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VARIABLE STIFFNESS ACTUATOR WITH LARGE RANGE OF STIFFNESS

BACKGROUND

{00061} Actuators are parts that convert stored energy into movement, and m that way are
like the "muscles” of a robot. Current conventional robots use high stiffness actuators, or
powered jouts, to provide absolnte positioning accuracy in free space.  For example,
traditional manufacturing operations where robots perform tedious and repetiiious tasks m a
confrolled environment with greal speed and precision, posifion controlled robots that suffly
follow predefined joint trajectories are optimal. Traditional position controlled actuators are
designed from the premise that stiffer 1s better. This approach gives a high bandwidth system,
but 15 prone to problems of contact mstability, noise, and low power density.

[0002] Variable stiffness actuators provide many benefits 1 force confrol of robots m
consirained, unstructured environments. In wnstruchued environments, where little is known of
the environment, force controllied joints or variable stiffbess actuators are deswrable because they
allow a robot to comply with #s surroundmes. Such robots can execute dynamic activily 1 a
changmg and unpredictable environment—e.g., humanoid robots, lesged robots walking over
rough ferrain, vobofic amms wferacting with people, wearable performance-enhancing
exoskeletons, haptic mterfaces, and other robotic apphications.

[0003] Variable stiffness actuaiors provide benefits mcluding shock tolerance, lower
reflected mertia, more accurate and stable force control, extremely low mpedance, low friction,
less damage to the environment, and energy storage. However, current vanable stiffness
actuators avatlable m the art do not provide an adequate range of stiffness required for many
applications. For example, currently-available actuators are only capable of obtaming a ratio of
highest stiffness to lowest stiffness m the range of about 10. Moreover, many current variable
stiffness actuators cannot provide adequate maximum stiffness, especially for a full range of
nmiotion. Furthermore, many current variable stiffniess actuators are too slow in adjusting their

stiffiness to adequately perform their function.
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SUMMARY

[0004] In one embodiment, a selectable-rate spring comprises a flexure bar connected to
a rotatable shaft, the flexure bar having at least one arched portion. The selectable-rate spring
also mclndes at least one rofational contactor connectable to a link member, wherein the
rofational contactor rofates about an axis while mamtaining countact with the arched portion of the
flesure bar.  As the rotational contactor rotates, 1t changes a connection stiffness between the
rotatable shaft and the link member.

[0005] A variable stiffness actuator may comprise a diive motor having a drrve shaft and
a flexure bar ngidly connected to the drive shafl, the flexure bar having an arched portion. The
variable stiffuess actuator may further mclude a rotational confactor connected to a link member,
wherem the rotational contactor rotates about an axis while maintaining contact with the arched
portion of the flexure bar. A mwoifor connected to the rotfational contactor rotates the rofational
contactors, wherein as the rotational contactor rotates it changes a connection stiffness between
the drive shaft and the link member.

[0006] One embodiment of a system for providing variable stiffness actuation mcludes a
drive motor having a drtve shaft and a selectable-rate spring. The selectable-rate spring may
meclude a flexure bar rigidly connected fo the derve shaft, the flexwre bar having at least two
arched portions, and at least two rotational contactors comnected to a hink member. The
rofational contactors each rofate about an axis while mamntaming contact with the flexure bar.
The system may further mclude a motor connected to both of the rotational contactors so as fo
rotate the rotational contactors to vary the stiffness of the selectable-rate spring.

[6607] Various other featwes, objects and advantages of the mvention will be made

apparent from the following description taken together with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] The drawimngs illusirate the best mode presentlv contemplated of carrying out the

disclosure. In the drawings:

[0009] Fig. 1A provides an exemplary embodiment of a selectable-rate spring.
[o014 Fig. 1B provides a plan view of the shown m Fig. 1A
[o011] Figs. 2A-2B depict an exemplary embodiment of a svstem for providing variable

stiffness actuation.
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[0012] Figs. 3A-3D depict various emubodiments of a selectable-rate spring.

DETAILED DESCRIPTION OF THE DRAWINGS

[6013] The present invention overcomes the shortcomings described above with respect
to currently available variable stiffness actuators. The vanable stiffness actuator (VSA) of the
present invention 18 designed to provide a very large range of stiffness in a compact size. The
VSA of the present invention further allows a continuous variable stiffhess for a full range of
niotion, zero stiffness for a small range of motion, and can rapidly change from nunmum fo
maximum stiffness. Thereby, the VSA of the present invention provides mcreased safety and
better function m performing complex iasks.

[o014] A selectable-rate spring, such as the embodiment shown 1 Figs. 1A and 1B, may
be mmchided as part of the motor actuator fo allow muproved force control between the drive
motor 12 and the ditven load. As described herem, the stiffness is varied by changmg the
location of the restraming contact along the bar made by the contactor. Thus, stiffness control
may come from varying the direction of constrainmg forces on a range of vanable thickness and
area of the bar of the VSA. Usmg the selectable-rate spring 2 of the present mvention, the VSA
mayv be capable of providing a maximum stiffness of 1200 tumes greater thap the minimum
stiffness, allowing a wide range of operating stiffness for the actuator. The VSA 3 may provide
360° of motion, and can also become a free jomnt for hnuted ranges. In the exemplary
embodiment of Figs. 1-2, the VSA may change from a maximum to a nununnn stiffness very
guickly, such as m 0.12 seconds.

[6015] As shown mn Fig. 2A, a variable stiffness actuator may mchude a dnive motor 12
connected to a driven element that may connect to the connection pomt 17. In a vanable
stiffness actnator, a compliant element may be placed between the drive motor and the driven
load to mtentionallv reduce the stiffness of the actuator and, as m the case of the disclosed VSA,
provide variable stiffness control. Fig. 1A provides an exemplarv embodiment of a selectable-
rate spring 2 for incorporation infto VSA 3. The selectable-rate spring 2 has a flexure bar
commnectable to a rofatable shaft € such as a drive shaft. The flexure bar has at least one arched
portion S that 13 formed to correspond with the one or more rotational contactors 6. Accordingly,

the arched portion 3 may be cucular, or senu-circular, or a curve of constant curvature.
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[6016] In the embodiment of Figs. 1A and 1B, the selectable-rate spring 2 has four
rotational contactors 6, each on opposing sides of the flexure bar 4. The rotational contactors 6
each rotate about axis 32 m order to vary the location of ther confact with the flexure bar 4.
More specifically, the embodiment of Figs. 1A-1B has a first rotational contactor 42, a second
rofational contactor 43, a third rotational contactor 44, and a fourth rotational contactor 45. Fach
of the rotational contactors 42-43 rotates around a respective axis of rotation 32, For at least a
portion of that rotation, the rotational contactors 42-45 mamtain contact with one of four arched
portions 5 of the flexure bar 4. The seleciable-rate spring 2 operafes such that the rotational
contactors 6 may rotate inwards, fowards the center of the Hlexure bar 4 to create stiffer actuation,
or connection stitffness, between a drive motor and a driven load. Conversely, the rotational
contactors 6 may rotate outwards, away from the center of the flexure bar 4 to create a looser,
less stiff, connection between the drive motor and the driven load.

[6617] Fig. 1B demonstrates a potential rotational dwection 36 of each rotational
contactor 42-45. The rotational contaciors are rotating wward, toward the center of the flexure
bar 4, which provides the connection powmnf 35 to a rotatable shafi @ For example, the first
rotational contactor 42 and the fourth rotational contactor 45 rotate in a counterclockwise
direction to move their contact end 47 towards the center of the flexure bar 4, thereby to stiffen
the actuation. Conversely, the second rotational contactor 43 and the thurd rotational contactor
44 rotate m a clockwise rotational direction 36 about thewr axes of rotation 32 to rotate thewr
contact ends 47 toward the center of the flexure bar 4. Conversely, to provide a less stiff
actuation, the rotational contactors 42-45 would move tn the opposite rotational direction 36 as
that depicted in Fig. 1B, thereby rotating the contact end 47 of the rotational contactors 42-43
awayv from the center of the flexure bar 4.

[0018] Fig. 1B depicts a selectable-rate spring 2 having ifs rofational contactors 42-45 1
a nuddle position, which would provide a low amount of stiffness compared to the maxmmum
stiffness fevel. The rofational comtactors 42-46 may rotate to an inward-most point 49 on the
flexure bar 4 fo create the stiffest connection between the drive motor and the driven element.
Oppositely, the rotational contaciors 42-45 may rotate away from the center of the flexure bar 4
to an extreme outward point to allow the least stiff connection between the drive motor and the
driven element. Af an outward-most position, the contact end 47 of the rotational confactors 42-

45 may no longer be m contact with the flexure bar 4. For example, the rotational contactors 42-
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45 may rotate {o become parallel, or nearly parallel, with the direction of the flexure bar 4. In
such a position, the contact end 47 of the rotational contactors 42-435 would not be touching the
flexure bar 4 and the flexure bar 4 would have a range of free motion where 1t was not contacting
the rotational comtactors 6. In such an outward-most posttion, the VSA 3 would provide zero
stiffness within the range of motion where the flexure bar 4 was not in contact with the rotational
contactors 42-45.

[6019] The flexure bar 2 15 designed to physicallv bend to provide the comphiance or
flexabiltiy 1 the jomnt. Preferably, the flexure bar 4 1s the least nigid portion of the selectable-rate
spring 2, and of the VSA 3 in general. In a preferred embedment, the stiffness of the flexure bar
4 1s significantly lower than the stffness of all other components of the VSA 3. Thereby, the
stiffness of the flexure will dominate the variable stiffness function of the VSA 3 as a whole.
For example, the rotational contactors 6, the actuator housing 15, the ditve motor hnk 13, the
drive shaft 9, and rotational contactor motor link 11, the rotational contactor motor transnussion
systemt 14, may all provide signuficantly more stiffness than the siiffness of the flexure bar.
Thereby, the flexibility, or lack of stiffness, comes from the flexure bar 4.

[0024 The flexure bar 4 may be comprised of any material that provides sufficient flex
for a given VSA application while also avoiding undergoing any plastic deformation due to force
on the flexure bar 4. For example, the flexwwe bar 4 may be comprised of a pseudoelastic, or
superelastic, material. The pseudoelastic material may be a shape-memory alloy, such as a
superelastic alloy. When mechanically loaded, the superelastic alloy deforms reversibly to very
high straing, such as up to 10%. When the lead is removed, the superelastic alloy returns fo its
original shape. Preferably, no change in temperature 13 needed for the allov to recover its mitial
shape. For example, i1 one embodiment, the flexwre bar 4 may be comprised of a ntinol (nickel-
titansam) allov, or any of the cobalt-nickel, nickel-won, or nickel-manganese allovs that have
superelastic properties.

[0021] In other embodiments, the flexure bar may be comprised of tifanium, alumibum,
or other metal alloys. As descrtbed above, the rotational contactor 1s preferably comprised of a
stiffer material than the flexure bar 4. For example, the rotational contactors & may be comprised
of steel, titantum, or other hard metals or metal alloys.

[0022] In addition fo material, the stiffness of the flexure bar 4 and of the selectable-rate

spring 2 in general may be varted by varying other aspects of the design. For example, the
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following variables mayv be changed o adjust the stiffness of the selectable-rate spring 2 design:
the length of the flexure bar 4, the radins of the arched portion 5, length of the rotational
contactors 6§, the shape of the top 51 and botiont 52 of the flexure bar 4, and the maxunum force
application angle, the mininnum height of the distal end of the flexure bar 4, and the nunimum
widih of the distal end of the flexure bar 4.

[8023 The arched portion 3 of the flexure bar 4 13 shaped to accommodate the rotational
contactor & as it rotates about its axis of rotation 32. By changing the relevant variables
described above, the arched porfion 5 may also be designed to optimize the stiffness of the
flexure bar 4 across the length thereof for a given application. In the embodiment depicted in
Figs. 1A and 1B, for example, the arched portions 5 of the flexure bar 4 have arched porfions on
the top 51 and bottom 52 of the flexure bar 4. Those arched top and bottom portions may have
any arch radms. In other embodiments of the flexure bar 4, the top 51 and bottom 32 portions
may take on other shapes. For example, the top 51 and bottom 52 of the flexure bar may be
straight, running parallel with one another across the length of the flexwre bar. Alternatively, the
top 31 and bottom 32 portions of the flexure bar 4 may taper inwards or flare outwards. Such
design elements may be used, for example, to create a flexure bar 4 with a given profile of the
stiffness relative to the contact angle 8.

[0624] Referrmp to Figs. 1A and 1B, the rotational contactors & have bearings 8 on each
contact end 47. Each rotational contactor 6 may have one or more beartngs 8 that roll to
maintain contact with the flexure bar 4. More spectfically, as the rotational contactor 6 rotates
about #ts axis 32, the bearmng 8 rolls so that the rotational confactor 6 can move along the arched
portion 5 of the flexwwe bar 4 without having to overcome shiding frictional forces. In the
embodiment of Fig. 1A, for example, the selectable-rate sprmg 2 has rotational contactors 6 that
each have three bearings 8 on the contact end 47 thereof. The three beanings 8 roll along the
arched portion 5 of the flexure bar 4 as the rotational contactors 6 rotate about their respective
axes of rotation 32. When the rofational contactor 6 are m their muddle position, as shown m
Fig. 1A, only the nuddie bearing 8 is m contact with the flexwe bar 4. Ag the rotational
contactors & move mwards, toward the center of the flexure bar 4, the upper and lower bearings 8
also comne m contact with the arched portion 5 of the flexure bar 4.

[0025] In other embodiments, the rotatiopal contactor 6 may have a single, larger,

bearmg mstead of the three bearings 1n the embodiment of Fig. 1A, Alternatively, the rofational
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contactor & may have any nunber of bearmgs 8 on the contact end 47 of the rotational confactor
6. In still other embodiments, the contact end 47 of the rotational contactor 6 may not have any
bearmgs, and other means may be employed o allow the contaci end 47 of the rotational
contactor & to move with respect te the arched portion 5 of the flexure bar 4.

[0026] Tumning to Fig. 2A, a system 1 for providing vanable stiffuess actuation may
mclude a variable stiffiiess actuator 3 and a contreller 25, The system may futher include a

-
i
¢

rotary position sensor 27, which may provide mput to the controller 25, The variable stiffness

actuator 3 incorporates a selectable-rate spring 2, such as the embodiment of the selectable-rate
spring 2 shown in Figs. 1A and 1B. The variable stiffness actuator 3 further comprises a drive
motor 12 having a rotatable drive shaft 9 connected to the connection point 35 of the flexure bar
4. The rotation of the rotational contactors 6 1s driven by the motor 10 which 15 attached to one
or more of the rotational confactors 6 through the motor transmission svstem 14, An actator
housing 15 smrrounds the selectable-rate spring 2 and the transmussion system 4. The motor 10
may connect to the actuator housing 15 via mounting plate 21, In the embodument of Fig. 2, the
actuator housing 15 rotatably connects to each of the rotational confactors 6 al a respeciive
connection pomnt 34 {(Fig. 1A). The actuator housing 15 of Figs. 2A-2B also connects to a link
member 58 at the link member connection point 17. The actuator housing 15 is adjacent to the
first honusing 62, which is connected to a first member 69 at connection point 19

(0027} In the embodiment of the vanable stiffness actuator 3 depicted m Figs. 24 and
2B, the drive motor 12 drives the rotation of the actator housing 15, which 1s connected to link
member 58, For example, the drive motor 12 functions to rotate the link member 58 and the
actuator housing 13 m the rotational direction 37. The drive motor 12 connects to the first
housing 62 via the motor mounting plate 22, Thus, such rotfation 15 actuated with respect to the
first member 60 and first housing 62. The drive motor 12 connects io the rotatable drive shaft 9
via the drive motor link 13, The drive shaft 9 then connects to the flexwre bar 4. If the flexwre
bar 1s i contact with the rotational contactors 6, then the rotation of the Hexure bar 4 will cause
rotatton of the actuator housmg 15, Namely, the one or more rofational contactors 6 are
comnected to the bottom plate 55 and/or top plate 34 of the actuator bousing 15, and thus any
force imparted on the rotational contactor 6 would be mmparted to the actuator housing 13, I the
one or more rotational contactors 6 are m an mward-most position, for example, then the

selectable-rate spring 2 will be stiff and will tmpart all, or nearly all, of the motion from the drive
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shaft 9 to the actuator housing 15, Ou the other hand, if the one or more rofational contactors 6
are i an outward-most position, and the flexure bar 4 rotates freely within a cerfam degree of
niotion, then nove of the motion of the drive shaft 9 will be mmparted fo the actuator housing 15
within that range of motion where the flexure bar 4 is not i contact with the rotational comtactor
6. It follows that the rofational contactor mayv be anvwhere i between the wmward-most and
outward-tnost positions, and thus, due to the varying flex of the flexure bar 4, a varying amount
of motion will be imparted from the drive shaft 9 to the actuator housing 15

[0028] The controller 25 may be emploved to control the drive motor 12 and the motor
10 conmected to the one or more rotational contactors 6. Such control may be feed-forward
control, providing a control signal to the drive motor 12 andfor the motor 10 controlling the
rotational contactors 6 mn a predefined way. In other words, the controller mayv provide vanable
stiffness to the seleciable-rate spring 2 according to a predefined program or plan. Alternatively,
the controller may recerve mput from a rotary position sensor 27 on the VSA 3 that provide
posiiion mformation of the actuator housmg 15 relative fo the drive shaft 9 such that the
controlier can modify the stiffness program or the motion program according to whether the flex
of the flexure bar 4 deviates from the programumed plan. For example, if the torque on the jomt
15 causing more deflection of the flexure bar 4 than expecied, the control program mayv be
modified to account for the difference.

[0029] Figs. 3A-3D show various embodnnents of the selectable-rate spring 2. In Fig.
3A, the selectable-rate spring 2 comprises four rotational contactors 6 and a flexure bar 4. There,
the motor 10 may drive all fow rotational contactors 6 sumultaneonsly. The motor fransnussion
system 14 operates to mmpart rotational motion in the correct rotational direction 36 (Fig. 1B)on
each of the rotational contactors 6. As described above, the rotational contactors 6 rotate about
axis of rotation 32. Further, at axis 32 the rotational contactors 6 are comected to the bottom
plate 53 of the actuator housing 15 at the connection point 34 for each rotational contactor 6.
Thereby, the motion from the flexure bar 4 1s trapsmutted to the actuator housing 15 at the
connection point 34 between the rotational contactors 6 and the bottom plate 55 or top plate 54
of the actuator housing 15

[B034 In embodiments involving more than one rotational contactor driven by a smgle
motor 10, the motor 10 may act to rotate half of the rotational contactors 6 m a clockwise

rotational divection 36, while the other half 15 rotated mn a counterclockwise rotational direction
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36, Asthe motor 10 rofates the rotational contactors &, the angles §; of the rotational contactors
& change such that the magnitude of the angles 6, of each of the rotational contactors & is the
same. Thus, when the rotational confactors 6 are in a nuddle position, t.e., the central line of
each set of rotational contactors align with one another and are perpenchicular with the center line
of the flexure bar 4. 6§, = 0. As the rotational contactors 6 are moved outward or inward, the
magnitude of 8, increases equally for all four rotational contactors. In other embodiments, each
of the rotational contactors 6 may be controlled individually, and thus the 8 of the varnons
rotational contactors & may differ af any given tune.

[0031] As described above, the flexure bar 4 is driven by drive motor 12, Depending on
the position of the rotational contactors 6, the flexure bar 4 may unpart rotation on the actuator
housing 15. The rotation mparted on actuator housing 15 may be measured as angle 8, with
respect to a particular posifion, such as the position of the first housing 62. In vartous
embodiments, the variable stiffhess actuator 3 miav be designed to provide 360° of motion, and
thus 8, may vary from 0 to 360. In other embodiments, the variable stiffness actuator 3 may be
designed to allow a more limited range of motion, which would it the range of 8.

8032} Figs. 3B and 3C each show embodiments of selectable-rate sprmgs 2 having two
rotational contactors & postiioned on opposite sides of the flexure bar. In Fig. 3B, the rotational
contactors 6 are positioned on oppostte sides of the drive shaft, or the connection point 35
between the tlexnre bar 4 and the diive shaft 9. Fig. 3C depicts an embodiment of the selectable-
rate spring 2 having two rotational contactors 6 positioned on opposing sides of the flexure bar 4,
but on the same side of the connection poimt 35 {o the drive shait 9. In both of the embodiments
of Figs. 3B and 3C, the selectable-rate spring 2 will provide variable stiffness i both the
clockwise and counterclockwise rotational direction 37. Thus, through rotation of the two
rotational contactors 6, the selectable-rate spring 2 can provide variation m the stiffness of the
connection between the drive shaft 9 and the actuator housing 15 m both cireular directions.

This 1s contrasted with the embodiment of Fig. 3D, 1 which the selectable-rate spring 2 provides
stiffiress variation m only one direction.

[0033] In the embodiment of Fig. 3D, the selectable-rate spring 2 has only a single
rotational contactor 6. The rotational contactor 6 1s positioned to allow variable stiffness in the
counterclockwise rotational direction 37. Namely, the rotational contactor 6 may rotate along

the flexure bar 4 to increase or decrease the stitthess of the comnection between the flexure bar 4
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and the rotational contactor & when the flexure bar 4 1s pressed agamst that rotational confactor

£. When rotational motion is imparted in the counterclockwise direction, the flexwre bar 4
contacts the stop bar 65, which does not move and thus provides a constant stiffness levell Thus,
the embodiment of Fig. 3D mav be emploved where stiffness variation is only sought in one
divection. The nnmobile stop bar 63 may be designed and positioned to provide any level of
constant stiffbess, from maximum stiffiness to very low, or even zero stiffness.

[0034] One mtended use of the presently disclosed VSA 3 is for robotics applications in
which a robot meracts with its environment, e.g.. mamiacturing fasks, any task that mvolves
physical manpulation/interaction. Variable stiffness actuation will allow robots to provide high
accuracy positioning in free space, hike conventional manipulators, when jomt stiffness is hugh.
The stiffness of each joint will be able to be adjusted mdependently so that robots will be able to
have directions of hugh stiffness and directions of low stiffiiess to perform useful work without
damage to the robot or external structures or people. An example of constramed mampulation
would be to use a robot to tighten a bolt. The robot must be stuff w1 the direction associated with
advancing the boli m the threaded hole, but comphant 1 the directions that are constramed by
the wrench/bolt mteraction that do not advance the bolt in the hole.

[0035] This written description uses examples to disclose the mvention, including the
best mode, and also to enable any person skilled i the art to make and use the mvention. The
patentable scope of the mvention 1s defined by the claims, and may mclude other examples that
occur to those skilled in the art. Such other examples are mtended to be within the scope of the
clamms if they have structural elements that do not differ from the literal language of the clanms,
or if they mchide equivalent structural elements with insubstantial differences from the literal

langnages of the clamms.
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CLAIMS

We clam:

i. A seleciable-rate spring, the selectable-rate spring comprising:

a flexure bar connectable to a rotatable shaft, the flexure bar having at least one arched
poriton; and

at least one rotational contactor connectable to a link member, wheremn the rotational
contactor rotates about an axis while mamtaining contact with the arched portion of the flexure
bar;

wheremn as the rotational contactor rotates it changes a connection stiffness between the
rofatable shaft and the link member.

2. The selectable-rate spring of claim 1 further comprising at least one bearing at a
contact end of the rotational contactor, wherein as the contactor rotates about an axis the bearing
rolls along the arched portion of the flexure bar.

3 The selectable-rate spring of claim 1 further comprising a motor connected {o the
at least one rotational contactor so as to rotate the rotational contactor.

4. The selectable-rate spring of claim 1 fiwther comprising a second arched portion
of the flexure bar and a second rotational contactor connectable fo the ink member, wherein the
second rotational contactor rotates about a second axis while mamtanmng contact with the second
arched portion of the flexure bar.

3. The selectable-rate spring of claim 4 further comprising a drive motor connected
to the fist and second rofational contactors so as fo simultaneounsly rofate the rotational
contactors m oppostie rotational divections.

. The selectable-rate spring of clamm 4, wherein the first and second rotational
contactors are positioned on opposite sides of the rotatable shafi.

7. The selectable-rate spring of claim 1 firther comprising four rotational contactors
connectable to the lmk member, wherem the flexure bar bas four arched portions and each
rotational contactor rotates about a respective axis while maintaining contact with a respective
one of the four arched portions.

8. The selectable-rate spring of claum 7, wherein each of the fow rotational

contactors comprises at least one bearmg at a contact end of the rotational contactor, wherem as
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the rotational comtacior rofates about the separate axis the bearing rolls along the respective
arched portion of the flexure bar.

a, The selectable-rate spring of clamn 8 further comprising a housing surrounding
the flexure bar and the four rotational contactors;

wherein the housing provides a conneciion pont o the link member and wherem the four
rotattonal contactors are rotatably comnected to the housing.

10, The selectable-rate spring of clamm 1, wherein the flexure bar is comprised of a
superelastic alloy.

11, A variable stiffness actuator comprising:

a drive motor having a drive shait;

a flexure bar nigidly connected to the drive shaft, the flexure bar having an arched
pottion;

at least one rvotational contactor connected to a link meniber, wherein the rotational
contactor rotates about an axis while mamfaming contact with the arched portion of the flexure
bar; and

a motor connected o the rotational contactor so as o rotate the rotational contactor;

wherein as the rotational confactor rotaies it changes a connection stiffness between the
drive shaft and the link member.

12. The variable stiffness actuator of claun 11 Ruther comprising a second arched
portion of the flexure bar and a second rotational contactor connectable to the link member,

wheremn the second rofational contactor rotates about a second axis while mamtainng
contact with the second arched portion of the flexure bar; and

wherein the at least two rotational confactors are posttioned on opposmng sides of the
flexare bar, each rofating m opposite rofational directions about a separate axis while
mamtainmg contact with the respectrve arched portion of the flexure bar.

13, The variable stiffness acfuator of claim 11, wherein the rofational contactor bas at
least one bearing at a contact end thereof, wherein as the rotational contactor rotates about the
axis the bearing rolls along the arched portion of the flexure bar.

i4. The variable stifiness actuator of claim 12, wheremn the af least two rotational

contactors are posilioned on opposing sides of the drive shaft.
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5. The varable stiffness actuator of clann 11 comprising at least four rotafional
contactors, each rotating about a separate axis while mamtaimng contact with a respective arched
portion of the flexure bar.

16,  The vanable stiffness actuator of clamm 11 farther comprising a housing
smrounding the flexure bar and the rofational comfactor, wheretn the housing provides the
connection between the link member and the rotational contactor.

i7. The variable stiffness actustor of claim 11, wherem the rotational contactor is
directly rotatably connected to the link member.

18 A system for providing variable stiffness actation, the system comprising:

a drive motor having a drive shait;

a selectable-rate spring comprising:

a flexure bar rigidly connected fo the diive shafi, the flexure bar having at least
two arched porttons;

at least two rotational confactors connected to a link member, wheretn the rotation
contactors each rotate about an axis while mauraming contact with the flexure bar;

a motor connected to both of the rotational contactors so as to rotate the rotational
contactors to vary a stiffiness of the selectable-rate spring.

19, The system for providing variable stiffness actuation of clamm 18, wherem the
rotational coutactors are connected to the link member via a housmng, wherein the housing
strrounds the flexure bar and the at least two rotational contactors, and provides a connection
pomt to the link member and the rotational contactors.

20, The system for providing variable stiffness actuation of clamm 19, wherem the

motor connected to the rotational contactors 1s mounted to the housing.
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