164164* CLAIMS: *GO00A * 1. A rotéry el astic actuator conprising: fi rst
“and second flywheel s, nounted about an axis for rotation relative to eac

other; a pair of linear elastic elements, each having BIHMI“NMJ'WHL one of
said opposing ends of each of said linear elastic eleé to said
first flywheel; the other one of said opposing ends of eau#twf said |inear
elastic elenents nounted to said second flywheel; said pair of |inear

elastic elenments nmounted to bias said first and seconﬂ m tovvards
an angul ar equilibriumposition relative to each othe IW;’ mm Ib axi s of
rotatiorC $0 exert a net torque about said axis and toya sard

position of equi librium as said flywheelss are rotated ang(m ar di stances

in either Adiotaytelasticaactyator comygaisthgangul ar equi li brium position. 2. The
actuator of claiml1, further conprising a notor operatively connected to

sai d fi 1t nfdh wHRCRIcohan 4, Moditet dbldut nfdx a%"'ﬁﬁ%tatlg rHRRvags AR of

claim?2, further conprising a sensor for gener
angul ar poetherpns of said first and second fvavheeI S, and a controller
operatively connected to said notor and said sensor for controlling the

out put of aapair oftlineabasiastioelerhéntss ie@th! savidg oppositelt BAAS ofé dFnyaigne of
claims | to 3, further conprising addi ti onal pairs o linear elastic

el ements. 8SPPG$iBI LAdsa0hragh Oirﬁa'(blli@e%'f elastie rfﬂe'lneﬂﬁi mounptesd & ﬁaehﬁff}tonle of
aim
5 Wher o noufiedt? the SRRSO '<aid obpRSRb Gy BRralh, of Heif ThEd Blastt

stiffness. elements mounted to sald second flywheel;

\
' said pair of linear elastic elements mounted to bias said first and second

flywheels towards an angular equilibrium position relative to each other about
said axis of rotation and to exert a net torque about said axis and toward said
position of equilibrium, as said flywheelss are rotated angular distances in

either direction away from said angular equilibrium position.

2. The actuator of claim 1, further comprising a motor operatively connected to

said first flywheel for rotating said first flywheel.

3. The actuator of claim 2, further comprising a sensor for generating signals
indicative of angular positions of said first and second flywheels, and a
controller operatively connected to said motor and said sensor for controlling

the output of said motor based on said signals.

4. The actuator of any one of claims 1 to 3, further comprising additional pairs of

linear elastic elements.

5. The actuator of any one of claims 1 to 4, wherein each one of said linear

elastic elements is a linear spring.

6. The actuator of claim 5, wherein said linear springs are all of the same natural

length and stiffness.
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-19 7. The actuator of claim®6, further conprising additional pairs of
‘linear elastic elenments, each of said additional pairs nounted to bias
said first and second flywheels towards said angular equilibrium position
relative to each other about said axis of rotation and to exert a torque
toward said position of equilibrium as said flywheels are rotated angul ar
distances in either direction away fromsaid angular equilibrium position.
8. The actuator of claim7, wherein said pair of |inear springs and said
addi t i orfal Theaatgator dfickaien 65 furtivers camerisingcadditorait paitd gf tiheposkdtiabout

i d is. 9. T t ,of . claim3, wh ' i.d sensor. conprises two
opt i ca - poslemessShptSaid orfishal s RouRted G e SR PL AT G960BH sai o
two opti cafcniy\?néé&imawsgyi@ ér@#lérh éaemsﬁ?ﬁppégﬂéﬁ Eéibqiv%nw!e%hpeﬁiefr' on of

sai d secon | ywheel and the othe one of said optical position sensors is
di sposed t abguinsaidt axisaoltotatiopcand itorexest as tirquei tosward | saithgeositidnl ofhe

actuator o Alm 1 ein each of, sa,d optical positian sensor.s

conpri ses %ﬂ&hﬁﬂé%egsfs\éf&ﬂ%k}%‘%f’ﬂﬁr t %%gggﬁitﬁ'ﬁafﬁt Ce;?o'gief'ﬁ?ﬁ lrﬁpﬁor& si gnal
i ndi cat i veawhy 90l saiRigflianaglifbriviA pokition. 12. The actuator of claim 10 or
claim11l, wherein said notor Is controlled to generate a constant torque

based on the difference between said angular positions of said first and
second & yhReactuatarofigiaing &y wherrin srid pair of lineargpsingsranshsaid asiditianal er

cirou 1 10 BOod BP0l o BrchARg sl AN sAasdRbAR s BB conpri ces o

proportional - integral -derivative control circuit. -20 15. The actuator of
gny one %f Thé @ictwata of clalm, 3,wvhersim said densort carmprses:twd optisal position
sensors.

10.The actuator of claim 9, wherein one of said two optical position sensors is
disposed to sense the angular position of said second flywheel and the other
one of said optical position sensors is disposed to sense the angular position
of said first flywheel.

11.The actuator of claim 10, wherein each of said optical position sensors
comprises an encoder for converting a sensed angular position into a signal

indicative of said sensed angular position.

12.The actuator of claim 10 or claim 11, wherein said motor is controlled to
generate a constant torque based on the difference between said angular

positions of said first and second flywheels.

13.The actuator of claim 12, wherein said controller comprises an inner loop
proportional-integral-derivative (PID) control circuit.

14.The actuator of claim 12, wherein said controller comprises a proportional-

integral-derivative control circuit.
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said notor based on a desired output position and said difference between
sai d angul ar positions. 16. The actuator of any one of clains 10 to 14,
wherein said controller controls said notor based on a desired output
torque and said difference between said angular positions. 17.The actuator
of claim15 or 16, wherein said controller controls said notor based
further on a nmeasured output torque conputed fromsaid difference between
sai d angul ar positions. 18. The actuator of claim 16 or 17, wherein said

cont r ol |15, Therddtgater Dhigthyraried of clivpedi( to e vherein $aid €optroflBRbastrels sai d
di fference between said angular, positions. 19.The actuator of any one of
clains 10 gaidimoteinRasad,08a deeised outpidrpesitinn and saididifferenee hetweennear

constant t |G second flywheel. 20. The actuator of any one of
S RO

clainms 10 eln said controller controls said notor to rotate
said second flywheel to a desired angular position. 21. The actuator of any
one of cl&ilThe dcthuatoP©f ahyrarecof claipsitl toy 14, wherdinxsaid pentiblieretontralsnect ed

to said notor, and co i sing,a.cqupler eratively,  copnectedq to said
gear box anﬁa@am?‘?ri 6@%@{ PR s,'regagﬁtpb'ég&ﬂffﬁ %’PFS %&ﬂlﬂl’ eneg g
transm tti ggidaargilaipoddnsiotion of a drive shaft of said notor to a

rotational notion of said first flywheel. 22. The actuator of claim 21,

further conprising an input shaft, said input shaft operatively connected
to said ﬂoggeeactuamrﬁiqialm Jarerel 6 swhesein ssaid pontroleracontoolat $aidh ahotept i on of

sai d coupl gr of at i onal y an., of Ld flywheel .. 23. The,.actuat or of
e m oz ppod el i Ptpslied Bl SRy ol s sald aufeiehes

perati vel pefsBresdie dngolar poditonsond flywheel and a | oad to be rotationally
=21 noved so as to transmt a rotational notion of said second flywheel to

a
18. The actuator of claim 16 or 17, wherein said controller controls said motor

based further on a rate of change of said difference between said angular

positions.

19.The actuator of any one of claims 10 to 18, wherein said controller controls

said motor exert near constant torque on said second flywheel.

20.The actuator of any one of claims 10 to 19, wherein said controller controls

said motor to rotate said second flywheel to a desired angular position.

21.The actuator of any one of claims 1 to 20, further comprising a gearbox
: operatively connected to said motor, and comprising a coupler operatively
connected to said gearbox and said first flywheel, said gearbox and coupler
capable of transmitting a rotational motion of a drive shaft of said motor to a
rotational motion of said first flywheel.

22.The actuator of claim 21, further comprising an input shaft, said input shaft
operatively connected to said coupler and said flywheel so as to transmit a
rotational motion of said coupler to a rotational motion of said flywheel.

23.The actuator of claim 22, further comprising an output shaft, said output shaft

operatively connected to said second flywheel and a load to be rotationally
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rotational notion of said |oad. 24. The actuator of claim 23, further
conprising a centering shaft, said input and output shafts are rotatably
coupled to said centering shaft such that said input and output shafts are
axially aligned and rotatable relative to each other. 25. The actuator of
claim1l1, wherein each of said first and second flywheel conprises a
plurality of sliders nounted on said each flywheel, each end of each one
of said elastic elenents nounted on one of said sliders, each of said
sliders sl mbablieso msata franainitda rretatiomal dnotiorg of saidrisegosd dlywHest toha

extended lengths . of,..said elastjc elenents can be adjusted, said sliders
fixed on %033%0'1?48?# r&/?\tfd;?é‘i’?‘?ﬂﬁirl ng use. 26. A rotary elastic actuator
conprising: first and second flywheels, nmounted about an axis for rotation

rel ati veqt Phe Rflbt6F BLERIA Zagiflﬁrtﬁér domsising aaééﬂtér@ %nsﬂ,td§?id<%ﬁ50t &3y ng

I
opposi ng ends, one of said pposi ng ends 0of each sal I near el astic
el enent s noutputahafts aeg wtatabiy couplgdteesaid aemteringhehaft suchthat siaitl imppibsi ng

ds of h,of ' ' ' | .ed ' d
Flyaheel - &5 Quiifshait BFé o Alitec Snf BBl AR RV Padbpletoni d v st
and second flywheels towards an angular equilibriumposition relative to

each ot 126 Thécadtuster cofasiaimol, whicadinogacin dft saidxfirst amdnebcdmd diywhaleput sai d
axis and toward said position of equilibrium as said flévvheel s are

rotated angRIMBAsesARIHAIBS of slidgrs Tapuntedeen sald aaely fiywbaek saghensdiphr
equilibriu hii GFeni s AL ISl o) e Sai [ ywheel
for rotati %&gghg (?lnsras'é ér?%t?/{vxﬁeel ;rﬂ% r}s{glflllés{tgra o?ﬁtgené%%fji%i‘gggél'généa#hsg#

'(ndi cati vesaifl slitprs aglidabls tin casradfal sdirettibhr duringnasseetsinpdsddhy Whatetiss  and
S22 extended lengths of said elastic elements can be adjusted, said sliders fixed

on said each flywheel during use.

26. A rotary elastic actuator comprising:

first and second flywheels, mounted about an axis for rotation relative to

each other;

a pair of linear elastic elements, each having opposing ends, one of said
opposing ends of each of said linear elastic elements mounted to said first
flywheel; the other one of said opposing ends of each of said linear elastic
elements mounted to said second flywheel;

said pair of linear elastic elements mounted to bias said first and second
flywheels towards an angular equilibrium position relative to each other
bout said axis of rotation and to exert a net torque about said axis and
toward said position of equilibrium, as said flywheels are rotated angular
distances in either direction away from said angular equilibrium position;

a motor operatively connected to said first flywheel for rotating said first

flywheel;

a sensor for generating signals indicative of angular positions of said first

and second flywheels; and
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a controller operatively connected to said notor and said sensor for
“controlling the output of said notor based on said signals. 27.A rotary

el astic coupling conprising: a first rotating nenber nounted for rotation
about an axis of rotation; a second rotating nenber nounted about said axis
of rotation, said first rotating nenber being nounted in a generally
‘opposite relation to said second rotating nmenber; first and second | i near
el astic el ements connected between said first and second rotating nenbers,

sai d first |iaeantellestoperativeie donbectig tondme tmetdreang esaidasenddr’ igr and
orces, on said first and second rotating

second rotatin nbers to exert . fir
menber s creatqoﬁlﬁ’%j'qg};‘&%'?wtﬁsﬁﬁ"{ modor; based ep saidsigndsat i ng nenber in a
first rotational direction about said axis of rotation, and a torque

transm t27eA rotary alasticcoouplidg cohmgrisirgy: menber in a second direction opposite
to said first direction about said axis of rotation; said second |inear

el astic el Wit I Qe fd 1S S tating nmenbers
to exert fgﬁgeimgégmggﬁgﬁﬁe?ﬁ angd E@C@%%'°PO%Q§F%’8 %%ﬂ?oééﬁ%r?’eati ng a
torque transmitted to.said first rotati menber in said second. B rotational
di rection ab%ltﬁon a olang &e'H_bFE %?umﬁéaﬁ Sedthd 24 BEM@?'PF'gﬁ?H fitdd to
sai d _seconfbtamdgatmamb@e "isihg | MotiAted fin & tgdher AR/ b@goé#@@q’ejaiﬁirﬂ t>4did of
rotation, said first and second rotating nenbéers being biased towards an
equi | i bri usecqiskiotating memherye to each other by said first and second

| inear elastic elenents, and said coupling operable to elastically
transmt afitsbzaanhdoseowuh lipaad elastict elearahts acomnecteat betwepmsaice firsthandigh sai d
(i.rst and second linear elastic elenents as one of said first and second

otating n¥ rotaling,eMieSe | ative to the other of said first and second

rotating ne F,s, as said |oad is applied to said one rotating menber.
said first linear elastic element being connected between said first and

second rotating members to exert forces on said first and second rotating
members creating a torque transmitted to said first rotating member in a first
rotational direction about said axis of rotation, and a torque transmitted to said
second rotating member in a second direction opposite to said first direction

about said axis of rotation;

said second linear elastic element connected between said first and second
rotating members to exert forces on said first and second rotating members
creating a torque transmitted to said first rotating member in said second
( rotational direction about said first axis of rotation, and a torque transmitted to

said second rotating member in said first direction about said axis of rotation;

said first and second rotating members being biased towards an equilibrium
position relative to each other by said first and second linear elastic elements,
and said coupling operable to elastically transmit a load between said first
and second rotating member through said first and second linear elastic
elements as one of said first and second rotating members is rotated relative
to the other of said first and second rotating members, as said load is applied

to said bne ratating member.
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-23 28. A method of controlling torque provided through a rotary el astic
“actuator, said rotary elastic actuator conprising: C first and second

- flywheel s, nounted about an axis for rotation relative to each other; a
notor coupled to rotate said first flywheel about said axis; a pair of

| inear el astic el enents, each having opposi ng ends, one of said opposing
ends of each of said linear elastic elenents nounted to said first
flywheel ; the other one of said opposing ends of each of said |inear

el asti c 2&emethcd afocoritedllingtorqie psevided through eefataseéldstiaaétuaior] sagar

el astic el enents unted.to bias said first and second flywheels towards
an angul ar f&ém ?'?gﬁ‘i" BRIUSE; GATBPI$IBY:at i ve to each other about said axis of

rotation and to exert a net torque about said axis and toward said

posi ti on ofirstqumid sdeondrlywteetsimodntedabous anraxis firabRtioaneldtive tdicacances in
either diregtion away from said angul ar equilibrium position; said nethod
conpri si ng®fasuring rel ati ve angul ar di spl acenent between said first and
second flywheels; controlling said notor based on said neasured angul ar

di spl acenmeftmotoy coypleditetratate saidsirst fiywisselaboubbaidsaxist control Iing furt her
conprises estimating torque provided through said coupling based on said
angul ar di 8ppait @fdimear 3astith elareentsd eath diaiimg 2pposingy ends,sane afosdidol | i ng

conprises 8883&%'%% of égch %?ts%gd Eirqegrr 8I\é|sg§ eﬁgr%?e}\ snhéu?\rtg&l ?6 said first
flywheel; the other one of said opposing ends of each of said linear elastic

( elements mounted to said second flywheel;

said pair of linear elastic elements mounted to bias said first and second
flywheels towards an angular equilibrium position relative to each other about
said axis of rotation and to exert a net torque about said axis and toward said
position of equilibrium, as said flywheels are rotated arigular distances in
either direction away from said angular equilibrium position;

said method comprising:

measuwring relative angular displacement between said first and second
flywheels;

controlling said motor based on said measured angular displacement.

29.The method of claim 28, wherein said controlling further comprises estimating

torque provided through said coupling based on said angular displacement.

30.The method of claim 29, wherein said controlling comprises controlling said
motor to provide constant torque.
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