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(57) ABSTRACT 
Arti?cial limbs and joints Which behave like a biological 
limbs and joints employ a synthetic actuator Which consume 
negligible poWer When exerting Zero force, consume negli 
gible poWer When outputting force at constant length (iso 
metric) and While performing dissipative, nonconservative 
Work, are capable of independently engaging ?exion and 
extension tendon-like, series springs, are capable of inde 
pendently varying joint position and sti?‘ness, and exploit 
series elasticity for mechanical poWer ampli?cation. 

(51) 
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ARTIFICIAL JOINTS USING 
AGONIST-ANTAGONIST AC TUATORS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a non-provisional of US. patent 
application Ser. No. 60/751,680 ?led on Dec. 19, 2005. 

[0002] This application is a continuation in part of US. 
patent application Ser. No. 11/395,448 entitled “Arti?cial 
human limbs and joints employing actuators, springs, and 
Variable-Damper Elements” ?led on Mar. 31, 2006 by Hugh 
M. Herr, Daniel Joseph Paluska, and Peter DilWorth. appli 
cation Ser. No. 11/395,448 claims the bene?t of the ?ling 
date of US. Provisional patent application Ser. No. 60/666, 
876 ?led on Mar. 31, 2005 and the bene?t of the ?ling date 
of US. Provisional patent application Ser. No. 60/704,517 
?led on Aug. 1, 2005. 

[0003] This application is also a continuation in part of 
US. patent application Ser. No. 11/499,853 entitled “Bio 
mimetic motion and balance controllers for use in prosthet 
ics, orthotics and robotics” ?led onAug. 4, 2006 by Hugh M. 
Herr, Andreas G. Hofmann, and Marko B. Popovic. appli 
cation Ser. No. 11/499,853 claims the bene?t of the ?ling 
date of, US. Provisional patent application Ser. No. 60/705, 
651 ?led on Aug. 4, 2005. 

[0004] This application is also a continuation in part of 
US. patent application Ser. No. 11/495,140 entitled “An 
Arti?cial Ankle-Foot System With Spring, Variable-Damp 
ing, and Series-Elastic Actuator Components” ?led on Jul. 
29, 2006 by Hugh M. Herr, Samuel K. Au, Peter DilWorth, 
and Daniel Joseph Paluska. application Ser. No. 11/495,140 
claims the bene?t of the ?ling date of US. Provisional patent 
application Ser. No. 60/704,517 ?led on Aug. 1, 2005 and 
Was also a continuation in part of the above-noted applica 
tion Ser. No. 11/395,448. 

[0005] This application is also a continuation in part of 
US. patent application Ser. No. 11/600,291 entitled “Exosk 
eletons for running and Walking” ?led on Nov. 15, 2006 by 
Hugh M. Herr, Conor Walsh, Daniel Joseph Paluska, 
AndreW Valiente, Kenneth Pasch, and William Grand. appli 
cation Ser. No. 11/600,291 claims the bene?t of the ?ling 
date of US. Provisional patent application Ser. No. 60/736, 
929 ?led on Nov. 15, 2005 and is a continuation in part of 
the above noted applications Ser. Nos. 11/395,448, 11/499, 
853 and 11/495,140. 

[0006] The present application claims the bene?t of the 
?ling date of each of the foregoing patent applications and 
incorporates the disclosure of each of the foregoing appli 
cations herein by reference. 

FIELD OF THE INVENTION 

[0007] This invention relates to arti?cial joints and limbs 
for use in prosthetic, orthotic or robotic devices. 

BACKGROUND OF THE INVENTION 

[0008] Biomimetic Hybrid Actuators employed in biologi 
cally-inspired musculoskeletal architectures as described in 
the above noted US. patent application Ser. No. 11/395,448 
employ an electric motor for supplying positive energy to 
and storing negative energy from an arti?cial joint or limb, 
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as Well as elastic elements such as springs, and controllable 
variable damper components, for passively storing and 
releasing energy and providing adaptive stiffness to accom 
modate level ground Walking as Well as movement on stairs 
and surfaces having different slopes. 

[0009] The above noted application Ser. No. 11/495,140 
describes an arti?cial foot and ankle joint consisting of a 
curved leaf spring foot member that de?nes a heel extremity 
and a toe extremity, and a ?exible elastic ankle member that 
connects said foot member for rotation at the ankle joint. An 
actuator motor applies torque to the ankle joint to orient the 
foot When it is not in contact With the support surface and to 
store energy in a catapult spring that is released along With 
the energy stored in the leaf spring to propel the Wearer 
forWard. A ribbon clutch prevents the foot member from 
rotating in one direction beyond a predetermined limit 
position, and a controllable damper is employed to lock the 
ankle joint or to absorb mechanical energy as needed. The 
controller and a sensing mechanisms control both the actua 
tor motor and the controllable damper at different times 
during the Walking cycle for level Walking, stair ascent and 
stair descent. 

[0010] The above noted Application G-25 describes an 
exoskeleton Worn by a human user consisting of a rigid 
pelvic harness Worn about the Waist of the user and exosk 
eleton leg structures each of Which extends doWnWardly 
alongside one of the human user’s legs. The leg structures 
include hip, knee and ankle joints connected by adjustable 
length thigh and shin members. The hip joint that attaches 
the thigh structure to the pelvic harness includes a passive 
spring or an active actuator to assist in lifting the exoskel 
eton and said human user With respect to the ground surface 
upon Which the user is Walking and to propel the exoskeleton 
and human user forWard. A controllable damper operatively 
arresting the movement of the knee joint at controllable 
times during the Waking cycle, and spring located at the 
ankle and foot member stores and releases energy during 
Walking. 
[0011] The additional references listed beloW identify 
materials Which are referred to in the description that fol 
loWs. When cited, each reference is identi?ed by a single 
number in brackets; for example, the ?rst reference beloW is 
cited using the notation “{1 }.” 

[0012] 1. Palmer, Michael. Sagittal Plane Characteriza 
tion of Normal Human Ankle Function across a Range 
of Walking Gait Speeds. Massachusetts Institute of 
Technology Master’s Thesis, 2002. 

[0013] 2. Gates Deanna H., Characterizing ankle func 
tion during stair ascent, descent, and level Walking for 
ankle prosthesis and orthosis design. Master thesis, 
Boston University, 2004. 

[0014] 3. Hansen, A., Childress, D. Milf, S. Gard, S. and 
Mesplay, K., The human ankle during Walking: impli 
cation for the design of biomimetic ankle prosthesis, 
Journal of Biomechanics, 2004 (In Press). 

[0015] 4. KoganeZaWa, K. and Kato, I., Control aspects 
of arti?cial leg, IFAC Control Aspects of Biomedical 
Engineering, 1987, pp.71-85. 

[0016] 5. Herr H, Wilkenfeld A. User-Adaptive Control 
of a Magnetorheological Prosthetic Knee. Industrial 
Robot: An International Journal 2003; 30: 42-55. 
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[0017] 6. Seymour Ron, Prosthetics and Orthotics: 
Lower limb and Spinal, Lippincott Williams & Wilkins, 
2002. 

[0018] 7. G. A. Pratt and M. M. Williamson, “Series 
Elastic Actuators,” presented at 1995 IEEE/RSJ Inter 
national Conference on Intelligent Robots and Systems, 
Pittsburgh, Pa., 1995. 

[0019] 8. Inman V T, Ralston H J, Todd P. Human 
Walking. Baltimore: Williams and Wilkins; 1981. 

[0020] 9. Hof. A. L. Geelen B. A., and Berg, J. W. Van 
den, “Calf muscle moment, Work and efficiency in level 
Walking; role of series elasticity,” Journal of Biome 
chanics, Vol 16, No. 7, pp. 523-537, 1983. 

[0021] 10. Gregoire, L., and et al, Role of mono- and 
bi-articular muscles in explosive movements, Interna 
tional Journal of Sports Medicine 5, 614-630. 

[0022] 11. Endo, K., Paluska D., Herr, H. A quasi 
passive model of human leg function in level-ground 
Walking. IEEE/RS] International Conference on Intel 
ligent Robots and Systems (IROS); Oct. 9-16, 2006; 
Beijing, China. 

[0023] As noted in references {1 }, {2 }, {3 }, and {4} 
above, an arti?cial limb system that mimics a biological 
limb ideally needs to ful?ll a diverse set of requirements. 
The arti?cial system must be a reasonable Weight and have 
a natural morphological shape, but still have an operational 
time betWeen refueling or battery recharges of at least one 
full day. The system must also be capable of varying its 
position, stiffness, damping and nonconservative motive 
poWer in a comparable manner to that of a normal, healthy 
biological limb. Still further, the system must be adaptive, 
changing its characteristics given such environmental dis 
turbances as Walking speed and terrain variation. The current 
invention describes a novel actuator and limb architecture 
capable of achieving these many requirements. 

[0024] From recent biomechanical studies described in 
references {1 }, {2 } and {3 } above, researchers have 
determined that biological joints have a number of features. 
Among these are: 

[0025] (a) the ability to vary stiffness and damping; 

[0026] (b) the ability to generate large amounts of 
positive mechanical Work (nonconservative motive 
output); and 

[0027] (c) the ability to produce large amounts of poWer 
and torque When needed. 

[0028] An example of the use of more than one control 
strategy in a single biological joint is the ankle. See {1 } and 
{2}. For level ground ambulation, the ankle behaves as a 
variable stiffness device during the early to midstance 
period, storing and releasing impact energies. Throughout 
terminal stance, the ankle acts as a torque source to poWer 
the body forWard. In distinction, the ankle varies damping 
rather than stiffness during the early stance period of stair 
descent. These biomechanical ?ndings suggest that in order 
to mimic the actual behavior of a human joint or joints, 
stiffness, damping, and nonconservative motive poWer must 
be actively controlled in the context of an ef?cient, high 
cycle-life, quiet and cosmetic biomimetic limb system, be it 
for a prosthetic or orthotic device. This is also the case for 
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a biomimetic robot limb since it Will need to satisfy the same 
mechanical and physical laWs as its biological counterpart, 
and Will bene?t from the same techniques for poWer and 
Weight savings. 
[0029] The current state of the art in prosthetic leg systems 
include a knee joint that can vary its damping via magne 
torheological ?uid as described in {5}, and a carbon ?ber 
ankle Which has no active control, but that can store energy 
in a spring structure for return at a later point in the gait cycle 
eg the Flex-Foot {4} or the Seattle-Lite None ofthese 
systems are able to add energy during the stride to help keep 
the body moving forWard or to reduce impact losses at heel 
strike. In the case of legged robotic systems, the use of the 
Series Elastic Actuator (SEA) enables robotic joints to 
control their position and torque, such that energy may be 
added to the system as needed. See In addition, the SEA 
can emulate a physical spring or damper by applying torques 
based on the position or velocity of the joint. HoWever, for 
most applications, the SEA requires a tremendous amount of 
electric poWer for its operation, resulting in a limited opera 
tional life or an overly large poWer supply. Robotic joint 
designs in general use purely active components and often 
do not conserve electrical poWer through the use of variable 
stiffness and variable-damping devices. 

SUMMARY OF THE INVENTION 

[0030] The folloWing summary provides a simpli?ed 
introduction to some aspects of the invention as a prelude to 
the more detailed description that is presented later, but is 
not intended to de?ne or delineate the scope of the invention. 

[0031] In this speci?cation and the claims, the folloWing 
terms have the folloWing meanings: 

[0032] 
[0033] agonist: A contracting element that is resisted or 

counteracted by another element, the antagonist; 

[0034] agonist-antagonist actuator: a mechanism com 
prising (at least) tWo actuators that operate in opposi 
tion to one another: an agonist actuator that, When 
energiZed, draWs tWo elements together and an antago 
nist actuator that, When energiZed, urges the tWo ele 
ments apart; 

[0035] antagonist: An expanding element that is resisted 
or counteracted by another element, the agonist; 

actuator: see the de?nition of “motor” beloW; 

[0036] biomimetic: a man-made structure or mecha 
nism that mimics the properties and behavior of bio 
logical structures or mechanisms, such as joints or 
limbs; 

[0037] dorsi?exion: bending the ankle joint so that the 
end of the foot moves upWard; 

[0038] elastic: capable of resuming an original shape 
after deformation by stretching or compression; 

[0039] extension: A bending movement around a joint 
in a limb that increases the angle betWeen the bones of 
the limb at the joint; 

[0040] ?exion: A bending movement around a joint in a 
limb that decreases the angle betWeen the bones of the 
limb at the joint; 
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[0041] motor: an active element that produces or 
imparts motion by converting supplied energy into 
mechanical energy, including electric, pneumatic or 
hydraulic motors and actuators; 

[0042] plantar?exion: bending the ankle joint so that the 
end of the foot moves doWnWard; 

[0043] spring: an elastic device, such as a metal coil or 
leaf structure, Which regains its original shape after 
being compressed or extended. 

[0044] For an arti?cial joint to behave like a biological 
joint, a synthetic actuator must have the folloWing proper 
ties: 

[0045] l) The actuator must consume negligible poWer 
When exerting Zero force. Near the equilibrium length of 
muscle (peak of active tension-length curve), the passive 
tension is typically Zero. Thus a muscle-actuated joint goes 
limp When the muscles are not electrically stimulated. 

[0046] 2) The actuator must consume negligible poWer 
When outputting force at constant length (isometric) and 
While performing dissipative, nonconservative Work. 
Muscle tissue is very ef?cient for isometric and dissipative 
control modes. 

[0047] 3) The actuator must be capable of independently 
engaging ?exion and extension tendon-like, series springs. 
Since biological joints have at least one ?exor muscle and at 
least one extensor muscle, the time at Which a ?exor tendon 
becomes taught or engaged can be independent of the time 
at Which an extensor tendon becomes engaged. As an 
example, With a muscle-actuated joint, the elastic energy 
from one tendon can be released as a second tendon is being 
elongated. 
[0048] 4) The actuator must be capable of independently 
varying joint position and stiffness. Through co- contraction 
betWeen a muscle ?exor and extensor, joint stiffness can be 
modulated Without changing joint position. Further, joint 
position can be varied While keeping joint stiffness constant. 

[0049] 5) The actuator must be capable of exploiting series 
elasticity for mechanical poWer ampli?cation, or a “cata 
pult” control modality. For motion tasks that require high 
mechanical poWer, muscle-tendon units in animals and 
humans often employ a catapult control Where the muscle 
belly stretches the series tendon, and later that stored elastic 
energy is released to achieve relatively higher joint poWers 
than Would be possible if the muscle belly Were to generate 
that poWer directly. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0050] In the detailed description Which folloWs, frequent 
reference Will be made to the attached draWings, in Which: 

[0051] FIG. 1 depicts the various subdivisions of the 
stance phase of Walking; 

[0052] FIGS. 2A, 2B and 2C shoW torque vs. angle plots 
in level-ground Walking for sloW speed, normal and fast 
Walking; 
[0053] FIG. 3 illustrates human ankle biomechanics for 
stair ascent; 

[0054] FIG. 4 illustrates human ankle-foot biomechanics 
for stair descent; 

Jul. 12, 2007 

[0055] FIGS. 5A and 5B illustrate the manner in Which 
knee angle and knee poWer respectively vary during the 
Walking cycle for level ground Walking; 

[0056] FIGS. 6A and 6B are posterior and side elevational 
vieWs respectively of an agonist-antagonist actuator 
embodying the invention; 

[0057] FIGS. 7A and 7B are posterior and side elevational 
vieWs of an agonist-antagonist actuator mechanism imple 
menting an arti?cial ankle; 

[0058] FIGS. 8A and 8B are posterior and side elevational 
vieWs of agonist-antagonist actuator mechanisms imple 
menting an arti?cial knee; 

[0059] FIGS. 9A and 9B are side elevational and perspec 
tive vieWs of an agonist-antagonist actuator mechanism 
positioned on both sides of the joint axis; 

[0060] FIGS. 10A and 10B are posterior and side eleva 
tional vieWs of an agonist-antagonist actuator mechanism 
using motor and spring combinations; 

[0061] FIGS. 11A shoWs a model ofleg prothesis employ 
ing series-elastic clutches at the hip, knee and ankle joints; 

[0062] FIGS. 11B and 11C are graphs comparing the 
behaviors of biological ankle and knee joints respectively 
With the modeled joints of FIG. 11A; 

[0063] FIGS. 12A, 12B and 12C are plots of the mechani 
cal poWer of each model element is versus percentage gait 
cycle for ankle, knee and hip, respectively; 

[0064] FIGS. 13A shoWs the major components of the 
transtibial system are shoWn; 

[0065] FIGS. 13B shoWs the monoarticular ankle mecha 
nism of FIG. 13A in more detail; 

[0066] FIGS. 13C and 13D shoW elevational and sche 
matic vieWs respectively of the bi-articular ankle knee 
mechanism of FIG. 13A; 

[0067] FIGS. 14A and 14B shoWs the major components 
of an arti?cial ankle and knee system; 

[0068] FIGS. 14C is a schematic diagram of the arti?cial 
ankle and knee system seen in FIGS. 14A and 14B; and 

[0069] FIG. 14D shoWs the knee’s variable moment arm 
(V MA) device (seen at the top of FIGS. 14A and 14B) in 
more detail. 

DETAILED DESCRIPTION 

[0070] In the construction of a biologically realistic limb 
system that is high performance, light Weight, quiet and 
poWer e?icient, a agonist-antagonist actuator design is pro 
posed herein comprising a plurality of actuators and series 
elastic structures. Since it is desirable to minimize the 
overall Weight of the limb design, the ef?ciency of the 
agonist-antagonist actuator design is critical, especially 
given the poor energy density of current poWer supplies, e.g. 
lithium-ion battery technology. By understanding human 
biomechanics, the lightest, most energy ef?cient agonist 
antagonist actuator design can be achieved. 

[0071] In the next section, the key features of biomechani 
cal systems are highlighted. A more complete description of 
biomechanical systems is found in the patent applications 
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cited in the foregoing “Cross Reference to Related Appli 
cations” Whose disclosures are incorporated herein by ref 
erence. 

[0072] Joint Biomechanics: The Human Ankle 

[0073] Understanding normal Walking biomechanics pro 
vides the basis for the design and development of the 
agonist-antagonist actuator design. Speci?cally, the function 
of human ankle under sagittal plane rotation is described for 
different locomotor conditions including level-ground Walk 
ing and stair/slope ascent and descent. In addition, the 
function of the human knee during level ground Walking is 
described. From these biomechanical descriptions, the jus 
ti?cations for key mechanical components and con?gura 
tions of the actuator invention are established. 

[0074] Level-Ground Walking 

[0075] A level-ground Walking gait cycle is typically 
de?ned as beginning With the heel strike of one foot seen at 
103 in FIG. 1 and ending at the next heel strike of the same 
foot seen at 113. See The main subdivisions of the gait 
cycle are the stance phase (~60%) and the sWing phase 
(~40%) Which are illustrated in FIG. 1. The sWing phase 
represents the portion of the gait cycle When the foot is off 
the ground. The stance phase begins at heel strike When the 
heel touches the ?oor and ends at toe off When the same foot 
rises from the ground surface. Additionally, We can further 
divide the stance phase into three sub- phases: Controlled 
Plantar Flexion (CP), Controlled Dorsi?exion (CD), and 
PoWered Plantar Flexion (PP). 

[0076] Detailed descriptions for each phase and the cor 
responding ankle functions are described in FIG. 1. CP 
begins at heel-strike 103 and ends at foot-?at shoWn at 105. 
Simply speaking, CP describes the process by Which the heel 
and forefoot initially make contact With the ground. In {I} 
and {3}, researchers shoWed that CP ankle joint behavior is 
consistent With a linear spring being loaded or stretched 
Where joint torque is proportional to joint position. 

[0077] During the loading process, the spring behavior is, 
hoWever, variable; joint stiffness is continuously modulated 
by the body from step to step. After the CP period, the CD 
phase begins. In FIG. 2, the average torque versus angle 
curves are shoWn for 68 healthy, young participants Walking 
on a level surface. As is shoWn, during CP (from 103 to 105), 
the ankle behaves as a linear spring of variable stiffness 
during the loading cycle, but the torque curve does not trace 
back to point 1, but rather assumes higher torque values 
during the early period of CD. 

[0078] Ankle torque versus position during the CD period 
from 105 to 107 can often be described as a nonlinear spring 
being loaded or stretched Where stiffness increases With 
increasing ankle position. It is noted that as Walking speed 
increases, the extent to Which the ankle behaves as a 
nonlinear spring increases, With the CD loading phase 
exhibiting distinct nonlinear behavior during fast Walking 
(see fast Walking, FIG. 2). The main function of the ankle 
during CD is to store elastic energy to propel the body 
upWards and forWards during the PP phase. See {9} and 

[0079] The PP phase begins at 107 after CD and ends at 
the instant of toe-off shoWn at 109. During PP in moderate 
to fast Walking speeds, the ankle can be modeled as a 
catapult in series or in parallel With the CD spring or springs. 

Jul. 12, 2007 

Here the catapult component includes an actuator that does 
Work on a series spring during the CD phase and/or during 
the ?rst half of the PP phase. The catapult energy is then 
released along With the spring energy stored during the CD 
phase to achieve the high plantar ?exion poWer during late 
stance. This catapult behavior is necessary because the Work 
generated during PP is more than the negative Work 
absorbed during the CP and CD phases for moderate to fast 
Walking speeds as clearly seen in FIGS. 2A-2C. See {I}, 

[0080] FIGS. 2A, 2B and 2C shoW torque vs. angle plots 
in level-ground Walking for sloW speed Walking at 0.9 m/ sec 
(FIG. 2A), normal Walking speed at 1.25 m/sec (FIG. 2B) 
and fast Walking at 1.79 m/sec. Only the stance period of a 
single foot is shoWn (heel strike to toe o?). Point 1 on the 
charts denotes heel strike, point 2 foot ?at, point 3 peak 
dorsi?exion, and point 4 toe o?f. Although during sloW 
Walking the loading curve (points 2-3) is approximately 
equal to the unloading curve (points 3-4), for higher Walking 
speeds the torque assumes higher values during the unload 
ing, PP phase (points 3-4). Hence, for Walking speeds greater 
than 0.9 m/s (sloW speed), the human ankle cannot be 
modeled as a series of coupled springs because the positive 
Work performed by the ankle exceeds the negative Work. It 
is noted that, as Walking speed increases, the degree of 
nonlinear behavior during CD (points 2-3) increases along 
With the total amount of positive Work production during PP 
(points 3-4), consistent With a catapult model Where the 
soleus muscle belly sloWly elongates the series Achilles 
tendon spring during CD, increasing the slope of the torque 
versus angle curve and the subsequent positive poWer output 
of the ankle. 

[0081] Stair Ascent and Descent 

[0082] FIG. 3 illustrates human ankle biomechanics for 
stair ascent; The ?rst phase of stair ascent is called Con 
trolled Dorsi?exion 1 (CD 1), Which begins With foot strike 
in a dorsi?exed position at 201 and continues to dorsi?ex 
until the heel contacts the step surface at 203. In this phase, 
the ankle can be modeled as a linear spring. The second 
phase is PoWered Plantar ?exion 1 (PP 1), Which begins at 
the instant of foot ?at (When the ankle reaches its maximum 
dorsi?exion) at 203 and ends When dorsi?exion begins once 
again at 205. The human ankle behaves as a torque actuator 
to provide extra energy to support the body Weight. The third 
phase is Controlled Dorsi?exion 2(CD 2), in Which the ankle 
dorsi?exes as seen at 205 until heel-off at 207. For that 
phase, the ankle can be modeled as a linear spring. The 
fourth and ?nal phase is PoWered Plantar ?exion 2 (PP 2). 
Here the foot pushes off the step as seen at 207, acting as a 
torque actuator in parallel With the CD 2 spring to propel the 
body upWards and forWards until toe-off occurs at 209 and 
the sWing phase begins. 

[0083] FIG. 4 illustrates the human ankle-foot biomechan 
ics for stair descent. The stance phase of stair descent is 
divided into three sub-phases: Controlled Dorsi?exion 1 
(CD1), Controlled Dorsi?exion 2 (CD2), and PoWered Plan 
tar ?exion (PP). CD1 begins at forefoot strike seen at 303 
and ends at foot-?at seen at 305. In this phase, the human 
ankle can be modeled as a variable damper. In CD2, from 
foot ?at at 305, the ankle continues to dorsi?ex forWard until 
it reaches a maximum dorsi?exion posture at 307. Here the 
ankle acts as a linear spring in series With a variable-damper 
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designed to e?fectively control the amount of energy stored 
by the linear spring. During PP, beginning at 307, the ankle 
plantar ?exes until the foot lifts from the step at 309. In this 
?nal phase, the ankle releases stored CD2 energy, propelling 
the body upwards and forwards. From toe olf at 309 until the 
next foot strike at 313, the foot in the sWing phase. 

[0084] Because the kinematic and kinetic patterns at the 
ankle during stair ascent/descent are signi?cantly different 
from that of level-ground Walking (see {2}), a description of 
such ankle-foot biomechanics seems appropriate. For stair 
ascent, the human ankle-foot can be effectively modeled 
using a combination of an actuator and a variable sti?fness 
mechanism. HoWever, for stair descent, variable damping 
needs also to be included for modeling the ankle-foot 
complex; the poWer absorbed by the human ankle is much 
greater during stair descent than the poWer released by 2.3 
to 11.2 J/kg. See reference 

[0085] Joint Biomechanics: The Human Knee 

[0086] There are ?ve distinct phases to knee operation 
throughout a level-ground Walking cycle as illustrated in 
FIG. 5A and 5B. See reference FIG. 5A shoWs hoW the 
knee angle varies during the Walking cycle, and FIG. 5B 
shoWs hoW knee poWer varies. As seen in FIG. 5A, the 
stance phase of Walking can be divided into three sub 
phases: Stance Flexion, Stance Extension, and Pre-SWing. 
The sWing phase is divided into tWo phases: SWing Flexion 
and SWing Extension. As seen in FIG. 5B, for level ground 
Walking, the human knee does more negative Work than 
positive Work. 

[0087] Beginning at heel strike indicated at 403, the stance 
knee begins to ?ex slightly. This ?exion period, called the 
Stance Flexion phase, alloWs for shock absorption upon 
impact as Well as to keep the body’s center of mass at a more 
constant vertical level throughout the stance period. During 
this phase, the knee acts as a spring, storing energy in 
preparation for the Stance Extension phase. 

[0088] After maximum ?exion is reached in the stance 
knee at 404, the joint begins to extend, until maximum 
extension is reached as indicated at 406. This knee extension 
period is called the Stance Extension phase. Throughout the 
?rst ~60% of Stance Extension, the knee acts as a spring, 
releasing the stored energy from the Stance Flexion phase of 
gait. This ?rst release of energy corresponds to poWer output 
indicated at 501 in the graph at the bottom of FIG. 5B. 
During the last ~30% of Stance Extension, the knee absorbs 
energy in a second spring and then that energy is released 
during the next gait phase, or Pre-SWing. 

[0089] During late stance or Pre-SWing from 406 to 407, 
the knee of the supporting leg begins its rapid ?exion period 
in preparation for the sWing phase. During early Pre-SWing, 
as the knee begins to ?ex in preparation for toe- o?“, the 
stored elastic energy from Stance Extension is released. This 
second release of energy corresponds to poWer output seen 
at 503 in FIG. 5B. 

[0090] As the hip is ?exed, and the knee has reached a 
certain angle in Pre-SWing, the leg leaves the ground at 407 
and the knee continues to ?ex. At toe-o? 407, the SWing 
Flexion phase of gait begins. Throughout this period, knee 
poWer is generally negative Where the knee’s torque 
impedes knee rotational velocity. During terminal SWing 
Flexion, the knee can be modeled as an extension spring in 
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series With a variable damper, storing a small amount of 
energy in preparation for early SWing Extension. 

[0091] After reaching a maximum ?exion angle during 
sWing at 408, the knee begins to extend forWard. During the 
early SWing Extension period, the spring energy stored 
during late SWing Flexion is then released, resulting in 
poWer output seen at 505 in FIG. 5B. During the remainder 
of SWing Extension, the human knee outputs negative poWer 
(absorbing energy) to decelerate the sWinging leg in prepa 
ration for the next stance period. During terminal SWing 
Extension, the knee can be modeled as a ?exion spring in 
series With a variable damper, storing a small amount of 
energy in preparation for early stance (at 507). After the knee 
has reached full extension, the foot once again is placed on 
the ground, and the next Walking cycle begins. 

[0092] An agonist-antagonist actuator described beloW 
implements these muscle-like actuation properties. The 
actuator comprises a plurality of springs, mechanical trans 
missions, and active elements Where each spring is in series 
With an active element via a transmission, and each spring 
transmission-active element combination are in parallel and 
capable of opposing one another in an agonist-antagonist 
manner. The components of the agonist-antagonist actuator 
are listed in Table 1 With their functional purposes outlined. 

[0093] The Agonist-Antagonist Actuator: An Example 

[0094] In FIG. 6, one implementation of the actuator is 
shoWn as an example. For this particular actuator form, the 
active element comprises a motor in parallel With a variable 
damper. The ?exion and extension motors can control the 
position of ?exion and extension nuts, respectively, via 
ballscreW mechanical transmissions. As seen in FIG. 6, tWo 
side-by-side actuators are attached at their upper ends to a 
cross-rod 601 Which provides a connection point to the 
upper link 603 of the joint mechanism. The upper link 603 
is connected to the loWer link 605 at a joint 607. 

[0095] The actuator that extends along the left-hand side 
of the upper and loWer links 603 and 605 as seen in FIG. 6 
includes an extension nut 611 that engages With and com 
presses an extension spring 613. The extension spring 613 is 
positioned betWeen the extension nut 611 and a linear 
bearing 617 Which is attached to the loWer link 605. An 
extension ballscreW seen at 621 connected via a gearbox 
(not shoWn) to the armature of an extension motor 623. An 
extension nut guidance shaft 625 is attached to the case of 
the motor 623 and extends doWnWardly from the motor 623 
through the extension nut 611 and the linear bearing 617 to 
a shaft endcap 629. The guidance shaft 625 prevents the 
extension nut from rotating so that, as the extension motor 
623 rotates the extension ballscreW 621, the extension nut 
611 moves longitudinally With respect to the cross-rod 601 
and the motor 623, varying the joint angle at Which the 
extension nut engages With the extension spring 613. Thus, 
the extension motor 623 can compress the extension spring 
613 as the extension nut 611 is driven doWnWard to increase 
the length of the actuator and extend (increase) the joint 
angle. 

[0096] The actuator that extends along the right-hand side 
of the upper and loWer links 603 and 605 as seen in FIG. 6 
includes a ?exion nut 631 that engages With and compresses 
a ?exion spring 633. The ?exion spring 633 is positioned 
betWeen the ?exion nut 631 and a linear bearing 637 Which 




















