IREetare [0 Mdke the
| sneadairan zedy e L 8COr patedthand cal ngteugccen rditnpplkarehtinuum of
gear, train .in place of the gglti-ﬁ%?net gear train

T 9™ ?—?%h‘ieess ARG SYitehgdedEd F"B%yﬁ&cy‘ﬁ‘f‘%hless D.C.
geods @indl iMQeipplahes ar ndebettrikb Hhgadvankbages hypsdcyclic
descriged,belomn Og§8] In_gsgﬁ}enbodinents, t he ,

Ajat Y& T t hd FreséEnt 36 G i TRtor Por sresgdered as a
hyneeyel istbgeatuts afdy ik CheHBy Wiate nod 3Bk primary design

reduction ratio as high as 5000: 1. These hypocyclic
%%°ai n assenblies may incorporate relatively short

2@ ircular arc_gear teeth, with %ﬁﬁ%ﬁﬁor r

t e8I n éSﬁ?Eﬂék Yra fﬁﬁ%?l?oo%éﬁz iqﬁgodggﬁgnpresent
charaactien sk Csnodrgdataypocyabie cgeattdia@igleanpitoyede train
reduced contact stresses, reduced bendin stresses,

et 2518 diing BSePBLELyP L3Ry eridrdy F98d, ‘AnBighies 1 and
25, potrentd @erft@t cpheboadt Ny tdes meshnias inkerpeebbes a number
conmes into its central, posétion. [ 0060] Each gear

t @WVEQEaBESpr?ﬁi %ﬁfrﬂaeﬁe %%?@hply prel oaded as it
C[OOtBPSSQ]I nt OI}lt %a%?;nterm%lod’i%%ln 1°,,on’thlen aocrt%%q:og:g of the present
invention incorporate a hypocyclic gear train, which may have
a gear reduction ratio as high as 5000:1. These hypocyclic
gear train assemblies may incorporate relatively short
circular arc gear teeth, with up to 15 or more teeth in

contact at a time.

[0059] The unique design characteristics of the hypocyclic
gear trains provide reduced contact stresses, reduced bending
stresses, lower sliding velocity, reduced energy loss, and the
potential for preloading the mesh as the tooth comes into its

central position.

[0060] Each gear tooth can be profiled to be slightly
preloaded as it comes into its central position, in order to
reduce the generation of lower-order harmonics and control
backlash and lost motion. This preloading can be accomplished

through the introduction of a slight interference between that
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reduce the generation of |ower-order harnonics and
control 30 backlash and | ost notion. This prel oadi ng

w@av4bessacconpl i shed through the introducti onP@f/US2003/037753

slight interference between that WO 2004/ 048824

PCT/ US2003/ 037753 18 tooth and the mating teeth as

that tooth conmes into its central position. In

certain embodi ments, a cavity 8y be introduced

widdtim eadh treot hatin@r deketho d4i lkaett heosin f £eRSS @fto its
t he teeth and reduce_cl osing noise.. .5 061] G rcul ar
t%%m% of PP dhr TP aiGrE AR b7t Oﬁlﬂsggéed 2 dEGVEERY ofray be
weatlr ciidedows €his nmeath asskigradustddroas tyadnsierhe stiffness
a t he % eth, and a reduced or, elimnated necessity
f%g”gﬂﬁﬂtFF gla?%liﬁ Ce§; 88"t Cui%r arc teeth do not

r i.re the, critical tolerances generally assqciated
T v ol GE-ESEERA HEOOLE REGEFCAI 4P COtH B GRTELbaR Teduced
adsreexhdbi tebACkadS embistl, engldbth atd| gpdACes1688 transfer
external i e tegth are not. required, Fipal

| ut , N
GHITH nRbbOF hbnt 810 * SUIh T FRETER o hgnedess ity for

veliatidsy keteeencéhe aatiinggear areettketRdUcesoth@equire the

frictional _|osses within the nechanism 15 [Q062

l'—‘fliﬁﬁ*é:ag FEPERBCRS cAERWEY 1% ARAYTE L6 H1FBt éWOlute teeth.
act st arl a30Q coftGOPROEAL & NPa@Na BES a1 thyipRE¥EkkEE strength,
ear train. R%%?ry actuator, 300 i ncorporates a

t FaF RS SonHYy ” SRET R 33 Y e g ot ke bRak | rgguired.

32 dihat, suppesttdite Emictindgtsnotor raymtivhe 320thdat1iding
drives the eccentrjc 218, Support 20 bearings 314 on K
e e EEn PRt Ee o 8Thar i DRETME IRFbl SN inTdeces hpchrictional

CIHssNsithen ptisnetahyngear s 310 and 312 that nesh
with the bull gear 304 and sun gear 306 separated by

tiegai nci pafurer essdgdldter deattagaB08soh®063¢ Bl la rotary
ear 304 is attached directly to the shell 302, 25 of ,
?ao% °5c13§8t ORCHRP IR NG &lin °GESRE RS 1P ovCadRedear train.

dideaty yacttohe 30 puhcatdachrm@nta ptahera384stdbonary shaft
nmotor_ arnmature 336 is. also held stationary b¥ t he _
2 ab ol Gl FuBtREt EReepiage 20 that  sugport the rotating

motor armature 320 that drives the eccentric 218. Support
bearings 314 on the eccentric 218 drive the wobble cylinder,
which contains the planetary gears 310 and 312 that mesh with
the bull gear 304 and sun gear 306 separated by the principal

cross roller bearing 308.

[0063] Bull gear 304 is attached directly to the shell 302
of rotary actuator 300 while sun gear 306 is attached directly
to the output attachment plate 334. The motor armature 336 1is
also held stationary by the actuator shell 302. End plate
screws (not shown) assist in making the assembly rather
direct, holding the stationary ;haft 330 for support bearings
328.



screws (not shown) assist in making the assenbly
rather direct, holding the stationary shaft 330 for

WG apposgs2beari ngs 30 328. WD 2004/ 048824 PCT/US2003/037753
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PCT/ US2003/ 037753 19 [0064] Bearing 332 in the out put
attachnment plate 334 supports the end of the

stationary shaft 330. Seal 338 separates the output
attachnent plate 334 fromthe d4fell 302 and protects

t h@o &rjoss Behkerg bewsd ngn308hérc5nttﬁm ehetealifent® Pliase 334
desi gn |ncor orates n additional bear|Q%%326 to

sU St he® mfi%nChndFor 8B VMR of tlﬁ?o Seal 338

esERMAtes I8 c[lﬁs@@@] MRetanyeret yates 390 EsoMOtBH! 8hell 302
for its inherent sinplicity. The notor field 336 and

At Mht RFLFSITE, et rcslﬂgr preaméndr y Y §edrsmatheasdements.

s iddig@nd nsvrpeeatss 394 aﬂﬁhﬁﬁ%n%QGb%@thBe326 to support
principal roller gearln 308 are the primry

COMDAHEHES BRI r BREFS HALAREER F00-hseCoRARFYC 318-
ncl ude bearings 328, 332 and 326. The

ol Ger BPERTL datoRary . TR hi e AoRbE. JG06apherent

Byveipltikaugh 1oty inaeiuatian a3 6 Sanablae:rrmu@éowzde elBentric
er hlgh power den5|§ﬁ in a very small package, it
HeP %ﬁtré(dgﬁsré deardngé?of Puppl F%%\t FBﬁ gears 304 and

rml rapene byrigansal okoniaer &%&Ilga cjwmga@e St primary
as nunbers of gear teeth, notor w ndi
CHARAES Pst PEs LRIFBur AERE2BRE V%V&age ?%9%@?§lﬁhscomponents

exadRs. bEReihgherend, sigml i ehtly apd. ver sedd | ideha@hder are
rotary 20 actuator 300 enabl es nass producti on of nost

(ﬁt%qﬁ?n@§ﬁbcﬁﬁﬂ6ﬁgﬁ%§mmP98?85§ prOV|d|ng econoni es of
al e and _attendant cost reductions.

bt or 1 EPPES BEh parETLur ariaiodi diont® of P} ot BpyProvide

&ﬁéﬁ{atl@fgﬁoﬁoxfi@y Bensce) ednt e RR§ Gmad1NWHAagR] it can be
pre-sel ected standardi zed S|zes In order 25 to
p"i“%ﬁﬁt@@ dP "of fidhet HE 1L sHRAGGIF 108 trﬁ@ugygm%%s by means

desigiir delsig@nNenexgdp) es@éh aaStandR@l 28d 28k @keth, motor
such actuators, sixteen S%Parate st andar di zed scal ed

d%%QQﬂﬂﬁrSC%%ﬁ?qﬁ?rﬁﬁ69Faedul current and voltage levels, as

examples. The inherent simplicity and versatility of rotary
actuator 300 enables mass ©production of most of the
subcomponents, thereby providing economies of scale and
attendant cost reductions. The characteristics of a
particular embodiment of rotary actuator 300 may be scaled to
one of a number of pre-selected standardized sizes, in order
to provide an “off-the-shelf” solution to the system designer.
In one example of a standardized set of such actuators,
sixteen separate standardized scaled actuators can be provided
to meet a wide range of design applications. A set of
actuators of the type shown in Figure 3 may be constructed
according to standard sizes. As one example, a set of sixteen

actuator sizes spanning from 0.25” diameter up to 457 in
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to nmeet a wide range of design applications. A set of
actuators of the type shown in Figure 3 nay be

w@orvgiesses ed 30 according to standard sizes. ABCDNS2003/037753

exanpl e, a set of sixteen actuator sizes spanning
fromO0. 25" diameter up to 45" in WO 2004/ 048824
PCT/ US2003/ 037753 20 di aneter could support the
construction of a |arge popula?Pon of machi nes,

réjdng by rassentl edpabdt e epesatidiah a¥ rReedede population
with it | ower cost

0067] .Sinmplicity not only._brin / ,

Lo SHeng PR FrRta Y cmpoRent s Th At GEFEROE Gy % needed.
t hej r..desi gn . manuf acture_and operation. .In ,
pgﬁ%@ul ar,glwgfja%yac?%ﬁt 8Pl%ogrl %ulwagge el Hy&rel gost, it
| AN Helsinz@ st dnr abhmnézwsg&hw?r iaaﬁi @aﬁgixfn_ng in their design,
t ature. 068] The use of a ocyclic gear train
Wﬁ%ﬁg%ﬁ Hﬁetngf??%%%H“ﬁbarIPe@Fﬁt%Eu e Tt e 3ckuator 300
ceithAct bat ralgtveslyiimsenkA threngs whtied t1dRR abirhbktYons in

to carry very heavy | oads, elimnate backl ash,
N RAT2E6YFBst notion and resist high |evels of shock

i rel atjvely nodest |evels of. gear tooth, stress,
by B BUFRG B5 h* RO GGk SnE hnd FéBucERTSin up to
weiditeehb ge@@6@ketheonunbee 6tndpsi gn panafet €4S &Sgiven time

rat.her | ow, , The re, to.g great extent, independent
Hoi"é8s, "ahl edlkh ﬁ%% %ﬁ%&&?g nd°expFiy t Widdhi AGavy Loads,

tdierdesitgnebacktienes, mahifDty lsd OmatyoRactdrat 0rre3@8t high
xceptional .in perfarmance in terns. of weight,

VSIS, oncUteteer ut Pri=t e 4o dﬁ‘@ﬁ%&%ii%ﬁr tooth
My delssi, s eRstdlyy updersioosfl BytAOSHifeskgnatsncdelpdgreduced

to assure its acceptance in the design comunity.
['6G70] As described above, the eccentric offset e

it hi the hypocyclic gear train is driven by an
2$5%Pﬁic pf??mﬁ#ﬁk%ﬁ o5 S%ﬁﬁp@?f%ﬂfﬁﬁf%a1ﬁeéﬁ¥ﬁﬁroﬁ0%' They
stat,i obar y sheddr  Ekvent N1indRpdhidrr behdhe-gearniorizkh has
nunbers for the b and sun gears, respectively, and

[ 1
CENFDL E5Ed 1S 60BPARLRY nEQhERG URATE G t hiends, Mot only

is rotary actuator 300 exceptional in performance in terms of
weight, volume, endurance, output inertia, and power density,
it is easily understood by most designers, helping to assure

its acceptance in the design community.

[0070] As described above, the eccentric offset e within
the hypocyclic gear train is driven by an electric prime mover
and supported by a bearing on a stationary shaft. Given Nj, Ny
to be the gear tooth numbers for the bull and sun gears,
respectively, and Nf, N, those associated meshing gears on the
wobble planet, then the total gear train ratio is given simply

by r = (NllNz) / (NllNz—NlNzl) .

[0071] The ratio can range from 10-to-1 up to 5000-to-1,
the higher ratios depending on the choice of gear tooth

geometry that can be designed for high load capacity, low
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wobbl e planet, then the total gear train ratio is
given sinply by r = (N11IN2) / (N11N2-N1IN21) . [0071]

wab@40a820 can range from 10-to-1 up to 5000- t BPET/PS2088037753

the hi gher ratios depending on the choice of gear
tooth geonetry that can be designed for high | oad
capacity, | ow WD 2004/ 048824 PCT/ US2003/ 037753 21
noi se, high precision, or |ow ébst depending on the

appldeGat itigh | npoatisdion, enfaadi MK S, cdde aPOFORIIRL € on  the
an_be attai ned using nmeshing gears wherein the

ti . .
%%ﬁggfa% Rt eet h* hEERERN™ t RECPMI ST esthy aPBrAgFEate ratio

t@oi hbe 5 Jt@QIAkd| N1GRRNEEIHIM M ddu i ewhyPOCcYClhhe d8&Mber of
re 3, the wobble gears 310 and 312

train shown in Figu ,

arE EﬁgggansF@%fgﬁyN?Fﬂé? iz devder tePEBn has a

t cy to inprove .rigidity, For |ower gear train

r ‘Wgﬁ,yth ndi%ﬁﬁ?‘é?l%? Hedt ~ B 0P HRYCUF ¥ erIgRF agrain shown
nuc heiagi r30% , ore o doiemgehe sdzavekas 6fi21Qrgear sgd2ed side-

I.n sych a case, gears 310 and 312 may be di sposed .
W15 6fe inng St hEOBEhERCEY t BFtS ald JeRFRE¥he§o improve

Qﬁ@uﬁiEP.a Eﬂﬁuﬂdﬁeﬁ|@g%rd&QQZQ?rébl?9ﬂ|¥%§a8%£$§%er ?f gear
ocyclic gear_train be direct ugged into any o

Eﬁ@ €§Wc¢&F%8rdB§i@ﬁs?u?Wsa%eyhaégi%Wrel§rﬁgr§ﬁ@té%§meter of
ajearalnays virsidded 10 dhe,deskgpesiot Reaeby2r @APVib89ddisposed
the aura of black magic in this area_of design. Since
e PplPRRet"§ed? WBbPERSL i tSdnidrthéBawsageBepyea occur in a
caulier pesght . I n many enbodi nents, the mass of the
counterwei ght required is small relative to the nass

afoot7Be 20 pbanehlgeaani tael hypbayone: eg@w@l: Hﬁaml it bdedirectly
pl.anet gear is__bal anced by drilling a sma 10l e in ,
FHEIFEdy I hanpl & etthegegP.lcﬁF‘“?]g]}ﬁ edas{ 4] 1RBt &5y design
aetraateer400arshowmvays Figlyi®14, itRCORPEr aliesigR8&rA thereby
central stationary shaft 430 hol di ng support bearings .
AFgoving the aur of black magic iIn this area of design.
Since the planet gear wobbles, it must be balanced by a
counterweight. In many embodiments, the mass of the
counterweight required is small relative to the mass of the
planet gear itself. In one embodiment, the planet gear is
balanced by drilling a small hole in the body of the planet

gear.
Figure 4

[0074] Rotary actuator 400, shown in Figure 4, incorporates
a central stationary shaft 430 holding support bearings 428
that support the rotating motor armature 420 that drives the
eccentric 418, Support bearings 414 on the eccentric 418
drive the wobble cylinder, which contains the planetary gears
410 and 412 that mesh with the bull gear 404 and sun gear 406

separated by the principal cross roller bearing 408.
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that support the rotating notor armature 420 that
drives the eccentric 418. Support bearings 414 on the

w@eweniaseL 418 drive the wobbl e cylinder, whiP¢IT/US2003/037753

contains the planetary gears 410 and 412 that nesh
with the bull gear 404 and sun gear 406 30 separated
by the principal cross roller bearing 408. WD

2004/ 048824 PCT/ US2003/ 037753 222 [0075] Rotary

autoratior 400tenpl aysuRt ranNBEK eengAfylsg W Pdrfd ket R figuration
I ncorporates an SRM prine nover 422 to groduce a hig

' oGuel M S RYFEEE Sr GAtar SR ch O r "A00E 80767 Muﬁﬁ a high

43A-due /L Be eptedtratdgchrenbtdt adop 434 5 supports the
end of the stationary shaft 430. Seal 438 separ at es

t 7@yt put Baktachmerd2 phat ecdd4 Jukemit her sheineA02plate 434
and protects the cross roller bearing 408 fromthe

BRERES. Bigurdds PHoEE Fipire™s tdepfikt a 4180f‘th Seal 438

eydiediatent tok dutehar \ttdbhasitiap itH0P34 NEAGEOFKANSR=11 402
with certain enbodi nents_of the present invention.
[ngro‘?ﬁFESgE]b%ﬁ‘frrciséaerﬁrlaF fl?%ar%lﬁ’tg #O8maE R oy elements.

hypocyclic actuator concept i S sEovvn in Figure 5 and
general |y designated 500. "A§YS8en in Figure 5, the

bul | _gear 504 and _stator 536 of act 5
r[iLHgOﬁgﬁy coﬁﬁ%‘&f%d tog?%JeCtosut% fsl#%hl %roglﬁ‘lf cl%)ge&‘ rotary
atctipeocenddly end aplcatreandd. wiOR7YPe rAbiAt Wi oBdBents of the

cont ai ns,wobb| e rgl ate gears 510 and 512, which nesh
W SBGI FRY8RF1 %04 and sun gear 506. Sun gear 506 is

O] DearhRy GoRte CRTE T8) SO By TLrTEn 485 RenvBoeyelic
prdtneicpal cobeapt nys fsirowrhe nj @iiptiref 5t ded rgm’mmelyntiemgnated
AGER, hoLai, o6t EL S0 s Lngerporatath LOOR0L A8 s o
aidthhaﬁzﬁﬁ: 500 are rigidly commestddtbo thbeouuéer seéEl 1502 and
cs_Lose ggdtﬁleoéc’ne b%;[ etn epfgge bl%/14e.nd plate 514.
[0079] Armature 520 contains wobble plate gears 510 and
512, which mesh with bull gear 504 and sun gear 506. Sun gear
506 is separated from bull gear 504 by the principal cross-
roller bearing 508, which also may function as the principal
bearing for the joint of the machine into which rotary

actuator 500 is incorporated.

[0080] As seen in Figure 5, the bull gear 504 and stator
536 of actuator 500 are rigidly connected to the outer shell
502 and closed at the end by end plate 514.

[0081] Rotary actuator 500 further incorporates bearings
542 and 544 to preload the mesh of the wobble plate gears 510
and 512, so as to ensure that they do not separate and to

reduce vibration and the effect of wear.
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[0081] Rotary actuator 500 further incorporates
bearings 542 and 544 to preload the nesh of the

wowmbloesspl at e gears 510 and 512, so as to ensPCEUS1NA3/037753

they do not separate and to reduce vibration and the
effect of wear. WO 2004/048824 PCT/ US2003/ 037753 23

[ 0082] Bearings 542 and 544 are centered on a second

eccentric offset of e, 180 out2éf phase with the

walni®2g  ar Bahufegecaant r afd 51814 Beak ngénﬁéﬁeoﬁnd>n544 second
drical surfaces machined into the en

roll on, cyl Cc

Rar B8 S buebut ol L8 598e B WS iU Eh gk wobble
coneentrel Cevcbhtthe Fuenterl BRgrofigd hes40t @y asuuat @611 on
500 [OQSBE The hlgh torque, | ow output velacit

BHAPYTACRhat T EBE6 shOWRLIS FighiPe B9 s©gd plate 514 and

Qﬁjf@iur&a \Aiﬁmt@f smaypesyel icx switeheder ebystaMeOc with the
not or , may generate up to five tinmes 10 higher

t5G68 1ERENC4 E@%ﬂﬁﬁ%@fysﬁFF%%EﬁFrQQQJctance not or, and

ocyc| ear train, which may have up to five
?“Hgéthghgpe B@H'%ﬂﬁ%@vt§°Wh8Ht%P%|Yﬁ#?ﬁltgpF8§éFVcaCtuator

goar bhaih. irficeakdiregly, ikotar Yedaddiwatebn508r can Bepocyclic

saL% %o hav$, in certain epbodi ments, an enhanced

ISP RENEE T BATI Gp g T 0 WBECh 1BRY | HECTRTGhEP tRafhive times

priighle rd@Sirgas . tﬁ@@8£]sf@ﬂd&rﬂV@W@t&hé&”féﬂﬂ@&ﬁﬁ@e motor, and a
nhancenent factor of 25 is achieved in rotary

SEEAGT LB0BS0F t hEH1 Ve THGTC T4 VSt HB tPofdVAl thes higher

fiicee addapiona} amebhl ary beanings ara;@l)lf:gmmf Jpr  train.
corrponent S incor por at i ng di nrensi ons havi ng .
AGPrEarIizo trran U teEs5P09 n A5t a1?<§/ a?étleat%? have, in

it ati Re BB BB ,OlardcMBEHEE] BLPFd1SnanRGOERERLSE up to 25
into the sane part as the wobble plate gear pair.

WﬁyhéﬁPﬁﬁt%l?arSO@HoﬁCG?ﬁbg%?tes a nunber of distinct
advant ages_over ﬁ%eor desi_gns, including: the need 25

fISP86h1 y ohB pro¥RigaH PEF 685D T e‘?n}b"é]&refﬂﬁ@ 568heE of 25 is
taab i e@Bai lilnar yoheay | gsudrdd assb S¢din andvsi MRlsitl 8hrts, the
controller

removal of five additional ancillary bearings and few, if any,
components  incorporating dimensions having any c¢ritical

tolerances.

[0085] In rotary actuator 500, the wobble motor armature
520 1s incorporated into the same part as the wobble plate
gear pair. Rotary actuator 500 incorporates a number of
distinct advantages over prior designs, including: the need
for only one principal cross-roller bearing 508 and two
ancillary Dbearings 542 and 544; and simplified controller
technology owing to the fact that each stator pole is switched
on and off only once in a wave as the armature 520 walks
through an angle of 360 degrees x e (where e is the
eccentricity of the wobble configuration) during each

electrical cycle.
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technology owwng to the fact that each stator pole is
swtched on and off only once in a wave as the

waeovapessed 520 wal ks through an angl e of 360 degr/ESm™03X037753

e (where e is the 30 eccentricity of the wobble
configuration) during each electrical cycle. WO

2004/ 048824 PCT/ US2003/ 037753 24 [0086] The result of

t he above is a form of magneti@4 geari ng where the

el @24l ¢ cyoke peaurts af athangbbae ved oci tyorrﬁatcﬁf Ofagnetic
/e relative to the rotational velocity of the

TR "56° 66 o an iy (AL oV BFBEFT yabfen fgular velocity

et ricgal 13ef i sdxhtang t he wobbl eecspeednW =BG t8664f the
exanpl e, the out at t achnent

th 0.0 f t
g Sl 4 ST Ee B A AT e Tl EE electrical

veldei tand V\:BheV\l(o)b[lb}ﬁiléEQQ@éecﬂ- RPM gihven as@Rakith e=0.015, for
reductlon rati o of ecause of this electrica

’oﬁﬁﬁ%‘?FﬁBFeaF§a9PW?%EIP&aﬁ%n5%&|§?%}ﬁ rofatse at 100

giBbel?arﬁl takusudPuofveasi0%D, w@, Rah:a8c b §ga Mes Rt gﬁv%ﬁea gear
meanps that onl. or 111% of the mass of

1/ 900Q,
A te s 26 e d8E t ¢ 08e reﬁﬁGQHS?oOfpéFFéth§e?%ﬂ%ﬁ%% wave,

aroRjud esl@%(ie ke vatthh DI esor0feactdator a360, agevsHChA value
%%t cert in variations of this desi

| Syed 'fé%t9§h99f18§ gaﬁﬁcﬁarlvéégl@e@%ﬁeF%?BroP%y 17900,

poduce 185 eEergy hres ar W@ﬁﬁbﬂiﬁxf‘ea|52@0\ﬁ@%dgoﬁbcﬁe $H8Bved to
as a w nd turbine. 0087% Faor at | east the

SAPTRTTEAt CTRORA AT B GiFes28-5, TRAcRTHER1T0t A caftuator

o profé | edchothatsldeghbly Reeloadsts asfi thigOMRSilgAt Guay be
|ts central osition, in order to reduce the

FERICHELor IR TOWRTY oRder PRASFIRIES2RFY g8peFaor to produce

hatddggs Franda 20e &gt B beRer TR S, els0adi 89 £amRe turbine.
acconpl i shed through the i ntroduction of a sl i ght

| doarfler eneerbatweenst hahet @BbBaaRshtd hendmt i ng tegihes 3-5,
as that tooth conmes into its central osition. In

CETai%r o8 e, P Rt §onay Be $hiFdducegeloaded as it
wdnidisn eaeh WQQb'@egﬁﬁélt@ﬁhﬁthﬁnprdﬁf beatal [ tRBuce the

stiffness 25 of the teeth and reduce cl osi ng noi se.

generation of lower-order harmonics and control backlash and
lost motion. This preloading can be accomplished through the
introduction of a slight interference between that tooth and
the mating teeth as that tooth comes into its central
position. In certain embodiments, a cavity may be introduced

within each wobble gear tooth in order to tailor the stiffness

of the teeth and reduce closing noise.

[0088] Figure 9 shows the sequence of motion, within a
sun/bull gear mechanism 900, of a sun gear tooth as it enters
and exits its central position within the body of the

stationary bull gear 902.

[0089] The initial position of the sun gear tooth at time
T0, prior to engagement with the bull gear 902 is designated
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[0088] Figure 9 shows the sequence of notion, within a
sun/ bull gear nechani sm 900, of a sun gear tooth as it

we@niogngss2and exits its central position w thi nP€ES1»02g37753

of the stationary bull gear 902. 30 [0089] The

initial position of the sun gear tooth at tinme TQ

prior to engagenent with the bull gear 902 is

desi gnat ed WO 2004/ 048824 PCT/ &82003/ 037753 25 904.

T4t cential caostdli apsatibheogunhgeannt geadh aboth N&t Tlime T1,
sone peri,o [

tine after me_TO,, is desigpate 9,04'.
[%%]perfﬁogepﬁawee%&ffnﬁﬁ% T‘%helsgé’&ﬁé{?f?ggfafﬁ b4
rr@%baogl sm _900 thaé | ght interfer ,
encount éPeacear'% ip A<y ‘?‘;\f 66t HGBYELYi nt f“ﬁ@hanlsm
095]11 redy posi §hdn ’&Qaél: .a Imfgmh :ﬁfﬁwcfleﬂ%ﬁté ikhengedahtered as
oth stiffness and the L interf rencejnt@ ,
R et B0 e L he: She el Poyaelon S04r.
ganer admisbdiyneinhe , eltast |géadefwdmt|mlf&hetsbe aldl |tl’gaeal'evel of
902 a the to n.gear .t oot IS, . ,
festerente’ 3R Pheo Bobitt OBRLALERR 000l ¥ Wy despgrine the
flera¥tdedr ranednpyofchthelabeas ags%smmmh o i) the Sel gear
an_ _be s in Fi ure that the sun ar ,
B e o E R of Borht dw Wag: oot ortige SFeiiagepce will
ifencsttd f medsce asrWidlirhaades anlybetkden Iﬁmflearﬂeiral bny of the

el ow i n connectjon th Figures 10-12. 15 [0091],
T B8 PO et Mk Safaxi mim*FAt BFf 8FeRcEn Fioure O

&ﬂdﬁﬂeﬂﬁﬂlﬁﬁm @Rari toatly, SKKWHN,lﬂdUiﬁﬁiﬁtggaé t80iby in order
Wi II out of en ggement with the bull gear 902.

Cﬁ dri Sofs i ne8an gaalitbobh &?Sarb%%tlril nMeF predetail

‘Eiélam eh tbABedtidrS widasrggated 19042, 20 [0092]
Exanpl es of gear tooth geonetry useful in connection

wiadoeigear REthantste 900, aad &hﬁhhaﬁogﬁﬁrmﬁﬁﬁﬁa@i&Htéf@erence
shown ures.10-12. Fiqure depicts a side view

e bl Sher iF 287 | BEIRE 1 0Bte nauh L oty L guslt move

aﬂﬂ:ﬁﬁr%hgﬁbémgn&Qﬁkm.t&eSQQQMdgééﬁﬂkﬁiOOQMEaﬁasﬂtion of the
ci rcul ar caV| t¥1 1008 di sposed at

sun gear a point in time T2 after time T1 is

designated 904’7,

[0022] Examples of gear tooth geometry useful in connection
with gear mechanism 900 and similar gear mechanism are shown
in Figures 10-12. Figure 10 depicts a side view of a circular
arc gear tooth 1000 having a body 1002, and first flank 1004,
a second flank 1006, and a circular cavity 1008 disposed at
the top of the body 1002. The position and diameter of cavity
1008 will be determined by the requirements of a particular
application. In general, the stiffness at the peak of gear
tooth 1000 will be reduced as the diameter of the cavity 1008
is increased or its central axis 1s moved closer to the peak
of gear tooth 1000. Reducing the diameter of the cavity 1008
or moving it further down into the body 1002 will have the
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25 the top of the body 1002. The position and di aneter
of cavity 1008 will be determ ned by the requirenents

wo@Rooa/ogsres i cul ar application. In general, thePCT/US2003/037753

stiffness at the peak of gear tooth 1000 will be
reduced as the dianeter of the cavity 1008 is
increased or its central axis is noved closer to the
peak 30 of gear tooth 1000. Redfcing the diameter of
thepdartet Ye 208, OferdMVigNG:d t sEUEtdier tHOWRehRt @t NEcar tooth
gggy 1002 wi |l have the WD 2004/ 048824

4552003/ 037753 26 opposite effect, tending to
stiffen the peak of gear tooth, 6 1002. [0093] Figure 11
dEPiTs a §FARTYi B BPILS Acdldr % ffard dgstHatiepc gear
hesd g 1a obodwvidg2a Bodyfi1et, fdankeikk@4,r1angeeend, & second
flank 1106, and a circular cavity 1108 di sposed at the
topdt & paa¢ 2162TCEbay FHOHW 110§ CFdFpRapd at the top of

O ped At €50 A Sl Qbar 1840tRt 11De trOPtREr CihEdHEdrates a slot
cavity 1108, so as taq reduce the rigldlty of the top
oflthethodip 1902 Hf YesleGoCRVEED0L 1P B0 5 ghipergguce the
deiRy iGti% ya o €Re Vit W o tﬁeCioB&%”ﬁIOZﬂro@f geat +d&ch ootdy .

1200 having a body 1202, and first flank 1204, a

spzd | ankud20; @id cdscavitye 1208y A SposEdcat akhgrc gear
tqggg{ t%@ od 1202. Cavitg 1208 is cogposed of two

c ar Wa P88 21289Y ahtl4n 2 \fHitsh dverkap2Ph- t Resecond
CRIdres 10f06geandt aothv 12901 208Tisesigatpraset¥gsothehe body

local stiffness at the top of the 15 gear tooth 1200.
[6095] |1t dlditfetERPEsEr Pbed"RbOVECULAR £A¥ERIes 1110

eds 118y, NeBdchDLeedushi lint YrHhaBehher I erRigder ©foth 1200.
the tooth surface, which should qfnerally be

haF e P 19 RISSCAVARS &fBodiarent S$tifhecgavity the top of the
it ik tRBY20€. drilled and/or 20 slotted before
har deni ng. The tooth surface may then be hardened.

Thepdsqot h thpshEB¥mBed#nEeed edetOcalddy dubddTPriane tdder ends
fatigue resistance at_the deform ng part of the tooth.

Y ARREalTHS nHyctihiter tthen ehbodittERigdepe of the tooth
parfoceed P¥ié should generally be hardened. In certain

embodiments, the cavity or cavities may be drilled and/or
slotted before hardening. The tooth surface may then be
hardened. The tooth tips may be annealed locally to improve
the fatigue resistance at the deforming part of the tooth.

This annealing may, in certain embodiments, be performed by a

laser.
[0096] For at least the embodiments shown in Figures 3-5,
the following additional specific comments apply: {(a) In

certain embodiments, the gear teeth are circular gear teeth in
order to enhance smoothness, reduce noise from gear tooth
impact and reduce the contact Hertzian stress. In other
embodiments, triangular gear teeth may better satisfy the

application requirements. In other embodiments, specialized
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| aser. 25 [0096] For at |east the enbodi nents shown in
Figures 3-5, the follow ng additional specific

weommessss apply: (a) In certain enbodi nents, PCEUS®A3037753

teeth are circular gear teeth in order to enhance
snoot hness, reduce noise fromgear tooth inpact and
reduce the contact Hertzian stress. In other 30
embodi nents, triangular gear tééth may better satisfy

tdenr appldrc ajdonie ti9quiae RNt ihclvdeat Mk renedyiBNt$plication
ci.alized WD 2004/ 048824 PCT/ US2003/ 037753 . 27 gear
%{ﬂ W GEGHES r PUiay"De™ el Ried'WHdY%e M3 §§e disposed entirely

aipp| treatd ot 1 ohagyi KeAedt SaBUphrbeoftthe (DRt d¥ T !sHQlImé(nd bull
be di sposed ent| rel in the stati onary stator as part

Featie Gut efPShEPTCantP Bul FRr ey  thse) 29 48y & paleerets ()

tAneught et h@agCtbeaty1iics $hordnidaedd W¥tEALUr@Y NBYy,be f any,
solid or lamnated netal; (e) Few, if any, criti cal

FrertSPons GFRENFLGRT r e8FSt hEPEBYT?RducFRGFIe reducing  the

linfdiwence Ofoﬂan&E@@Eéﬁtﬂﬁlﬁ@|e&%ﬂ%@ﬁn@@ﬁ t &JRer atthBerature
vari atl ons on performance; (f) The use of short gear

&R tLPBYUCRS PFEHAFHgRSE 1 eségé dnG MEGucs F7RE opear teeth

lessees dRAd(HYy 10rdbscseshliNge@hcdiPsioctid t¥od LN and (g)
pi cks up .and releases the load slowy to reduce

ndiSs e SHiggr €6 Yoer] ek tai ?F%Fﬁblﬁ’%?d‘ﬁ WS Ry releases the

negd eodlyuggekdanyisactuator with a stiff output
gear train of high reduction 15 ratio in a conpact

configuration. Depending omitheespecifics, such an

actuator may be driven either by a pancake sw tched

r&ﬂo&aﬂanceC@mﬁamn (Sﬁbalcm&iﬁhswomey cxeqmleﬁlimdrﬂugyed rotary
ur es and 7

hi )
z\%)gss r?c %llg&rsD%BI\'o%qu ee‘;”:al FE?Jrfét gt Fioh reduction

e:raaimdl HﬁhhScoﬁ@acﬁ’@Qﬂﬁif:@@Eatyc\iﬁC} UBd g nB0Q oh EhQUE%glflcs,
has.a "cof fee can rofile ile rot act uat or
SR iy PO BT ion T A Y pantaRG R R tohed

Retlakyafct uabdsr 60ERN)S BleiSicdN®RFer or a cylindrical brushless
D.C. Motor (DCM). Figures 6 and 7 are cutaway isometric views

of these alternate embodiments.

[0098] Rotary actuator 600 of Figure 6 has a “coffee can”
profile, while rotary actuator 700 of Figure 7 has the shape
of a circular pancake disk. Rotary actuator 600 is designed
for use in robotics, while rotary actuator 700 is useful in
confined spaces between two walls. Both rotary actuators 600
and 700 are capable of producing relatively high torque at
relatively low speeds. All other things being equal, rotary
actuator 600 will generally have a higher maximum speed than

rotary actuator 700 and a somewhat lower maximum torque.

[0099] Figure 6 1s a cutaway disometric view of a rotary
actuator 600 with the first stage of the epicyclic gear train

650 inside the magnet cylinder 620 of the relatively high



10

15

20

25

30

for use in robotics, while rotary actuator 700 is
useful in confined spaces between two walls. Both

WO odoayssact uat ors 600 25 and 700 are capabl e 0PCT/US2003/037753

producing relatively high torque at relatively | ow

speeds. All other things being equal, rotary actuator

600 wi Il generally have a higher maxi mum speed than

rotary actuator 700 and a sonedfat | ower naxi mum

tmeqws D [N09RtoFi flieed6 6B38. a cruteamynes@neszl &ndi 694 Ofide on

actuator 600 wth th r stage of the
epi cyéllg\é gear *Pr & nP1EBBt i 1898e 5r18e ﬁggﬂ%]?ecgyltpndté“re magnet
620 iofdetrhes a0g | athimed,y hi gbhui® 29@4é£)488f24)elaé?lé1%g 66}3 This
/ 200/037 . hotor fie The
p%ne 32 inldg%as]zlgordg‘%nmb FrYY B56" A2 pl anet
c 8 ached tq. the t liinder 62
iﬂ {urﬁ, ri %es *%h k?g)azlrl nréogaggg mﬁ%ys °Ehbddi ﬁ%ﬁqe?@ paradox
i chedliofioptise | dritexiqg ouswﬁaighl I’é@:&erﬁaﬂ.OO%Gﬁ] Pkanet 664 and
2 .and 654 forma eso confi guration
?Clavtllr?élangweng SERESr A ﬁ Jéalr 6% a%ﬁ%Ch% af:gontj} central
@ﬁae‘irtnam@uldf geatatp?2 a@t:haehed d0m .t he @anrtdaal slSahﬂft 630 is

6 act at or . 600. ntral shaft 630

aat:ict ccﬁlgal % %r Sgﬁggl 6@%2“%%5‘5‘ &ﬂ?nléo%%?rts

1 00 n certa N errb di,ment.s st sta

b@)l[ogéy ]gné%l to rta toe PP AR a, tgg % T eXberd gﬁgesmay be

I‘degsh@medspé@d&eamdel oines tl@ﬂ'eﬁﬂiﬁia Pla&netlarée;g@@ﬂflglserﬁ@% higher
54 de rel at narrow an ti r

tﬁ?eeegiescggggrlfwleg ST Re s%i Fryedidy p%%anae‘?der%%fmay be

trizelse péhsrtetv&rlyz gearHw52nd 15tamj @24 rar e:}wdCﬁ@éf?eﬁsakkW load.

the a tio 10 Th e atrade o

be evve%Ep Jﬁﬁg sﬁges %F‘ EHJe‘ "ﬁ%@EP Sonp PP ¢fprs 652

andl tohe aut edichi=armt e ﬁﬁeteli]lﬁpljfdaﬂ:ibnst age gear train
650. The smaller the internal diameter of magnetic
chilioider 620ewmndwiikl e 636,trbhe |o&|‘fgei‘ett/vbent @hguesiZz@ of the

e R i T T T RENE I
slippor tedgbygbearifygin 650. The smaller the internal diameter
of magnetic cylinder 620 and field 636, the larger the torque
produced. The stationary shaft 630 is long in this design and
subject to flexure. It is, therefore, supported by bearing

640.

[0102] Sun gear 664 is rigidly connected to the driving
cage 618 of the second stage epicyclic gear train 666 riding
on large needle bearings 628 carrying planet gears 610 and 612
riding in bearings 614. These planet gears 610 and 612 mesh
with stationary internal bull gear 604, which is attached to
the outer shell 602, and internal sun gear 606 attached
directly to the output attachment plate 634.

[0103] Seal 668 separates the attachment shell 602 from the
plate 634. Sun gear 664 and its planet cage 658 support a
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640. [0102] Sun gear 664 is rigidly connected to the
driving cage 618 of the second stage epicyclic gear

WO e@isi48886 riding 25 on | arge needl e beari ngspGRB8S2003/037753

carrying planet gears 610 and 612 riding in bearings
614. These planet gears 610 and 612 nesh wth
stationary internal bull gear 604, which is attached
to the outer shell 602, and i RPernal sun gear 606

gmémo'h@dos 67;3',r fs,at6ﬂ6q§1 ts tﬂf@chUirDﬁlbl@éé a}@%ﬂﬁﬂ& @{ﬁa]&i@ g%gll 602.
e separates the attachnment she

ffkb%'n %‘T’Pe‘Je piiat &5y S osr BEPOINATPt SSpramet 6¢dgaot only

656 itpent ah¥0-2084/ 48824 0BChLYUS2008/ O3 SAs 2%e rigidity

gggrupg 678, ﬁhlch js held in place by the outer shel
theTiensRapeS LIt Hitddy sheft &9 supporting bearing

6 t on strengt hens the outer shell 602 but al so

i&%ﬁgﬁes thét?F@?gigyn FHeHNe® Tent F alt 1988V o fd? CBR4f tto  the

630pf [Adihnlehterglaltes WBQeathilb tonddigisdlyearing 632, to

g%tqg?ed to th outggt attachnment plate 634, which

CoMtalSTs BREFIHYS6325% 0 CUFEIE he- T8FFBRGt Idn FRBRTY actuator

osdqut structure of rotary actuator 600. [0105] The

second stage 666 of the epicyclic gear train 10 uses

afolasler nafhbuldecgaar G4ecancbsunrgedke 6H6H.cyBli® gear train

arrangenment_confqrngs to the b%ﬁ%{ %o figuration of the
e

SHfct tfe, Y HiH Rz ]ﬂléi%igﬁﬁf tHe s§fert it This
ekt angemeatar yoacbuad or t&00cpar thailar lpnrrugoedecadsl of  the
stiff. Ologl In .the secaond stage 666, the velocitjes .

A UGWEF 7 s SHMBIERBICOIFEEPE PEH lenedt | Ehoee@ovinime making

aceoigi BgkVatbutcdhedregandarf prrglddsf aasssangs | oad
capacity go up. Hence, the size of the gear teeth in

tiEloxgcondint age &6 taeetothetiegud Ii®iks Qe lower so
Hﬂfd as a first priority, wth stiffness as a second
Y

SRy TP hES E P e P bt §25° | 3P erdGHaT APELY cabFbnshe regard
ther use ffR0sof ams TRy qparets §d0uand HkZeds thBesize of the

eonet r 11,1 all ow.
!%ear tééQN in %he second stage 666 must meet the requirement
for load as a first priority, with stiffness as a second
priority. This may require, in certain applications, the use

of as many planets 610 and 612 as the geometry will allow.

[0107] The principal bearing in this configuration is the
cross roller bearing 608. It separates bull gear 604 and
shell 602 from sun gear 606 and output attachment plate 634.
Bearing 608 also performs the load bearing tasks for the
machine wusing this actuator. Because of the position of
bearing 608, bull gear 604 can be made'very stiff, as can sun
gear 606. For maximum stiffness and minimum deflection under
load, the attachments to the neighboring links should be made

close to bearing 608.
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[0107] The principal bearing in this configuration is
the <cross roller bearing 608. It separates bull gear

w@ob4/a98824 shel | 602 from sun gear 606 and out pRXT/US2003/037753

attachnment plate 634. Bearing 608 al so perforns the

| oad bearing tasks for the 25 machine using this
actuator. Because of the position of bearing 608,

bul | gear 604 can be made very38tiff, as can sun gear
606. For maxi mum stiffness @R A1 i num defl ection
under |oad, the attachnents to the neighboring |inks

shoidsd be Bhdereclhosepietbeariinng 668:awiy Zﬂ%é&ﬁ&%z%iew, an
PCT/ US2003/ 037753 30 Figure 7 [010 Fi_gure .
dfe |O(L:Atsl§1,en?3‘n %gcﬁ’t aﬁ\%iﬁﬁysoﬁ%’f??tcgrvi 8@9 di'® eRboHFHentnvention
oforefigotratly fet Uat Obe YAOi 16y preserdpddWephh8fke SRM, which
conf'gyred for .a ﬁelgtively | ow speed pancake SR

e € Bip

Wi ¢ priédatdde DelFYTArgh t dPGuELFh B I'\Z}Odleaﬁfs made
Hpdcd amage st&ﬁ;ﬂ@da&iﬁl lyilss%ggtgﬂgnda&*@adﬂt@i d&dt/) ght aghedchment

the _attachment she .and_supporting bearin ,
%%fﬂgo7? e®p iﬁﬂ?%ogﬁ%ﬂq(ﬂﬁﬁFﬁngSEQ?PQ?S%WEgﬁ”€§rﬁo%tatl°nary
fanatfiter7 35t r egthientd heu Hputs tenaeREBNt hePlodt Bu¥ 34t tachment
far thi dgsign._lo [Q109] Magnet disk 720, in concert
ﬁﬁ@ﬁefqgﬁd 9860 (ESELY - drives the first stage

p cage_ 718 for planet gears 710 and 712, which
aerog%gupporlg%%ln?% Cgle%l{)i"%&s FR4CoPFenet " iddydirts "Rfst directly
b ivasefdiel yridesi giediet mlaeecemmdat eritisher ) appindeadsirs 710
710 d 7f112 whil e maintaining suffjcient structura
ialﬂded??t’y‘.” 187 [ 9% 0 UPRPE tedc bR dPe Al I Tdfet  Eageetrapage 718
inf1sdr beesabyruang dddigindly tat baghtbddte W2 988he¥64ears 710
which.is support.ed b¥1 three_ _bearings 742, 744 and 746

LS . \ \
ARoPaer bt fREAIHPE SUppOTICt TRFSCEBpPbrn Gty
i rporated to resjist twi sting nonents generated by
t[ﬁgqucondﬁé‘? a@%c%rl‘éan%*iasge?@l% 595 Ufdortediivepo by, and
heaidngsatbichdder d,i 1ssih gtage7 64N @eah 5%4 sapdobyld }Iaqy three
rnal gears. Bearing 732 supports the
%%%}K%%aﬁg%? %ﬁ%eaﬂa %%6 in order é% nmximfgé its support.
This support 1s incorporated to resist twisting moments
generated by the second stage planets 748 and 750 supported in
bearings 752. The first stage sun gear 764 and bull gear 762
are external gears. Bearing 732 supports the first planet

gear cage 718 in the moving sun gear 764, which drives the

second planet gear cage 740.

[0111] The second stage sun gear 706 and bull gear 704 are
internal gears. This arrangement serves to match the
structural geometry of the rotary actuator 700 so as to
stiffen the structure. Sun gear 706 and bull gear 704 are
separated by the principal cross-roller bearing 708 which acts
as the principal bearing in the gear train while also serving
as the principal bearing of the Jjoint into which the rotary

actuator 700 is incorporated. In order to maximize rigidity,
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gear cage 718 in the noving sun gear 764, which drives
the second planet gear cage 740. [0111] The second

wae@ge4ssan gear 706 and bull gear 704 are 25 Peit/E82083/037753

gears. This arrangenent serves to match the
structural geonetry of the rotary actuator 700 so as
to stiffen the structure. Sun gear 706 and bull gear
704 are separated by the prinétpal cross-roller

bﬂﬁiiaﬁ;aﬁﬁ&ewhEChoa%héloaﬁeihgtﬁééﬁméﬂﬁﬂs%?%ﬂWTHEidh% to the
th ar n while also_seryvi s_the principa
é%P%% &% @eFBl aF%t63ﬁmFE%ugﬁeb?oPé?9@da%%QEﬁcﬁO cross-
M lex besoipradged. In order to maximze rigidity, WO

2004/ 048824 PCT/ US2003/ 037753 31 the attachnents to

tioe 1@t er aht@é:hﬁﬁet whel lgedd? a0l tadt hen Ut 706 in the
attachnent plate 73%Fshould be pl aced close to cross-

FSPER Beart nG PO FO1T2TY ST the BidTetfdar tow awp able

1N ageammdQbté Mdhe planseeoNds S48@e 5 &del1alkiy¥el Year teeth.
e in dianmeter, they are able to accommobdate nore

&05%§9§n? % arf- T afGoFar géf8 geatd t gh. are  shown  to  be

Aecardiraglylapbanat %ﬁ\b&rg&st@n?)lZﬁQta@@a%E‘oWOt%nge 712 in
relatlvgly | arge as conpared to planet gears 710 and

718YFR "Figure 7. 10 [0113] Because of the | ower
encountered in the second stage gear train,
igﬁig?n f OrSTHER i instgﬁpé?ﬁﬁﬂbdsﬁﬁeg% SBFoenkersf in  the
tskeohaadtagpagesy ofaitie @eaerheebh. 1EEk§léslsa£§§Frseded by
true, to a lesser extent, in the first stage of t

Ge&PRCEF R FOTTHE OIS &Avardpe 6f tthe PrRpdt teesfe | Fhis is

smsbl eFuen 46 ﬁ%@@%ﬁéﬁ éﬁﬁﬂﬁtth@noghﬁrfﬁﬁyﬁlf*ﬁbéﬁoﬁtﬁ%e gear
econd stage, ich is_ appropriate since it carries
RESER oad MHUIOW5ET AW LRPEN OF dPGert ldGuIstRee 15 smaller in

‘d&laﬁétéi‘ eshai e @B e[r0d44¢15pgW e t81ed%|%|06¥1§ atid ArYhich is
actuator 800 incorporating. 20 a quick-chan

e
5??58ﬂﬁﬁﬁﬁeaFEﬁ'Fec?%réaFﬁlﬁéc&ﬁﬁﬁhcéoﬁﬂtH“ﬂl operates with

larger angular velocities.
Figure 8

[0114] Figure 8 depicts a rotary actuator 800 incorporating
a quick-change attachment architecture in accordance with
certain embodiments of the present invention. Rotary actuator
800 incorporates an actuator shell 802 containing a bull gear
804, and sun gear 806, separated by a cross-roller bearing
808. Planet gears 810 and 812 mesh with bull gear 804 and sun
gear 806, respectfully.

[0115] As seen in Figure 8, actuator 800 rigidly connects a
first mechanical link 820 to a second mechanical link 822.
First mechanical 1link 820 is rigidly connected to actuator
shell 802 by a first wedge clamp 824, while second mechanical
link 822 is rigidly connected to output attachment plate 834

by second wedge clamp 826. In one embodiment, each of wedge
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certain enbodi ments of the present invention. Rotary
actuator 800 incorporates an actuator shell 802

w@oovaisseyg a bull gear 804, and sun gear 806PCT/US2003/037753

separated by a cross-roller bearing 808. Planet gears
810 and 812 nmesh wth bull gear 804 and sun 25 gear
806, respectfully. [0115] As seen in Figure 8,
actuator 800 rigidly connects 82 first nechanical |ink

8r?_lfhntp@ B 23lecond gL akegalchki MerR22s aFigast T&C@%ﬁﬂlcéhrcular
%; 820.is rigidl nnected to actuator shell 802
eflF%?maedg%l%%%nglgﬁﬁen%ﬁnI%ﬂ@%@ééndaﬁﬁ%ﬂ%ﬁic§p030by an
|dxﬂér&22 i 15arid gicdbppconneched teQuoyhbPit alst-aGRPBALs may, of
pl ate 834 by second medge clanp 826. In one

éifbfderentS EXENCFInetGEoWD Mrt4Bg24from the spirit and

R(CHPdS3B08hO3F 7S n 132 nkkalPsn 824 and 826 takes the
formof a pair of sem -circular wedge clanp hal ves

ticghteened agaithst adodahen:8QBohY an mxhetnal, badkhe clamps
m. O he ui val ent structures may, of course,” be

4%% %%4rﬁﬁ% Agb¥r GmAiE i riansip@ing mechanisms

EQmpeaﬁﬁ tbeopresenépéﬂaﬂmyl en. Eﬁélﬁ%aﬁﬁhédY%r application,
nbodi nent shown jn F|%ure 8, wed s 824 and

SaPBLRP gRE SRt By & EaPPdo?39e?%ﬁ(ﬁﬁrﬁ?qﬁgfﬁéannﬁhe wedge

828mpRd 8830 .anBependi Bg @Retha pabti @LHItQQré‘Ppl:b Cgéf)é)f]ate band
t ensi oni_ ng nmechani sns 828 and 830 nay beé integral

(HETREGL RO aning2=dae cslzﬁenp%&ﬁhéyd n&36 be
raI to separate band clanps di sposed around
va@&é cl anpdCB Aff9s261a1P1 1934 BRth &6 weggererahps a pair

@24 3rdc8261 | NeANOr alRSrdabal sur PfcdeNerdbbY¥neoNi £orming a
i nternal surfaces, together formng a groove about

OFE Vit BPREF ShPf &Béea?a% heuSkafife o afif gorgnd-lemp 824 and

826. Thee nheerahlppodiie ofr eath r these LALELNA] surfaces
surfaces conforns to a mating external surface on

SOPRBFTE h&Calt HREIRY 886°Brabneubfa¢heoheehaif tafhe actuator

I8ionk S0 8268nanth 822he Asncthen i E£NSNOAKBY gRChard SB52828 25 the
and 830 are tightened, the nornal force between the

GEREFaPHYY cBRFEARHI®T ndF8 sBRfaded &7@ thHghtened, the normal

force between the generally-conic internal surfaces and the
mating external surfaces will draw the mating components
together into a tight and rigid mechanical connection. In
certain embodiments, the design of wedge clamps 824 and 826
will conform to one of a standard set of sizes. Within each
standard size, there may be two or more strength classes,
similar to the types of classification employed for

standardized threaded fasteners.

[0118] Mechanical links 820 and 822 are disposed closely
adjacent to one another and to principal cross-roller bearing
808. With the attachment of mechanical links 820 and 822 in
this manner, closely adjacent one another and to principal

cross-roller Dbearing 808, it can be seen that the joint
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20 mating external surfaces will draw the mating
conponents together into a tight and rigid nechanica

w@oemnedseon. In certain enbodi ments, the desiPeir/u§2003/037753

wedge clanps 824 and 826 will conformto one of a

standard set of sizes. Wthin each standard size,

there may be two or nore strength classes, 25 simlar

to the types of classification>énployed for _

stigniddydi zesli g eadedofaasamwdsnfli{fgllleﬁﬂ Mg_ghagﬂfaltdegrees of
i nks, 820 a 822 are disposed cl ose adj acen 0
oér%féeeéjﬁgll’hev?lncg‘ndt % ﬁ?ﬁ‘arfd}lg’{ﬂ BWHES- r%’%l | EFeefoRt | peptrolled by
808 pwinh hbeeatdrarhpmrt + o1 meshaningal ohi nks 820 and

822 in 30 this manner, closely adjacent one another

Atd 199 pribdti pah 1oy osserf Othet Bear ivigré8l8 padth CahlRigh the
seen that .the [oint WO 2004/ 048824 PCT/US2003/ 037753
3 i&C;Fqu&%s?@ mofi 67 “ABBEtY f FYeFof e Risees through a

degibeeatdbn frogedamghiyt h the d embe a0 F89r 8- Qfctures  and
ontrolled b rime nover and gear train

freedom.c the E | :
éﬁﬁﬁ@ﬁg%PBﬁ.aT%lﬁiﬁO%%?tEQnr gldedridfatrofhe Thépcehort force
patth” thioughsbbeat&d r of af i atdtualcehr800 éﬁa@%érﬁgﬁ%y rotary

short, an asses through a_ conbination of highly ‘
ngpatﬁéc%%ﬁiﬁﬁ? SEFYiot BPecind O ERihedpiBhs faRd the machine

dssetirat edtnegi dnshr vetuies mdhis, shord £orge PN device,
and.associated rigid structures enable the rotary

8¢t udt BFr 180" ¥9"%%erve as the rotary joint for the

Lne 10_jtself, rather than serving nerely as a
3@?292 i nplt ‘25“?% ¥ PREeChapPiloPY deRPIMsOL (D2 i the art
whik, beaapipsegh ated byjui besen@igskiddtacmbhe aktructures of

that, although the quick-change attachment structures
5PEoFt e %‘Pﬁa?%q 50 TRV o ROWTORASEbRCY h S B4 culax

pabbdtuémt d5 ©dqdicreat @ﬁvé@@hﬁLeaﬁﬁla&@ﬁ@ﬂﬁéﬁ@’sﬁfﬁ%tures
attachnent, structures _shown in Figure 8 can be
Sh’BWByéB Fr9LANEctS0n R tHBAMYS6f 11 P eRE6dPFenish any of

descrenbed ihienesn desthopéd depaeth ngithom t BepasPifdt from the
%BQr?%ogﬁdogcégg g%eiggtpkggggglggﬁegﬁﬁﬁs Sl&ﬁggénég%plicity
is desired, simple bolt circles may prove adequate where
accuracy and repeatability of the interface are not high
priorities, or where a quick change of the actuator out of the

system is not considered important to the application.

[0121] The structures shown and described in connection
with Figure 8 applies to all rotary actuators described
herein. The geometry of a machine built from the actuators
described herein will be primarily dependent on the members
attached to the actuators rather than on the actuators
themselves. Depending on the application, the links may be
parallel to one another, perpendicular to one another, or
disposed at any general spatial orientation to one another.

The link geometry provides a machine designer with a great



is desired, sinple bolt circles may prove adequate

where 20 accuracy and repeatability of the interface
wa@e@4neis2hi gh priorities, or where a qui ck cheeiyesmwh3/037753

the actuator out of the systemis not considered

important to the application. [0121] The structures

shown and described in connection wth Figure 8

applies to all rotary actuator3d4described 25 herein.

T lgedhElireydoh 8o esdligie dhel bty stepmrihieoactuat @kSessity for

described herein wi|l be primarily dependent on _the

ERDErs 288t (2REEPE° t he udtor 8fr attierarAhpcdn cpmeonentry

atinjatier sanyhensednves, Deperdi BOsON SRR ith@l bR 1abi1ity
the links may be  parallel to one another,

ger pBREFcUPEY T i6He 8fot PRl dhe3oagFapered @ndanyhe links

genekakiapat tiém Or i entat iko8 t 9.Q0e aned hern. LIhe |§%!§ree of

%%%PEtré grOV|des a, machi ne designer with a great .
£FOAB82 42 PETF LRV 037 253 184 rdearTHedf feedbhet gesigner,

desngwhbheusysd efbandhRauted heorireeeskty for
custom zed conponents. The use of standardized

dorpanent r y1tiaiyh ipkefBRY el NSHSNEEENtEYC@hE0Shvention have
gﬁlng o th %gallablllt of mass_production of both
?nac_?ﬁﬁ?ﬁif andt” t € Piinks 5 cHhnhéctichgupRerstord the those
saffe lbtmein athé ghrdeaiee obarganer abil¥i @9 ons can be made
flexibility can be preserved for the designer, even

WRER Ui MY TOPRRJ&ASEPFE4N G 0B BRerts. 1) M4 hedghe of the
pnebatied gohedi merts of the dgpeenthopibaye been

described in detail, it wll be understood by those

10 skilled in the art that various nodifications can

be made therein wi thout departing fromthe spirit and

scope of the invention as set forth in the appended

clainms. WO 2004/ 048824 PCT/ US2003/ 037753 35 | claim

1 1. Arotary actuator conprising: 2 an actuator

shel |
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3 a planetary cage, disposed within the actuator
shell; 4 a prinme nover having a first prine nover

w@eootioegss24 i gidly 5 fixed to the actuator shel PCHOS2083/037753

=

second prine nover portion, 6 adjacent to, and
novable with respect to, the first prime 7 nover
portion, rigidly fixed to the planetary gear cage, and
8 capabl e of exerting a torquesgn the first prime
wquhag%rtlon 9 a cross-roller bearing having a
first bearing portion 10 rigidly fixed to the actuator

shel | @nQo%a§§Q9B9uh%éthﬂ ridipprtion, novable wth

respect to the first bearlng portion; 12 an out put
at t acRreAattphbee shigildly fixed to the second 13

bear i ng @gﬁgtgfg, Ja‘b Q?%Es&&%ltrhl% %b%y%ﬁ( Oort othﬁi&

actuator shel ;" 15 "anh output gear rig
out pu# RCEAEheHer h@vipiate; famt Prioee movemppertion rigidly

ialet ar, aLS 0 t | anet.ar 18 ¢
[ 13026 Y tgeabs gjcép §t?éjll cpea R ai lp\é {n H%FI portion,

each having a first gear Ion nmes

F9lJgeantand .a sedtondvgeae purthl mﬁsp@dqtactem,t thet h’iarst prime
fddvst- geat ;20 ed to the outp ear .

2. Theq}otéﬁé a99%£%g$ o?E%Fa?%wgh?u?%%er T ?%ﬁrﬁf%?' and
fdapgble208t exrttumal aItnkquéghdhymtdmmettpmhme)deEr portion;

act uat,or _ structur i nk i dl ,
conne%téﬁﬁgngﬁgﬂ%ﬁtbe%r§§8 q} chivent pIaFe %f %?hegortlon
ﬁéﬁadyyac@uaﬁbrt@ft@balﬂm@ummaweshelheeﬁmﬂsé Isddcnandbearlng
2oseennd hohks 218 ! Lgsgeeé’t L Lhe %E%ggt Of%f’@?' o3 on;

out put at t achnent respectlve

qU|cka@hawgeuatﬁ&@hnﬁm@nt4p$ht@0tmg$élyVEhQ@@4k648ﬂEA second
%O £Q§]753 36 1 4. The rotary actuator of

c a|n1 erein each of the quick- 2 change attachnent

structuskesl tamr segidlyifisted adi ahegaoove- o3 shr1tlhe

L achy o b Sl 001 AT 1 chnene
thateot ary

one or more planetary gears, disposed in the planetary
cage, each having a first gear portion meshed to the shell
gear and a second gear portion, adjacent to the first gear

portion, meshed to the output gear.

2. The rotary actuator of claim 1 further comprising a first
structural link rigidly connected to the actuator shell and a
second structural 1link rigidly connected to the output

attachment plate.

3. The rotary actuator of claim 2 wherein the first link and
second links are attached to the actuator shell and output
attachment plate, respectively, by quick-change attachment

structures.
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5 actuator, and a radial clanp, extending about the 6
circunference of the first and second radi al grooves.

wa2@4/094824 rot ary actuat or of claim 2 wherein tPer/i52083/037753

2 structural link is attached to the actuator shel

i mredi ately 3 adjacent to the cross-roller bearing

and the second structural 4 link is attached to the

out put attachment plate inmedi %ely 5 adjacent to the
cross-roller bearing. 1 6. A rdotary actuator

conprising: 2 an actuator shell; 3 an eccentric cage,

di sposed within the actuator shell; 4 a prine nover

Havi ndP8 FPEREY pR¢rHAtASVEE FoRrimon vhepany eamhf pfediheoquick-

thamRet ualQlchabgt! s3RdcRuSES ORGNPF1 B MPVEL POT LLOM, 1 groove
6 rotatable with respect to the first prine nover
Pt t Fiosh, styushygiad] ylikede t BeePrd etedir) | ¢reef, anihcent to

caRabtie Qf LxELLI RGBve8 LA gHE @Qt&g& fbgfiﬁorpréﬁethe rotary
mover portion; 9 a cross-roller bearing having a first
FeaiehgTpor tafh B0 rirgléey fiddedwro téetemdigat or about  the

sheldu@Bdeacsesond, bearkng, n d 1 Aoy Qadigiegeﬁa;z&es.

rotation wth respect to the first bearing
portion;, 13 an output attachment plate rigidly fixed _
to t héP8ecoRBeT14 BEHINRF pifti GA2ims & shBPFejearthe first

rdtudhyirbi Xetink 01§ her agénal ofo Shed lactlfitdR QULRYt 1Q9RBKRiately
G&gldly fixed to the output attachnent 17 plate; and

I2668F048852° PEIUSZ0Y3LO3P73BINB AIIB Hie Secentr peructural
diisposed abeadndder£CeRBL LLepGRIBthaNhOY: ap1d0e fikataiately
gear portion neshed to the sﬁeIL gear and a second
FEHACeDE bortivIfrosd 26 AT tREAHES i r st gear portion,
meshed to the 21 output gear. 1 7. The rotary
act uakorobhrgladviakoiruebhgri€ompri sing a first 2
structural |ink ri%iQIy connected to the actuator
Shellagnacggator shell;

an eccentric cage, disposed within the actuator shell;

a prime mover having a first prime mover portion rigidly
fixed to the actuator shell and a second prime mover portion,
rotatable with respect to the first prime mover portion,
rigidly fixed to the eccentric cage, and capable of exerting a
torque on the first prime mover portion;

a cross-roller bearing having a first bearing portion
rigidly fixed to the actuator shell and a second bearing
portion, free in rotation with respect to the first bearing
portion;

an output attachment plate rigidly fixed to the second
bearing portion;

a shell gear rigidly fixed to the actuator shell;

an output gear rigidly fixed to the output attachment
plate; and



3 second structural link rigidly connected to the
output 4 attachnent plate. 1 8. The rotary actuator

w@Rooglhatisea 7 wherein the first link and 2 secopd/UB20k%037753
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are attached to the actuator shell and output 3

~attachnment plate, respectively, by quick-change

attachnment 4 structures. 1 9. The rotary actuator of
cl aim 8 wherein each of the quék- 2 change attachnent

Struckur@&c@ﬁﬂpﬁtse§1§p53ddﬂabb@€|@hegé@@éﬁ%rii|d&d%hehav1ng a
£ ural link, a second radlal rogve, adjacent to

fqeﬁﬁ BRAATAR BPBRYR, t9 nthheshdtl G aportifoR gecond gear
t]_cbtﬁirtrlQinar Yad faReftUatOr thandiast adiedr JAMoneXt@NGRY to the
about the 6 circunference of the first and second
rAYit §fB6ves. 1 10. The rotary actuator of claim7
wherein the first 2 structural link is attached to
the adheatrorashebttianmdiost ellyin3cadpaeest ddndMSing a first

Cr.o rol Ler .bearin nd the second structural 4 |
fgngstur ! d1i8%t ﬁéggﬁf u?o%ﬂﬁéi?ﬁnﬁﬁt bﬁa@@tpﬁﬁﬁﬁlﬁ?%}% and a

&eaﬂqraacersttrmtuhel Cr D&sk r obig@idiReardodgectedl. tdh€the output
uat or of claim6 wherein one or nore of the

Zﬂ? 8 d°52t®nd gear portions enpl oys gear teeth

having a 3 circular profile. 1 12. The rotary

dtt uattfor obtelrani acthiatwherd onltie @e@meﬁémﬁltherhaﬁtnglnk and

ular profile e di signed tq have a_sl.i.ght
|nter%%r§hé§J %ﬁ%283576%%g§ OP%%FU %6§7f%§ﬂj3 d Soutput
EtaThaenbt aplatact uakepeotivdial,m by whet €krclaiRye0r attachment
e Qf, .24 the gear teeth having a circular profile
have a caV|ty 3 disposed therein in order to reduce

the stiffness of the gear 4 teeth. 1 14. The rotary
éttuaﬂb? sbterni agBiakiver eifncl@imr8 mirergearack béethe quick-

%g% %Q%g@ﬁmgHEGSQEu P& éérgéﬁgp econgl §9 radlal groove

por I ons are I n con at a pol nt
in the structural link, a second radial groove, adjacent to

the first radial groove, in the mating portion of the rotary
actuator, and a radial clamp, extending about the

circumference of the first and second radial grooves.

10. The rotary actuator of claim 7 wherein the first
structural link is attached to the actuator shell immediately
adjacent to the cross-roller bearing and the second structural
link is attached to the output attachment plate immediately

adjacent to the cross-roller bearing.

11. The rotary actuator of claim 6 wherein one or more of the
first and second gear portions employs gear teeth having a

circular profile.

12. The rotary actuator of claim 11 wherein the gear teeth
having a circular profile are dimensioned to have a slight

interference.



1 15. Arotary actuator conprising: 2 an actuator
shell; 3 a first planetary cage, disposed within the

w@edogasssed 4 shell; 5 a prinme nover having a fPEBUS2003/037753
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prime nover portion rigidly 6 fixed to the actuator

shel |l and a second prine nover portion, 7 rotatable

Wth respect to the first prinme nover portion, 8

rigidly fixed to the first plaggtary gear cage, and

capable of 9 exerting a torqué“on the first prine

nover portion; 10 a shaft, having a shaft gear rigidly

fixed thereto; 11 a second planetary gear cage,

rbt at dBce WM exetoro of1 e i sthgyledmetarey @earore of

Cage %@QzlhgeébﬁfthaJYﬁg ng a.f af13 geet 1 i9ﬁ§Ué’ a cavity
fixed thereto; 14 one or nore first stage planetary

g&byRes#ids fhsedinninherdes ¢ reedytaaridtcaryifdarseagé, the gear
eaehithaving a first gear portion 16 neshed to the

shaft gear and a second gear portion, adjacent 17 to

the first gear portion, neshed to the cage gear; 18 a
ctoss-TH8l 1€t BFaraGiyehavi RF £1RiRste Erisig pdt tenmore gear

1€ddrgidhnibi ¥8d b0 hbge agt uRorishel bn@nsk @or%eRAG portions
bearing 20 portion, free in rotation with respect to

tHe® Ty SCRbaski Ay 2 BedRti 6R; TIAF 2004/ 048824

PCT/ US2003/ 037753 39 22 an output attachnent plate
rigi dlay rhicxed setildwnsecapdis2dgbeari ng portion; 24 a

shell gear rigidly fixed to the actuator shell; 25 an

out put® SﬁFu?? d%vﬂﬁﬁxed to the output attachment 26

pl at e;a afdr2dY Qlen@talPr ecHRGONdiSHEg PhaRst ar Yr1igeakStuator
di.sposed in the 28 second planetary gear cage, each
HﬂVﬁﬁg a first gear portion 29 neshed to the shel

gear angrdnseaendrgaaripgrii otrstad)Ae@Ntmowde trithén rigidly
f%f§ﬂa %%9ﬁj392&k%2to¥e§ﬂ§flt§m§hf éégéﬁﬁ é¥?¥g mover portion,
rotatable with respect to the first prime mover portion,
rigidly fixed to the first planetary gear cage, and capable of
exerting a torque on the first prime mover portion;

a shaft, having a shaft gear rigidly fixed thereto;

a second planetary gear cage, rotatable with respect to
the first planetary gear cage and the shaft, having a cage
gear rigidly fixed thereto;

one or more first stage planetary gears disposed in the
first planetary gear cage, each having a first gear portion
meshed to the shaft gear and a second gear portion, adjacent
to the first gear portion, meshed to the cage gear;

a cross-roller bearing having a first bearing portion
rigidly fixed to the actuator shell and a second bearing
portion, free in rotation with respect to the first bearing

portion;



1 16. The rotary actuator of claim 15 further

conprising a 2 first structural link rigidly
w@eoraeetsed to the actuator shell 3 and a secopdI/US2003/037753
structural link rigidly connected to the output 4
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attachnment plate. 1 17. The rotary actuator of claim
16 wherein the first link 2 and second |links are
attached to the actuator shell 38nd output 3

at t ackmenduiphat eatfRpRet vakYe WA AWILIGK-GRRAATE 0 the second
3%tachnent 4 structures. 1 18. The rotary actuator of

ST PRREF8RH each of the 2 qui ck- change
att achneRk13t fest UFRS 0QTRELSESt & fHd Skthadbal sndi;
groove in the structural |ink, a second radial groove,
4 adj &Cen?WtRI % h8S3¥ r LAY af1gPdove, e t RBtRRE | Agtachment
psrddeQnagll 5 the rotary actuator, and a radial clanp,
extendi ng about the 6 circunference of the first and
secon®FadralOgrosFesnd 159age M@nadeary 9gétraatbsreted in the
Jajondlprehrererd therfckst, 2a8hrHETWA! al EDKsi Sgear portion
attached to the actuator shell imediately 3 adjacen?
5 SRE droddsr ahede 19eari Agdand Sasended6Rd SPIEGEOTr ahdjacent
4d ithk irsrattgediehd@ibhe Rediul @ tachBEEbL P! AL .
imredi ately 5 adjacent to the cross-roller bearing.
gﬁizo 4/ 048824 PCT/ US2003/ 037753, 40. 1 20. The rotary
Gruat8F of°' @RI 15 3T ePh GG Br hor €Usthes JeEprising a
fiirst anrduseaesd Desk POFidIANseRRke¥s gsacntegtbuator shell
having a 3 circular profile. 1 21. The rotar
&udt osre%cfndclsaﬁ%cfﬁrgherléflﬁ Fﬁglﬁ%%rc?%%?%te% Yraviliy output
attiaecankat pradfdl e are dinensioned to have a slight 3
interference. 1 22. The rotary actuator of claim 21

erei,p one.or _nore o 2 the_gear .teeth having a ,
g?fcukg? 6PSPFVeaﬁ293L%?CS%iF§gl§ di®s pheEG PhéRS st link
andesetondetliles thee sttithbhegstof tidea@farord sheel hand output

2%. The rgtagy actuator of, cl.aim 15 wherein_1-0 or
%DFgcg%g? pfate, "respectively, y quilck-change attachment
structures.

18. The rotary actuator of claim 17 wherein each of the
quick-change attachment structures comprises a first radial
groove in the structural link, a second radial groove,
adjacent to the first radial groove, in the mating portion of
the rotary actuator, and a radial clamp, extending about the

circumference of the first and second radial grooves.

19. The &rotary actuator of claim 16 wherein the first
structural link is attached to the actuator shell immediately
adjacent to the cross-~roller bearing and the second structural
link 1is attached to the output attachment plate immediately

adjacent to the cross-roller bearing.
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2 teeth within one or nore of the first and second
gear portions 3 are in contact at any point in tine.

WO 2004/048824 PCT/US2003/037753
40
20. The rotary actuator of claim 15 wherein one or more of

the first and second gear portions employs gear teeth having a

circular profile.

21. The rotary actuator of claim 20 wherein the gear teeth
having a circular profile are dimensioned to have a slight

interference.

22. The rotary actuator of claim 21 wherein one or more of
the gear teeth having a circular profile have a cavity
disposed therein in order to reduce the stiffness of the gear

teeth.

23. The rotary actuator of claim 15 wherein 10 or more gear
teeth within one or more of the first and second gear portions

are in contact at any point in time.



