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ROBOTIC DEVICE AND METHOD OF USING A PARALLEL MECHANISM

Field of the Invention

[0001] The present invention relates in general to robotic

devices and, more particularly, to active and compliant

joints and limbs including a parallel mechanism.

Background of the Invention

[0002] Prosthetic and orthotic devices help restore

mobility to people who lack able-bodied motion or gait.

Prosthetic devices are intended to replace the function or

appearance of a missing limb and can return mobility to the

wearer or user. Orthotic devices are intended to support or

supplement an existing limb, by assisting with movement,

reducing weight-bearing loads on the body, reducing pain, and

controlling or restricting movement. Prosthetic and orthotic

devices are available to replace or support various portions

of the body. Lower limb prosthetic devices include, for

example, the prosthetic foot, the foot-ankle prosthesis, the

prosthetic knee joint, and the prosthetic hip joint. Lower

limb orthotic devices include, for example, the foot orthoses,

the ankle-foot orthoses, the knee-ankle-foot orthoses, and the

knee orthoses . People who require a lower limb prosthesis or

orthosis often expend more metabolic power to walk or move at

the same speed as able-bodied individuals. One goal of lower

limb prosthetic and orthotic devices is to help the user

achieve a normal gait while reducing energy expended by the

user .

[0003] Prosthetic and orthotic devices can be divided into

two groups, passive devices and active devices. Passive lower



limb prosthetics generally rely on compliant members, such as

springs, to store and release energy. A spring is able to

return only as much energy as is put into the spring. Thus,

the energy that is released by a spring in a passive device is

limited to the energy that is put in by the user. For

example, a spring-based passive foot prosthetic provides about

half of the peak power required for gait. The user of a

passive device must expend additional energy through other

muscles and joints to maintain a normal walking gait.

Therefore, passive prosthetic and orthotic designs are limited

in capacity to help users reduce metabolic energy expenditure

while achieving a normal walking gait and performing other

activities .

[0004] Active devices differ from passive devices in that

active devices use a motor to supply power to the device and

to control the device . Current active device designs are

inefficient, either requiring relatively large motors, which

are heavy and undesirable for wearable devices, or providing

low peak power output, which is insufficient for many

activities . Control systems for active devices are limited in

capability to control active devices . Active prosthetics are

typically restricted to a single degree of freedom, which

reduces the motion available to the device. Further, active

prosthetics are limited to low power activities, because the

power necessary for high power activities is unattainable in a

small portable system. One goal of active device designs is

to increase efficiency of the active components and to build a

lighter weight device .

[0005] Prosthetic devices are typically designed for a

specific activity, such as walking. The majority of active

compliant devices utilize a traditional rigid structure. The

traditional rigid structure typically includes links powered

by actuators such as electric motors or hydraulics . One



strategy employs an architecture having a joint which is

powered by a compliant member, such as a spring, and an active

member, such as a motor driven screw, arranged in series. An

activity-specific design strategy and traditional rigid

structures may be suited for one specific activity, but the

designs are limited in application and are not efficient

beyond the intended activity. For example, devices designed

for walking perform poorly for running, navigating uneven

terrain, walking up and down inclines or stairs, or simply

balancing while standing. Carrying heavy loads or

transitioning from walking to running remains a challenge for

users . Current active devices are ineffective for activities

requiring both high velocities under low load and low

velocities under high load. Another goal of prosthetic device

designs is to perform more similarly to a human muscle during

a variety of activities .

Summary of the Invention

[0006] A need exists for prosthetic and orthotic devices

that are better able to mimic the performance of human muscles

over a wide range of activities . Accordingly, in one

embodiment, the present invention is a method of making a

prosthetic joint device comprising the steps of providing a

movable portion including a first joint and a second joint,

providing a base body portion, disposing a first actuator

between the first joint of the movable portion and the base

body portion, disposing a second actuator in parallel with the

first actuator between the second joint of the movable portion

and the base body portion, and coupling a linking member to

the third joint of the movable portion.

[0007] In another embodiment, the present invention is a

method of making a prosthetic joint device comprising the



steps of providing a movable portion, providing a base

portion, disposing a first actuator between the movable

portion and the base portion, and disposing a second actuator

in parallel with the first actuator between the movable

portion and the base portion.

[0008] In another embodiment, the present invention is a

parallel kinematically redundant device comprising a movable

portion and a base portion. A first actuator is coupled to

the movable portion and base portion. A second actuator is

coupled in parallel with the first actuator between the

movable portion and base portion. A linking member is coupled

to the movable portion to provide an output for the first and

second actuators .

[0009] In another embodiment, the present invention is a

prosthetic joint device comprising a movable portion and a

base portion. An actuator is coupled between the movable

portion and base portion. A compliant member is coupled in

parallel with the actuator between the movable portion and

base portion.

Brief Description of the Drawings

[0010] FIG. 1 illustrates a perspective view of a first

active compliant parallel device;

FIG. 2 illustrates a perspective view of a second

active compliant parallel device;

FIG. 3 illustrates a perspective view of a third

active compliant parallel device;

FIG. 4 illustrates a schematic representation of a

first arrangement of an active compliant parallel device;

FIG. 5 illustrates a schematic representation of a

second arrangement of an active compliant parallel device;

FIG. 6 illustrates a schematic representation of a



third arrangement of an active compliant parallel device;

FIG. 7 illustrates a schematic representation of a

fourth arrangement of an active compliant parallel device;

FIG. 8 illustrates a schematic representation of a

fifth arrangement of an active compliant parallel device;

FIG. 9a illustrates a schematic representation of a

sixth arrangement of an active compliant parallel device;

FIG. 9b illustrates a cut-away view of an active

compliant device, according to the schematic representation

shown in FIG. 9a;

FIGs . lOa-lOe illustrate an active compliant

parallel device during the phases of human gait;

FIG. 11 illustrates a graph showing peak torque

required for the active compliant parallel device during the

phases of human gait;

FIG. 12 illustrates a graph showing torque required

for the active compliant parallel device related to angular

velocity;

FIG. 13 illustrates another embodiment of a lower

limb prosthetic device including a parallel actuator device;

FIG. 14 illustrates a schematic representation of a

parallel actuator device;

FIGs. 15a-15c illustrate a parallel actuator device

during the phases of human gait; and

FIG. 16 illustrates a graph showing the force-

velocity relationship of a parallel actuator device .

Detailed Description of the Drawings

[0011] The present invention is described in one or more

embodiments in the following description with reference to the

figures, in which like numerals represent the same or similar

elements. While the invention is described in terms of the



best mode for achieving the invention's objectives, it will be

appreciated by those skilled in the art that it is intended to

cover alternatives, modifications, and equivalents as may be

included within the spirit and scope of the invention as

defined by the appended claims and their equivalents as

supported by the following disclosure and drawings .

[0012 ] An active prosthetic device is a wearable robotic

device controlled by a computerized control system. The

active prosthetic devices described herein incorporate

parallel mechanisms to improve the performance of the devices .

The parallel mechanisms couple springs and motors in a

parallel kinematically redundant arrangement in order to

provide prosthetic devices which behave more like human

muscles .

[0013] FIGs . 1-3 illustrate active compliant parallel

devices 100, 200, and 300 comprising a movable body 1 , a base

body 2 , linking members 3 , and connection elements 4 . In

parallel arrangement, movable body 1 is coupled to base body 2

by linking members 3. A parallel arrangement is defined as an

arrangement where each linking member 3 is coupled to movable

body 1 and base body 2 , using connection elements 4 . Thus,

movable body 1 does not make a connection with base body 2

except through use of linking members 3 .

[0014] Active compliant parallel devices 100, 200, and 300

move and position one or more elements in space when the

element is both unrestricted and under external load. The

element which active compliant parallel devices 100, 200, and

300 that move and position is movable body 1 or one or more

linking members 3 . Movable body 1 or one or more linking

member 3 is considered an ultimate working member. An

ultimate working member is a component that is the output of

the device. Alternatively, movable body 1 or linking member 3

is coupled to one or more other bodies, which are working



members by connection through one or more linking bodies . In

another embodiment, the element which active compliant

parallel devices 100, 200, and 300 move and position is a

combination of movable body 1 and one or more linking members

3 . Movable body 1 and one or more of linking members 3 are

the ultimate working members . Alternatively, movable body 1

and linking members 3 is connected to one or more other

bodies, which are the working members by connection through

one or more additional linking bodies .

[0015] Linking members 3 shown in FIGs . 1-3 include at

least one actuating linking member 33 and at least one

compliant linking member 3 . Linking members 3 optionally

include any number of passive linking members 35 (not shown)

and any number of damping linking members 36 (not shown) . The

linking members each apply from zero to five constraints on

the degrees of freedom of the motion of movable body 1 with

respect to base body 2 .

[0016] Therefore, movable body 1 is linked to base body 2

by actuating linking members 33, compliant linking members 34,

passive linking members 35, damping linking members 36, or a

combination thereof. Actuating linking members 33, compliant

linking members 34, passive linking members 35, or damping

linking members 36 are arranged in a parallel arrangement or

structure, meaning each member makes a connection, using a

connection element 4 , with base body 2 and also with movable

body 1 . Actuating elements, compliant elements, or damping

elements are applied to any of linking members 3 and can

reside on the same linking member 3.

[0017 ] Each linking member 3 is a kinematic chain made up

of bodies connected by various joint types. The joint types

for linking members 3 include revolute joints, prismatic

joints, screw-type joints, or other joint types. The joint

type may further include one or more higher pair joint types,



which are represented by a combination of revolute joints,

prismatic joints, screw-type joints, or other joint types.

[0018] The kinematic freedom of movable body 1 with respect

to base body 2 before being connected by linking members 3 is

six, i.e., three translational degrees of freedom and three

rotational degrees of freedom. Each linking member 3 is

arranged so that its kinematic constraints of motion between

base body 2 and movable body 1 are such that from zero to five

kinematic freedoms are lost before the application of

actuating, compliant, or damping elements to any of linking

members 3 . Each lost freedom is described instantaneously by

a rotation, a translation, or a linear combination of a

rotation and a translation.

[0019] One or more of the degrees of freedom of linking

member 3 are controlled by actuating linking members 33,

compliant linking members 34, and damping linking members 36.

A controlled freedom is one that is regulated by a controlling

element. The controlling element includes actuating,

compliant, or damping elements, as determined by the type of

linking member 3. A controlled freedom is not considered a

constraint on the motion of movable body 1 with respect to

base body 2 by linking member 3.

[0020] Actuating linking members 33 are configured such

that one or more of the joints or the degrees of freedom of

linking member 3 are controlled by an active component, such

as a motor. Actuating linking members 33 are configured such

that one or more of the joints of linking member 3 are

actuated at the joint, or one or more of the joints of linking

member 3 are replaced by an actuating element, or one or more

of the degrees of freedom of linking member 3 are actuated

across any number of the joints of linking member 3 . An

actuating element of actuating linking member 33 is any type

of controllable position or force type actuator.



[0021] Compliant linking members 34 are configured such

that one or more of the joints or the degrees of freedom of

linking member 3 are controlled by a compliant element, such

as a spring. Compliant linking members are configured such

that one or more of the joints of linking member 3 are

controlled by a compliant element, or one or more of the

joints of linking member 3 are replaced by a compliant

element, or one or more of the degrees of freedom of linking

member 3 are controlled by a compliant element across any

number of the joints of linking member 3 . A compliant element

of a compliant linking member 34 is a fixed rate compliant

element, an adjustable variable rate compliant element, or a

controllable variable rate compliant element .

[0022 ] Passive linking members 35 are configured such that

no joint of linking member 3 is regulated by a controlling

element, no joint of the member is replaced by a controlling

element, and no degree of freedom of linking member 3 is

regulated by a controlling element .

[0023] Damping linking members 36 are configured such that

one or more of the joints or the degrees of freedom of linking

member 3 are controlled by a damping component, such as a

dashpot . Damping linking members 36 are configured such that

one or more of the joints of linking member 3 are controlled

by a damping element, or one or more of the joints of linking

member 3 are replaced by a damping element, or one or more of

the degrees of freedom of linking member 3 are controlled by a

damping element across any number of the joints of linking

member 3 . A damping element of a damping linking member 36 is

a fixed rate damping element, an adjustable variable rate

damping element, or a controllable variable rate damping

element .

[0024] Combination linking members are configured such that

one or more of the joints of linking member 3 are controlled



by an actuating, compliant, or damping element.

Alternatively, one or more of the joints of the member are

replaced by an actuating, compliant, or damping element. One

or more of the degrees of freedom of linking member 3 are

controlled by an actuating, compliant, or damping element

across any number of the joints of linking member 3 .

Additional joints or the same joints of linking member 3 are

controlled by a controlling element of a different type,

replaced by a controlling element of a different type, or

additional or the same degrees of freedom of linking member 3

are controlled by a controlling element of a different type.

[0025] An actuating element of a combination linking member

is any type of controllable position or force type actuator.

A compliant element of a combination linking member is a fixed

rate compliant element, an adjustable variable rate compliant

element, or a controllable variable rate compliant element. A

damping element of a combination linking member is a fixed

rate damping element, an adjustable variable rate damping

element, or a controllable variable rate damping element.

[0026] By providing compliant linking members 34 in

combination with actuating linking members 33 in a parallel

arrangement, the structure allows for a change in geometry

based on load, thereby effecting a change in transmission

ratio of the input to the output of the device .

Configurations with a combination of active and compliant

linking members are especially adapted for applications where

high velocities under low load are needed at times and low

velocities under high load are needed at other times .

[0027 ] Linking members 3 are used to constrain motion of

movable body 1 with respect to base body 2 so that the number

of controlled freedoms, by actuation, compliance, or damping,

of linking members 3 is equal to the number of freedoms

afforded to movable body 1 with respect to base body 2 by



linking members 3 . In another embodiment, linking members 3

are used to constrain the motion of movable body 1 with

respect to base body 2 so that the number of controlled

freedoms, by actuation, compliance, or damping, of linking

members 3 is greater than the number of freedoms afforded to

movable body 1 with respect to base body 2 by linking members

3 . In yet another embodiment, linking members 3 are used to

constrain the motion of movable body 1 with respect to base

body 2 so that the number of controlled freedoms, by

actuation, compliance, or damping, of linking members 3 is

less than the number of freedoms afforded to movable body 1

with respect to base body 2 by linking members 3 . Therefore,

by coupling movable body 1 in parallel with base body 2 with a

combination of actuating, compliant, passive, and damping

members, the geometry of the structure of active compliant

parallel devices 100, 200, and 300 changes according to

applied load. Because the geometry can be changed according

to the applied load, the ratio of the output to the input of

actuating linking members 33 is optimized for the task and

type of actuators .

[0028] To achieve a desired behavior, the following

properties are selected for the device: (1) the number of

different types of linking members, (2) the arrangement and

geometry of the kinematic chains that make up linking members

3 , (3) the geometry of the connections, i.e., the connection

locations on base body 2 and movable body 1 , (4) the spring

rates of compliant linking members 34, and (5) the damping

rates of the damping linking members 36. The number and type

of actuating linking members 33, compliant linking members 34,

passive linking members 35, and damping linking members 36 are

determined by the desired degree of constraint or freedom from

the active compliant parallel devices 100, 200, and 300.

[0029] Active compliant parallel devices 100, 200, and 300



provide for multiple advantages. One advantage, made possible

by compliant linking members 34, is the change in geometry

according to applied load. A change in geometry according to

the applied load allows the position of the structure to

change so that under high force or torque load, lower force or

torque and higher speed is required of actuating linking

members 33. Under low force or torque, higher force or torque

and lower speed is required of actuating linking members 33.

The result is an increased range in force or torque output and

at the same time an increased range in speed. Through the

parallel nature of the structure, a given load is distributed

among linking members 3 resulting in lower loads for

individual components . Because of the changing geometry,

nonlinear spring behavior is more easily achievable. Spatial,

as well as any lesser degree of freedom, compliant and

actuating behavior is realized by choosing the number and

constraints of linking members 3 to yield the desired

properties .

[0030] FIG. 1 shows a perspective view of an active

compliant parallel device 100. The arrangement in FIG. 1 is

considered a general configuration and is not by any means

exhaustive in its representation of the embodiment. The

constraint of the motion of movable body 1 in relation to base

body 2 by linking members 3 , which include actuating linking

members 33 and compliant linking members 34, is such that the

number of actuated freedoms plus the number of compliantly

controlled freedoms is equal to the total freedom of the

motion of movable body 1 in relation to base body 2 .

[0031] Where damping linking members 36 are included in

active compliant parallel device 100, the number of actuated

freedoms plus the number of compliantly controlled freedoms

plus the number of damped freedoms is equal to the total

freedom of the motion of movable body 1 in relation to base



body 2 allowed by linking members 3 . The result is that

movable body 1 is fully controlled by linking members 3 in

relation to base body 2 but not redundantly so. FIG. 4 shows

an example of the arrangement in FIG. 1 , as further described

below .

[0032 ] FIG. 2 shows a perspective view of an active

compliant parallel device 200. The arrangement of active

compliant parallel device 200 in FIG. 2 is considered a

general configuration and is not by any means exhaustive in

its representation of the embodiment. The constraint of the

motion of movable body 1 in relation to base body 2 by linking

members 3 , which include actuating linking members 33 and

compliant linking members 34, is such that the number of

actuated freedoms plus the number of compliantly controlled

freedoms is greater than the total freedom of the motion of

movable body 1 in relation to base body 2 .

[0033] Where damping members are included in device 200,

constraint of the motion of movable body 1 in relation to base

body 2 by linking members 3 is such that the number of

actuated freedoms plus the number of compliantly controlled

freedoms plus the number of damped freedoms is greater than

the total freedom of the motion of movable body 1 in relation

to base body 2 allowed by linking members 3 . The result is

that movable body 1 is fully controlled by linking members 3

in relation to base body 2 with a redundant amount of

constraints . The redundant constraints are applied by

actuating linking members 33, compliant linking members 34,

passive linking members 35, damping linking members 36, or any

combination of the same. An example of a qualifying

arrangement is shown in FIG. 5 , as further described below.

[0034] FIG. 3 shows a perspective view of an active

compliant parallel device 300. The arrangement in FIG. 3 is

considered a general configuration and is not by any means



exhaustive in its representation of the embodiment. The

constraint of the motion of movable body 1 in relation to base

body 2 by linking members 3 , which include actuating linking

members 33 and compliant linking members 34, is such that the

number of actuated freedoms plus the number of compliantly

controlled freedoms is less than the total freedom of the

motion of movable body 1 in relation to base body 2 .

[0035] Where damping members are included in device 300,

constraint of the motion of movable body 1 in relation to base

body 2 by linking members 3 is such that the number of

actuated freedoms plus the number of compliantly controlled

freedoms plus the number of damped freedoms is less than the

total freedom of the motion of movable body 1 in relation to

base body 2 allowed by linking members 3 . The result is that

movable body 1 is not fully constrained with relation to base

body 2 . Thus, there exist degrees of freedom of movable body

1 in relation to base body 2 that are not constrained by any

of actuating linking members 33, compliant linking members 34,

or damping linking members 36. An example of a qualifying

arrangement is shown in FIG. 6 , as further described below.

[0036] FIG. 4 shows a schematic view of an arrangement of

an active compliant parallel device 400. In the arrangement

in FIG. 4 , a movable body 5 is linked to base body 6 by a

passive linking member 9 , a compliant linking member 11, and

actuating linking member 12 . The linking members link movable

body 5 to base body 6 by means of revolute joints 10, which

have an axis that is normal to the plane of FIG. 4 . FIG. 4

represents a schematic view of active compliant parallel

device 100 from FIG. 1 .

[0037 ] In FIG. 4 , the actuating, compliant, or damping

element of an actuating linking member 12, compliant linking

member 11, or damping linking member is used to replace one or

more of the joints of the linking member. The compliant



linking member 11 has a compliant element 8 to control one of

its degrees of freedom. Compliant element 8 acts as a

prismatic joint. In an alternative embodiment, compliant

element 8 is replaced with an actuating or damping element or

the controlling element is replaced by a revolute, prismatic,

screw-type joint or any higher pair joint that is a

combination of a revolute, prismatic, screw-type joint. In

addition, actuating linking member 12 is provided with an

actuating element 7 .

[0038] FIG. 5 shows a schematic view of active compliant

parallel device 500 where movable body 5 is linked to base

body 6 by compliant linking member 11, actuating linking

member 12, and second compliant linking member 13. Compliant

linking members 11, actuating linking member 12, and second

compliant linking member 13 link movable body 5 to base body 6

by means of revolute joints 10, which have an axis that is

normal to the plane of FIG. 5 . Compliant linking member 11

includes a compliant element 8 , while second compliant linking

member 13 includes a second compliant element 14. In

addition, actuating linking member 12 includes an actuating

element 7 . In another embodiment, compliant linking member 11

includes an actuating element in addition to a compliant

element. In yet another embodiment, compliant linking member

11 is replaced with an actuating linking member, which

includes an actuating element, such as a motor, instead of

compliant element .

[0039] FIG. 6 shows a schematic view of active compliant

parallel device 600 where movable body 5 is linked to base

body 6 by actuating linking member 12, passive linking member

16, and compliant linking member 17. Actuating linking member

12, passive linking member 16, and compliant linking member 17

link movable body 5 to base body 6 by means of revolute joints

10 and spherical joints 15, where each has three rotational



degrees of freedom. Spherical joints 15 are kinematically

equivalent to three revolute joints, positioned so that their

axes are normal to one another, and two prismatic joints,

which are replaced by an actuating element and a compliant

element. Before the actuating and compliant elements are

applied, movable body 5 is constrained to have three kinematic

freedoms with respect to base body 6 by the linking members .

The sum of freedoms controlled by actuating, compliant, and

damping elements is two, which is less than the three

kinematic freedoms of movable body 5 with respect to base body

6.

[0040] FIG. 7 shows a schematic view of active compliant

parallel device 700 where movable body 5 is linked to base

body 6 by means of passive linking member 9 , actuating linking

member 12, and compliant linking member 19. Passive linking

member 9 , actuating linking member 12, and compliant linking

member 19 link movable body 5 to base body 6 by means of

revolute joints 10, where each revolute joint 10 has an axis

which is normal to the plane of FIG. 7 . The compliant linking

member 19 includes a compliant element 20, which is applied

across a plurality of revolute joints 10 to provide connection

points with movable body 5. In addition, the actuating

linking member 12 includes an actuating element 7 .

[0041] FIG. 8 shows a schematic view of active compliant

parallel device 800 where movable body 5 is linked to base

body 6 by passive linking member 9 , compliant linking member

21, and actuating linking member 23. Passive linking member

9 , compliant linking member 21, and actuating linking member

23 link movable body 5 to base body 6 by means of revolute

joints 10, each having an axis which is normal to the plane of

FIG. 8 . The compliant linking member 21 includes a compliant

element 22, which crosses over to the actuating linking member

23 though use of multiple revolute joints 10. In addition,



actuating linking member 23 includes an actuating element 7 .

[0042 ] FIG. 9a shows a schematic view of an active

compliant parallel mechanism or device 900, having an

arrangement similar to active compliant parallel device 400 as

shown in FIG. 4 . Movable body 25 is linked to base body 26 by

passive linking member 29, compliant linking member 31, and

actuating linking member 32 . Compliant linking member 31 and

actuating linking member 32 are disposed in parallel between

movable body 25 and base body 26. Therefore, compliant

linking member 31 and actuating linking member 32 constitute

the parallel mechanism of active compliant parallel device

900. Actuating linking member 32 includes actuating element

27, which is an electric motor and lead screw or ball,

hydraulic, pneumatic, direct-drive, series-elastic,

electroactive polymer-based, chemical-based, or other

actuation scheme. Compliant linking member 31 includes

compliant element 28, which can be a helical or coil spring.

[0043] Base body 26 represents the fixed portions within

active compliant parallel device 900 to which the movable

members are attached. Base body 26 is fixed with respect to

the user, while the device as a whole is wearable and

portable. Passive linking member 29, compliant linking member

31, and actuating linking member 32 link movable body 25 to

base body 26 by means of revolute joints 30a-30f, which each

have an axis that is normal to the plane of the figure.

Revolute joints 30a-30f provide for rotational coupling. For

example, movable body 25 is rotationally coupled to passive

linking member 29, compliant linking member 31, and actuating

linking member 32. Passive linking member 29, compliant

linking member 31, and actuating linking member 32 are

rotationally coupled to base body 26.

[0044] Actuating element 27 of actuating linking member 32

is coupled to base body 26 at revolute joint 30a and is



coupled to movable body 25 at revolute joint 30b. Actuating

linking member 32 couples base body 26 to movable body 25 at

revolute joints 30a and 30b. Revolute joint 30a is disposed

in a fixed position on base body 26. Compliant element 28 of

compliant linking member 31 is coupled to base body 26 at

revolute joint 30c and is coupled to movable body 25 at

revolute joint 30d. Thus, compliant linking member 31 couples

base body 26 to movable body 25 at revolute joints 30c and

30d. Revolute joint 30c is disposed in a fixed position on

base body 26. Movable body 25 is also coupled to base body 26

by passive linking member 29. Passive linking member 29 is

coupled to movable body 25 at revolute joint 30e and is

coupled to base body 26 at revolute joint 30f. Revolute joint

30f is disposed in a fixed position on base body 26.

[0045] Therefore, compliant element 28 and actuating

element 27 are disposed in parallel between movable body 25

and base body 26 to form active compliant parallel device 900.

As compliant element 28 compresses or extends, compliant

linking member 31 changes in length. The change in length of

compliant linking member 31 produces a force which pushes or

pulls on movable body 25 at revolute joint 30d, causing

movable body 25 to move with respect to base body 26.

Similarly, actuating element 27 pushes or pulls on movable

body 25 at revolute joint 30b by lengthening or shortening

actuating linking member 32, causing movable body 25 to move

with respect to base body 26. Passive linking member 29 is

coupled to movable body 25 such that as movable body 25 moves,

passive linking member 29 also moves. Passive linking member

29 rotates about revolute joint 30f as actuating element 27

and compliant element 28 act on movable body 25. The rotation

or motion of passive linking member 29 is thereby controlled

through movable body 25 by compliant element 28 and actuating

element 27 .



[0046] FIG. 9b shows a cutaway view of active compliant

parallel device 900, which is depicted schematically in FIG.

9a. In FIG. 9b, active compliant parallel device 900 is

implemented into an ankle joint of a below the knee

prosthesis, which is also commonly known as a foot-ankle

prosthesis. Active compliant parallel device 900 constitutes

a robotic joint or a prosthetic joint, such as an ankle joint,

knee joint, or other joint. Active compliant parallel device

900 includes compliant element 28 and actuating element 27

disposed in parallel to control the movement of movable body

25 and passive linking member 29. Passive linking member 29

is the end effector, or working element, of active compliant

parallel device 900. Passive linking member 29 represents the

foot in the foot-ankle prosthesis shown in FIG. 9b.

[0047 ] Compliant element 28 may be a tuned helical or coil

spring with a stiffness which is optimized for efficient

storage and release of energy during gait. Actuating element

27 may be a direct current (DC) motor with a gear ratio

optimized for efficient use of power during actuation.

Actuating element 27 and compliant element 28 work in parallel

to mimic the action of the muscles, tendons, ligaments, and

joints at work in a human ankle. Actuating element 27 and

compliant element 28 are contained in a housing 40 of the

foot-ankle prosthesis. Shank 42 or housing 40 of the foot-

ankle prosthesis includes or couples to a socket, which fits

onto a residual limb of the user. The user inputs forces

through shank 42 acting on active compliant parallel device

900. Housing 40 and shank 42 are fixed with respect to base

body 26 and comprise part of base body 126. Base body 26

encompasses the portions of active compliant parallel device

900 which are fixed together within the device.

[0048] FIGs . lOa-lOe show an active compliant parallel

mechanism incorporated into a lower leg, or foot-ankle,



prosthesis during the different phases of human gait. Gait is

a cyclical pattern of leg and foot movement that creates

locomotion. A gait cycle is defined for a single leg and

begins with the initial contact of the foot with the ground or

heel strike. The conclusion of a gait cycle occurs when the

same foot makes a second heel strike. The gait cycle can be

divided into two phases, stance phase and swing phase. Stance

phase begins with heel strike and ends when the toe of the

same foot leaves the ground. Swing phase begins when the foot

leaves contact with the ground and ends with heel strike of

the same foot .

[0049] During a typical walking gait cycle, the moment

required from a human reaches a maximum value of approximately

1.25 newton meters per kilogram (N-m/kg) of body weight, while

the typical velocity reaches a maximum of approximately 450

degrees per second, and the maximum power reaches

approximately 6.5 watts per kilogram (W/kg) of body weight.

Thus, the output moment, for example, ranges from about 1-1.5

N-m/kg of body weight . The output velocity ranges from about

400-450 degrees per second. The output power ranges from

about 6-7 W/kg of body weight. Through the use of active

compliant parallel device 900, approximately the same output

moment, velocity, and power required during gait is supplied

from an actuator which provides 2.3 W/kg of body mass.

[0050] FIG. 10a shows active compliant parallel device 900

incorporated into a foot-ankle prosthetic device shown during

the heel strike phase of a human gait step. During heel

strike, passive linking member 29 makes contact with ground

50. A portion of passive linking member 29 representing the

heel of the foot contacts ground 50 and passive linking member

29 begins to rotate downward, or in the direction of plantar

flexion, toward ground 50. Compliant element 28 begins to

extend as passive linking member 29 rotates toward ground 50.



As compliant element 28 extends and passive linking member 29

rotates, the position of movable body 25 changes. The

relative positions of movable body 25, passive linking member

29, compliant linking member 31, and actuating linking member

32 change throughout the gait cycle. The change in geometry

within active compliant parallel device 900 changes the torque

required from actuating element 27. In one embodiment,

actuating element 27 is inactive during the heel strike phase

of the gait cycle. Alternatively, actuating element 27

engages during heel strike to add control or to help position

active compliant parallel device 900.

[0051] Compliant linking member 31 and actuating linking

member 32 each comprise a prismatic joint. The length of

compliant linking member 31 is the distance between revolute

oint 30c and revolute joint 30d. The length of compliant

linking member 31 is determined by compression or extension of

compliant element 28 and is related to the force applied to

compliant element 28. The length of actuating linking member

32 is the distance between revolute joint 30a and revolute

joint 30b. The length of actuating linking member 32 is

controlled by actuating element 27. The length of compliant

linking member 31 and actuating linking member 32 comprise the

input positions for active compliant parallel device 900.

Active compliant parallel device 900 is a kinematically

redundant system, which includes a greater number of input

position variables than output position variables . The output

force of active compliant parallel device 900 is a function of

the input force and the input position of each linking member.

[0052 ] The input and output positions of active compliant

parallel device 900 are determined by measuring the length of

compliant linking member 31 and actuating linking member 32

either directly or indirectly. In one embodiment, actuating

element 27 is a screw-type motor and is encoded to count the



number of rotations of the motor to calculate the length of

actuating linking member 32 . The length of compliant linking

member 31 is determined indirectly by measuring the rotation

at revolute joint 30f and by calculating the length of

compliant linking member 31 using the length of actuating

linking member 32 and the rotation at revolute joint 30f.

Alternatively, sensors are disposed on one or more joints or

linking members of active compliant parallel device 900 to

measure the input positions of compliant linking member 31 and

actuating linking member 32 . In an implementation of active

compliant parallel device 900 for an orthotic device, sensors

may be disposed on a limb of the user and on the device. The

input positions of active compliant parallel device 900 are

denoted by variables (1) .

T
x — [x x 2 ]

(1)

where: x i is the length of actuating linking member 32

X 2 is the length of compliant linking member 31

[0053] Alternatively, active compliant parallel device 900

includes one or more additional compliant members, linking

members, damping members, or passive members coupled to base

body 26 and movable body 25. The input positions of an

alternative active compliant parallel mechanism including

additional linking members are denoted by variables (2) .

T
X = [X , X r ]

(2)

[0054] The output position of active compliant parallel

device 900 is measured using a sensor disposed on revolute

joint 30f to measure the rotation or angle of passive linking

member 29. Alternatively, the output position may be measured



directly or indirectly by sensors disposed on one or more

joints or linking members of active compliant parallel device

900. The output position of passive linking member 29 in

active compliant parallel device 900 is denoted as y .

[0055] Alternatively, active compliant parallel device 900

includes one or more additional linking members as outputs .

The output positions of an alternative active compliant

parallel mechanism including additional outputs are denoted by

variables (3).

T
y = [y » y 2 ' 3 ]

(3)

[0056] The output position, y , of active compliant

parallel device 900 is a function of the input positions,

and 2 Alternatively, active compliant parallel device 900

includes one or more additional inputs or outputs . For an

alternative active compliant parallel mechanism including

additional inputs and outputs, the output position is written

as a function of the input positions in equation (4) .

T
y = [y

(4)

[0057 ] The velocity at the output is written as a function

of the velocity of the inputs by taking the time derivative of

the input and output positions, resulting in a matrix known as

the Jacobian denoted by J in equation (5) and equation (6) .

y = J x

(5)



dx dx dx
2 n

dy

J , n > m
dx

dy dy
m m

dx dx

(6)

[ 0 058 ] For a kinematically redundant system such as active

compliant parallel device 900, the number of inputs,

represented by n , is greater than the number of outputs,

represented by m . In one embodiment, active compliant

parallel device 900 has one extra degree of freedom at the

input . The extra degree of freedom allows the internal

geometry of active compliant parallel device 900 to be

controlled and the transmission ratio of actuating element 27

to be adjusted. In another embodiment, active compliant

parallel device 900 has additional degrees of freedom to make

a biarticular device. For example, active compliant parallel

device 900 moves in the sagittal plane and in the coronal

plane such that the device includes two directions of motion,

or two degrees of freedom.

[ 0 059 ] The power input into active compliant parallel

device 900 equals the power output and is shown generally by

equation (7).

Power i n
~ x F x

(7)

where: Fx is the input force or moment measured at



the inputs

Fy is the output force or moment of the end

effector

T
is the input velocity

.T
y is the output velocity

[0060] Applying equation (7) specifically with respect to

active compliant parallel device 900, the input force, Fx,

represents the force along actuating linking member 32 at

length or position i and the force along compliant linking

member 31 at length or position X2. The output force, F ,

represents the moment around revolute joint 30f, which is the

oint about which passive linking member 29 rotates. The

power output of active compliant parallel device 900 is equal

to the sum of the power input from compliant element 28 and

actuating element 27 . The relationship between the input

force of active compliant parallel device 900 and the output

force is defined by equation (8) . Equation (8) is obtained by

substituting equation (5) into equation (7) .

T
F x - J F y

(8)

[0061] The input positions of compliant linking member 31,

actuating linking member 32, and passive linking member 29

vary with the amount of force put into the device by the user.

As the user applies force to active compliant parallel device

900 during gait, compliant element 28 changes in length, which

changes the ratio of input force to output force. Equation

(5), the Jacobian, is highly dependent on the length of

compliant linking member 31, i.e., the length of the spring,

and is less dependent on the output angle of passive linking

member 29. The geometry within active compliant parallel



device 900, such as the position of each of revolute joints

30a-30f with respect to the linking members and base body 26,

is selected to optimize the transmission ratio of the device.

The stiffness of active compliant parallel device 900 is

thereby is tuned by selecting the internal geometry of active

compliant parallel device 900 according to the user's needs

and desired stiffness of the device.

[0062 ] Active compliant parallel device 900 better mimics a

human ankle over a range of activities . The anatomy and

mechanical properties of the human ankle are such that the

elasticity and the load displacement response of the ankle

behave like a non-linear spring. Active compliant parallel

device 900 has an adjustable or tunable stiffness to allow for

high performance over a range of speeds. For example, as more

force is applied to compliant element 28 and actuating element

27, the geometry of active compliant parallel device 900

changes so that less torque and more velocity is required from

actuating element 27 . When output force is high, active

compliant parallel device 900 requires less torque and more

velocity. When output torque is low, active compliant

parallel device 900 requires more torque and less velocity.

[0063] FIG. 10b shows active compliant parallel device 900

during the phase of a step where the foot is planted flat on

the ground. In a human ankle, the foot rotates until planted

flat on the ground. Within active compliant parallel device

900, passive linking member 29 behaves similarly to the human

foot during plantar flexion. Passive linking member 29

rotates in the direction of plantar flexion with respect to

active compliant parallel device 900 until passive linking

member 29 is planted flat on ground 50. As passive linking

member 29 rotates toward ground 50, compliant element 28

extends and compliant linking member 31 lengthens. Compliant

element 28 acts to support the weight of the user and soften



the impact on the user as passive linking member 29 contacts

ground 50. Approximately zero or negligible power is required

from actuating element 27 during the phase of gait where the

foot, passive linking member 29, is initially planted on

ground 50 .

[0064] Between the heel strike and foot planted phase of

gait, passive linking member 29 rotates with respect to base

body 26 at joint 30f, which is hidden from view in FIGs. 10a-

lOe, but is shown schematically in FIG. 9a. Passive linking

member 29 also rotates the direction of plantar flexion with

respect to movable body 25 at joint 30e. The user provides

energy inputted at shank 42 to rotate passive linking member

29 toward ground 50. The torque required from actuating

element 27 is negligible as passive linking member 29 rotates

toward ground 50.

[0065] FIG. 10c shows active compliant parallel device 900

during the phase of a step where the shank moves over the

foot, while the foot is planted flat on the ground. In a

human ankle, the tibia moves over the ankle while the foot is

planted on the ground. Within active compliant parallel

device 900, shank 42 is controlled by the user to move shank

42, base body 26, and movable body 25 relative to passive

linking member 29. The user inputs force on base body 26 at

shank 42. Passive linking member 29 remains planted flat on

ground 50 as the user forces base body 26 to move forward over

passive linking member 29. Revolute joints 30a and 30c are

fixed in position on base body 26. Base body 26 moves forward

causing movable body 25 to change position with respect to

passive linking member 29. As base body 26 moves forward over

passive linking member 29, compliant element 28 within active

compliant parallel device 900 changes from the slightly

extended position from FIG. 10b to a compressed position in

FIG. 10c. As a result of the compression of compliant element



28, the length of compliant linking member 31 shortens.

[0066] Compliant element 28 includes a spring, which is

able to store and release energy. Compliant element 28 is

compressed by the forward motion of base body 26 and stores

potential energy during compression. The stiffness of

compliant element 28 is selected to provide the optimal

resistance to the user without causing too much resistance so

as to cause the user to expend extra metabolic energy during

gait. Actuating element 27 engages to compress compliant

element 28. In one embodiment, actuating element 27 pulls on

movable body 25 at revolute joint 30b to compress compliant

element 28. The input position, velocity, or force of

actuating element 27 is measured using a sensor. Based on the

input measurement, actuating element 27 engages to change the

length of actuating linking member 32, which causes a change

to the internal geometry of active compliant parallel device

900. The change in geometry also causes a change in the

length of compliant element 28 and compliant linking member

31. By changing the length of compliant element 28 by further

compressing the spring, the additional energy is added by

actuating element 27 and stored in compliant element 28.

[0067 ] Actuating element 27 engages as compliant element 28

is compressed to further compress compliant element 28.

Actuating element 27 engages to either shorten or lengthen

actuating linking member 32, as needed to compress compliant

element 28. The force on movable body 25 by actuating element

27 causes additional compression in compliant element 28.

Compliant element 28 is compressed by the motion of base body

26 caused by the movement of shank 42 over passive linking

member 29, and compliant element 28 is further compressed by

the added power from actuating element 27 . Actuating element

27, therefore, increases the amount of potential energy stored

by compliant element 28. The potential energy stored in



compliant element 28 is later used during the push-off phase

of the gait cycle .

[0068] A traditional passive device using only a spring is

able to store the amount of energy inputted by the user. The

energy returned to the user in a traditional passive device is

equal to the energy put into the spring compression by the

user. Active compliant parallel device 900 allows the spring,

compliant element 28, to store additional energy by increasing

the spring compression using a motor, actuating element 27.

The energy returned to the user by active compliant parallel

device 900 is greater than the energy put in by the user.

[0069] FIG. lOd shows active compliant parallel device 900

during the push off phase of a gait step. During push off,

the human ankle behaves approximately like a linear spring as

the foot plantar flexes and pushes into the ground and the

heel is raised. Compliant element 28 and actuating element 27

of active compliant parallel device 900 provide a combined

power output to mimic the push off phase of the gait cycle.

[0070] The potential energy stored in compliant element 28

during the phase of gait shown in FIG. 10c is released as

kinetic energy during the push-off phase shown in FIG. lOd.

Compliant element 28 extends from the compressed position to

force movable body 25 at revolute joint 30d downward with

respect to base body 26. Actuating element 27 pulls on

movable body 25 at revolute joint 30b to shorten actuating

linking member 32 and to change the position of movable body

25. Therefore, the output of both compliant element 28 and

actuating element 27 causes the movement of movable body 25

and passive linking member 29. Passive linking member 29,

which is coupled to movable body 25 at revolute joint 30e,

rotates in a plantar flexion direction with respect to base

body 26. The movement of passive linking member 29 mimics the

plantar flexion motion of a foot during push off. The



rotation of passive linking member 29 causes the lower leg

prosthetic device with active compliant parallel device 900 to

move into the push off phase of gait.

[0071] The push off phase of gait requires the maximum

amount of power compared to the other phases of gait. For

example, an 80 kg human may require up to 350 W of peak power

in the ankle during push off. The amount of energy output

provided by active compliant parallel device 900 during push

off is equal to the sum of the power provided by actuating

element 27 and compliant element 28. Compliant element 28

provides power as the spring unloads from the compressed

position. The amount of power provided by compliant element

28 is directly related to the amount of compression in the

spring. Actuating element 27 provides power by pulling on

movable body 25 at revolute joint 30b during push off.

Actuating element 27 requires peak power during the push off

phase. The combined power of compliant element 28 and

actuating element 27 results in the output power for active

compliant parallel device 900.

[0072 ] The peak power output required from actuating

element 27 is reduced in active compliant parallel device 900

compared to other power prosthesis designs . The parallel

design of active compliant parallel device 900 allows

actuating element 27 to supply power to the device over a

longer time interval. Actuating element 27 begins supplying

power to compress compliant element 28 during the previous

phase of gait shown in FIG. 10c. The additional energy added

to compliant element 28 is stored by compliant element 28

until the push off phase of gait. When compliant element 28

extends or unloads at push off, the power output of compliant

element 28 contributes to push off and less power is required

from actuating element 27 during push off. Instead of

supplying all of the power needed for push off at the time of



push off, some power is supplied earlier by actuating element

27 and is stored in compliant element 28. Actuating element

27 supplies some power to compress compliant element 28 prior

to push off, and compliant element 28 stores the energy from

actuating element 27 until push off. The energy stored in

compliant element 28 is released during push off as the spring

extends thereby contributing power to push off. Actuating

element 27 continues to supply power during push off.

Therefore, actuating element 27 engages over a time interval

that is longer than the push off phase of gait and results in

a lower peak power requirement during push off. The energy

contributed by compliant element 28 at push off results in

less peak power required from actuating element 27, while the

overall power output of active compliant parallel device 900

remains high.

[0073] The peak power output required from actuating

element 27 determines the size of the motor required for

actuating element 27 to perform push off. A greater peak

power requirement means a larger motor is needed to supply

that peak power. Active compliant parallel device 900 reduces

the peak power output required from actuating element 27

during push off. Therefore, the size of the motor used for

actuating element 27 is smaller. In one embodiment, actuating

element 27 is a 150 W DC motor with a 28 volt battery. A

smaller motor allows for a more compact and lighter weight

prosthetic device, which is more comfortable for the user to

wear .

[0074] The peak power output of active compliant parallel

device 900 is also greater than the peak power output of a

simple lever motor or passive spring. Actuating element 27

supplies more power during a gait cycle than is needed at the

output (during push off) , by storing energy in the spring over

a relatively long time period (prior to push off) and



subsequently releasing that energy over a relatively short

time period (during push off) . The increase in energy return

by active compliant parallel device 900 results in improved

device performance over other active or passive prostheses.

Active compliant parallel device 900 returns a greater amount

of energy during push off than the amount of energy put in by

the user. The improved power output of the device results in

less metabolic energy being required by the user to maintain a

normal gait .

[0075] FIG. lOe shows active compliant parallel device 900

during the swing through phase of a gait step. The human

ankle returns to a neutral position during swing phase, when

the foot is off the ground. Similarly, the prosthetic device

incorporating active compliant parallel device 900 returns to

a neutral position during swing phase. Passive linking member

29 moves in the direction of dorsiflexion as the device

returns to a neutral position. Actuating element 27 requires

negligible or low power as actuating element 27 returns to a

position ready for the next gait cycle. Compliant element 28

returns to a neutral, uncompressed and non-extended position.

[0076] FIG. 11 compares the torque required from active

compliant parallel device 900 to the torque required from a

lever motor used in a non-parallel, powered prosthetic device

during a single gait cycle. Active compliant parallel device

900 combines compliant element 28, a spring, with actuating

element 27, a motor, to store and release energy during gait.

The torque required by actuating element 27 of active

compliant parallel device 900 during a gait cycle is shown as

line 60. The torque required by a powered lever motor within

an ankle prosthesis during a gait cycle is shown as line 62 .

The peak torque required from a motor during a gait cycle

occurs at the push off phase, which is shown at approximately

45-50% of the gait progression along the x-axis of FIG. 11.



Active compliant parallel device 900, shown at line 60,

requires approximately 0.195 N-m of torque at push off. A

lever motor, shown at line 62, requires over 0.250 N-m of

torque at push off. Therefore, the lever motor without a

parallel mechanism requires more torque during push off than

active compliant parallel device 900. Active compliant

parallel device 900 reduces the torque required by the motor

by 26% during a normal walking gait.

[0077 ] The efficiency of a DC motor is highly dependent on

the motor torque. A lower peak torque requirement results in

a lower peak power use by actuating element 27 . A smaller

motor is used for actuating element 27, because active

compliant parallel device 900 has a lower peak power

requirement. The more efficient energy usage also allows

actuating element 27, i.e. the motor, to run cooler and allow

for longer operation. Overall, the lower peak torque in

active compliant parallel device 900 results in a higher

performance prosthesis .

[0078] FIG. 12 compares the torque required from the active

compliant parallel device 900 to the torque required from an

active compliant series mechanism used in a prosthetic device

during a single gait cycle. The angular velocity and torque

at the motor for each device is shown. The comparison in FIG.

12 assumes a motor, or actuating element 27, having a 1

millimeter (mm) pitch screw as a rotary to linear transmission

and an 80 kg subject walking with a step frequency of 1.25

seconds per step.

[0079] Active compliant parallel device 900 includes

actuating element 27 and compliant element 28 disposed in

parallel. The torque required from actuating element 27 of

active compliant parallel device 900 is shown as line 70.

Active compliant parallel device 900, shown at line 70

requires approximately 0.195 N-m of torque at push off.



[0080] An active compliant series mechanism differs from

active compliant parallel device 900 in that the spring and

motor are disposed in series between a base body and a movable

body. The torque required by the motor in a series mechanism

is shown at line 72 . An active compliant series mechanism,

shown as line 72, requires approximately 0.266 N-m of torque

at push off. The peak torque of active compliant parallel

device 900, at line 70, is lower than the peak torque of the

series mechanism, at line 72 . A similar angular velocity is

achieved by active compliant parallel device 900 as is

achieved by the series mechanism. Therefore, active compliant

parallel device 900 achieves a similar velocity as the series

mechanism, but requires less peak torque to reach that similar

velocity. A smaller motor is used for active compliant

parallel device 900 than is used for the series mechanism to

achieve a similar gait speed. Active compliant parallel

device 900 is lighter in weight than current devices and

provides greater power and improved gait performance.

[0081] Efficiency of a DC motor is less dependent on the

angular velocity of the motor, and is much more dependent on

motor torque. Further, a DC motor operates at peak efficiency

over a relatively narrow window of torque. The lower peak

torque requirement from actuating element 27 of active

compliant parallel device 900 results in more efficient

operation of actuating element 27 and results in a higher

performance prosthesis. Actuating element 27 operates within

more favorable torque and velocity zones compared to a direct

drive system. Therefore, the DC motor operates closer to peak

efficiency. An average efficiency of actuating element 27 is

approximately 80% within active compliant parallel device 900,

because actuating element 27 operates closer to the optimal

operating velocity and torque . Active compliant parallel

device 900 also provides greater impulse tolerance and



increased force fidelity over direct drive systems .

Increasing the efficiency of actuating element 27 also

improves the overall efficiency of active compliant parallel

device 900 .

[0082 ] Active compliant parallel device 900 is employed in

a variety of applications . Some application examples include

fields that require actuation of joints for locomotion,

necessitate high force and speed from lightweight devices,

require actuation of arms, hands, legs, or feet, and fields

using devices that have robotic end effectors which interact

with unstructured or unpredictable environments . In addition,

the devices may be utilized in any field where the storing and

releasing of potential energy in a compliant component, such

as a spring, is necessary.

[0083] FIG. 13 shows another embodiment of a lower limb

prosthetic device including a parallel actuator device. The

parallel actuator device 120 is a parallel mechanism including

two actuating elements in parallel to actuate a movable

portion. In one embodiment, parallel actuator device 120 is

implemented into a prosthetic hip or prosthetic knee device.

Parallel actuator device 120 constitutes a robotic joint or a

prosthetic joint, such as a knee joint, hip joint, or other

joint. Parallel actuator device 120 includes actuating

element 127 and actuating element 128 disposed in parallel to

control the movement of movable body 125 and passive linking

member 129. Passive linking member 129 is the end effector,

or working element, of parallel actuator device 120. Passive

linking member 129 represents a lower leg in a knee prosthesis

or an upper leg in a hip prosthesis. A prosthetic hip or

prosthetic knee device also includes an artificial limb

extending from passive linking member 129 down to ground. For

example, active compliant parallel device 900 is coupled to

the distal end of parallel actuator device 120 to provide a



complete knee-ankle-foot prosthesis. Alternatively, a passive

device or additional passive linking members are coupled to a

distal end of parallel actuator device 120. A plurality of

parallel actuator devices 120 or active compliant parallel

devices 900 can be coupled together to form a multi- oint

prosthesis .

[0084] Movable body 125 is linked to base body 126 by

passive linking member 129, actuating linking member 131, and

actuating linking member 132 . Actuating linking members 131

and 132 are disposed in parallel between movable body 125 and

base body 126. Actuating linking members 131 and 132, movable

body 125, base body 126, and passive linking member 129

constitute the parallel mechanism of parallel actuator device

120. Actuating linking member 132 includes actuating element

127, which can be a controllable position actuator or a force

type actuator, such as an electric motor and lead screw or

ball screw, hydraulic, pneumatic, direct-drive, series-

elastic, electroactive polymer-based, chemical-based, or other

actuation scheme. Actuating linking member 131 includes

actuating element 128, which can also be a controllable

position actuator or a force type actuator, such as an

electric motor and lead screw or ball screw, hydraulic,

pneumatic, direct-drive, series-elastic, electroactive

polymer-based, chemical-based, or other actuation scheme.

[0085] Base body 126 is the fixed portion of parallel

actuator device 120 to which the movable members are attached.

Base body 126 is fixed with respect to the user, while the

device as a whole is wearable and portable. Passive linking

member 12 9 and actuating linking members 131 and 132 link

movable body 125 to base body 126 by means of joints or

revolute joints 130a-130f, which each have an axis that is

normal to the plane of the figure. Revolute joints 130a-130f

provide for rotational coupling. For example, movable body is



rotationally coupled to passive linking member 129 and to

actuating linking members 131 and 132 . Passive linking member

129 and actuating linking members 131 and 132 are rotationally

coupled to base body 126. Alternatively, joints 130a-130f are

prismatic joints, screw-type joints, or another joint type.

[0086] Actuating element 127 of actuating linking member

132 is coupled to base body 126 at revolute joint 130a and is

coupled to movable body 125 at revolute joint 130b. Actuating

linking member 132 couples base body 126 to movable body 125

at revolute joints 130a and 130b. Revolute joint 130a is

disposed in a fixed position on base body 126. Actuating

element 128 of actuating linking member 131 is coupled to base

body 126 at revolute joint 130c and is coupled to movable body

125 at revolute joint 130d. Thus, actuating linking member

131 couples base body 126 to movable body 125 at revolute

joints 130c and 130d. Revolute joint 130c is disposed in a

fixed position on base body 126. Movable body 125 is also

coupled to base body 126 by passive linking member 129.

Passive linking member 129 is coupled to movable body 125 at

revolute joint 130e and is coupled to base body 126 at

revolute joint 130f. Revolute joint 130f is disposed in a

fixed position on base body 126.

[0087 ] Actuating elements 127 and 128 are DC motors with a

gear ratio optimized for efficient use of power during

actuation. Actuating elements 127 and 128 work in parallel to

mimic the action of the muscles, tendons, and ligaments at

work in a human hip or knee joint. Actuating elements 127 and

128 are contained in a housing 140 of the prosthetic device.

Housing 140 of the knee or hip prosthesis includes a socket or

couples to a socket, which fits onto a residual limb of the

user. The user inputs forces through housing 140 acting on

parallel actuator device 120. Housing 140 is fixed with

respect to base body 126 and comprises part of base body 126.



Base body 126 encompasses the portions of parallel actuator

device 12 0 which are fixed together within the device.

[0088] FIG. 14 shows a schematic representation of the

parallel actuator device 120 from FIG. 13. Actuating elements

127 and 128 are disposed in parallel between movable body 125

and base body 126 to form parallel actuator device 120. As

actuating elements 127 and 128 engage, actuating linking

members 131 and 132 change in length. Actuating element 128

produces a force which pushes or pulls on movable body 125 at

revolute joint 130d, causing movable body 125 to move with

respect to base body 126. Similarly, actuating element 127

pushes or pulls on movable body 125 at revolute joint 130b by

lengthening or shortening actuating linking member 132,

causing movable body 125 to move with respect to base body

126. Passive linking member 129 is coupled to movable body

125 such that as movable body 125 moves, passive linking

member 129 also moves. Passive linking member 129 rotates

about revolute joint 130f as actuating elements 127 and 128

act on movable body 125. The rotation or motion of passive

linking member 12 9 is thereby controlled through movable body

125 by actuating elements 127 and 128. Passive linking member

129, representing the leg, is the end effector or working

element of parallel actuator device 120.

[0089] Parallel actuator device 120 is used to supplement

or replace various joints within the human body. Parallel

actuator device 120 is shown incorporated into a hip

prosthesis. However, parallel actuator device 120 is also

used in other lower leg prosthetic devices, such as the knee

and ankle. Parallel actuator device 120 is also adaptable for

upper body prosthetics, such as the shoulder, elbow, wrist, or

fingers. As shown in FIGs . 1-8, additional degrees of freedom

or constraints are added to parallel actuator device 120 to

suit a particular performance need. In one example, a



compliant element is added to parallel actuator device 12 0 to

store and release energy. The compliant element is coupled

between movable body 125 and passive linking member 129.

Alternatively, the compliant element is coupled between

passive linking member 129 and base body 126. In another

example, a damper is added to parallel actuator device 120 to

provide additional control to the device.

[0090] FIGs . 15a-15c show a parallel actuator device 120

incorporated into a hip prosthesis during the different phases

of human gait . The phases of gait for a human hip can be

divided into two phases, stance phase and swing phase, where

the two phases are separated by heel strikes . Stance phase

includes the duration of a step where the limb is in contact

with the ground and the limb is bearing weight. Swing phase

includes the duration of a step where the limb leaves contact

with the ground, swings forward, and is ready for the next

heel strike.

[0091] FIG. 15a shows a parallel actuator device 120

incorporated into a hip prosthesis during mid-stance phase of

a human gait step. During stance phase for a human leg, the

hip moves from a flexed position to an extended position, and

reaches a neutral position at the mid-stance point. Parallel

actuator device 120 mimics flexion and extension of the hip

joint. Passive linking member 12 9 includes an extension

portion, such as another active or passive artificial lower

limb, which contacts the ground. During stance phase,

parallel actuator device 120 engages to push passive linking

member 129 in the posterior direction similar to the motion

during hip extension as the user begins the push-off phase of

gait. Actuating elements 127 and 128 work in parallel to move

the limb as a quadricep muscle would move the leg.

[0092 ] To mimic the human quadricep muscle, the velocities

of actuating elements 127 and 128 are selected to move movable



body 125 and passive linking member 129. Actuating elements

127 and 128 are controlled by a system that determines the

velocities of actuating elements 127 and 128 based on

algorithms designed to match human movement . Actuating

element 127 pulls on movable body 125 at revolute joint 130b,

shortening actuating linking member 132, to change the

position of movable body 125. Actuating element 128 pushes on

movable body 125 at revolute joint 130d, lengthening actuating

linking member 131, to assist actuating element 127 in moving

movable body 125. The output of both actuating elements 127

and 128 causes the movement of movable body 125 and passive

linking member 12 9 . In one embodiment, actuating linking

member 132 has a length that is greater than the length of

actuating linking member 131. Parallel actuator device 120

requires a higher velocity from actuating element 127 in order

to move movable body 125 than the velocity required from

actuating element 128. Both actuating elements 127 and 128

engage in opposite directions to move passive linking member

129. For example, actuating element 127 pulls on movable body

125 and actuating element 128 pushes on movable body 125. The

velocity of actuating element 127 is higher than the velocity

of actuating element 128 during stance phase. In one

embodiment, actuating element 128 is inactive during stance

phase, and actuating element 127 engages to pull movable body

125 and passive linking member 129 into position. In another

embodiment, actuating element 128 engages to position

actuating linking member 131 and movable body 125 in

preparation for swing phase.

[0093] Passive linking member 129, which is coupled to

movable body 125 at revolute joint 130e, rotates as actuating

elements 127 and 128 engage to shorten actuating linking

member 132 and to lengthen actuating linking member 131.

Passive linking member 129 is rotationally affixed to base



body 126 at revolute joint 130f. Passive linking member 129

moves in the posterior direction around revolute joint 130f

with respect to base body 126. The posterior rotation of

passive linking member 129 represents hip extension and the

push off phase of gait.

[0094] FIG. 15b shows a parallel actuator device 120

incorporated into a hip prosthesis at the end of stance phase

of a human gait step where the foot pushes off the ground.

The hip joint is extended at the end of stance phase.

Similarly, parallel actuator device 120 mimics hip extension

where passive linking member 129 is rotated posteriorly with

respect to base body 126. Actuating linking member 132 is

shortened and actuating linking member 131 is lengthened.

Actuating element 127 operates with high force and low

velocity during stance phase. The force and velocity of

actuating element 127 mimics the hip joint during stance. The

hip joint has a high moment and low force during stance as

muscles extend the hip joint in a slow, steady motion.

Similarly, actuating elements 127 and 128 actuate to move

passive linking member 129 in a slow, steady motion. Stance

phase ends when the limb pushes off the ground, and parallel

actuator device 120 moves into swing phase of the gait cycle.

[0095] FIG. 15c shows a parallel actuator device 120

incorporated into a hip prosthesis in swing phase of a human

gait step. During swing phase, the hip joint flexes, swinging

the leg forward until the foot strikes the ground. The moment

at the hip joint is low and the velocity is high during swing

phase. Similarly, parallel actuator device 120 operates with

a high velocity to swing passive linking member 129 in the

anterior direction. Actuating element 128 pulls on movable

body 125 at revolute joint 130d, shortening actuating linking

member 131, to change the position of movable body 125.

Passive linking member 129 rotates at revolute joint 130f in



an anterior direction with respect to base body 126.

Actuating element 127 engages to position movable body 125 and

to prepare for foot strike. Alternatively, actuating element

127 is inactive during the swing phase of the gait cycle.

Generally, actuating linking member 132 lengthens as actuating

element 127 engages during swing phase. Actuating element 127

operates with low force and high velocity during swing phase .

The force and velocity of actuating element 127 mimics the hip

oint during swing phase.

[0096] Actuating elements 127 and 128 acting in parallel on

movable body 125 to move passive linking member 129 gives

parallel actuator device 120 kinematic redundancy. Parallel

actuator device 120 includes one revolute output degree of

freedom and a kinematic redundancy rate of one. Kinematic

redundancy refers to the number of degrees of freedom at the

input in excess of the degrees of freedom at the output

necessary to complete a given task. The extra degree of

freedom for parallel actuator device 120 is achieved through

the design layout of revolute joints 130a-130f, actuating

linking members 131 and 132, movable body 125, and passive

linking member 129. Therefore, parallel actuator device 120

constitutes a parallel kinematically redundant mechanism or

device. Combining actuating elements 127 and 128 in parallel

between base body 126 and movable body 125 allows parallel

actuator device 120 to be designed with passive linking member

129 as the end effector or working element, rather than with

movable body 125 as the end effector. The benefit of the

parallel kinematically redundant design is that the desired

output position of passive linking member 129 is achievable

with many different combinations of input positions .

Actuating elements 127 and 12 8 are used to change the internal

geometry of parallel actuator device 12 0 without changing the

output position of passive linking member 129. The result is



that the output force and velocity for parallel actuator

device 12 0 is less dependent upon the input position of the

device. Parallel actuator device 120 performs with high

velocity or with high force independent of the starting

position for the device. The velocity of actuating elements

127 and 128 is selected to produce a force- velocity

relationship that better mimics a human muscle than single

actuator designs .

[0097 ] The input positions of parallel actuator device 120

are determined by measuring the length actuating linking

members 131 and 132 either directly or indirectly. In one

embodiment, actuating elements 127 and 128 are screw-type

motors encoded to count the number of rotations of the motors

and to calculate the length of actuating linking members 131

and 132. Alternatively, sensors are disposed on one or more

joints or linking members of parallel actuator device 120 to

measure the input positions of actuating linking members 131

and 132. In an implementation of parallel actuator device 120

for an orthotic device, sensors may be disposed on a limb of

the user and on the device. The input positions of parallel

actuator device 120 are denoted by variables (9) .

T
x — [x , x 2 ]

(9)

where: x is the length of actuating linking member 132

2 is the length of actuating linking member 131

[0098] Alternatively, parallel actuator device 120 includes

one or more additional compliant members, linking members,

damping members, or passive members coupled to base body 126

and movable body 125. The input positions of an alternative

parallel actuator mechanism including additional linking



members are denoted by variables (10) .

T

(10)

[0100] The output position of parallel actuator device 120

is measured using a sensor disposed on revolute joint 130f to

measure the rotation or angle of passive linking member 129.

Alternatively, the output position may be measured directly or

indirectly by sensors disposed on one or more joints or

linking members of parallel actuator device 120. The output

position of passive linking member 129 in parallel actuator

device 120 is denoted as y .

[0101] Alternatively, parallel actuator device 120 includes

one or more additional linking members as outputs . For an

alternative parallel actuator mechanism including additional

outputs, the output positions may be the angle or length of an

output joint and are denoted by variables (11) .

T
y = 2 3 ]

(11)

[0102 ] The output position, y , of parallel actuator device

120 is written as a function of the input positions, i and 2

Alternatively, parallel actuator device 120 includes one or

more additional inputs or outputs . For an alternative

parallel actuator mechanism including additional inputs and

outputs, the output position is written as a function of the

input positions generally in equation (12) .

T
y = [y (x , x 2 , ...) y 2 (x , x 2 , ...) y x x 2 , ...) ...]

(12)

[0103] The output velocity is written as a function of the

input velocity by taking the time derivative of the input and



output positions, resulting in a matrix known as the Jacobian

denoted by J in equation (13) . The Jacobian is found by

writing the function defining the output position of parallel

actuator device 120 as a function of the input positions. The

partial derivative of each output position is taken with

respect to each input position.

dy dy dy

d x d x d x

dy

J m
d x

dy dy
m m

d x d x

1 3 ]

[0104] For a kinematically redundant system such as

parallel actuator device 120, the number of inputs,

represented by n , is greater than the number of outputs,

represented by m . In one embodiment, parallel actuator device

120 has one extra degree of freedom at the input. The extra

degree of freedom allows the internal geometry of parallel

actuator device 120 to be controlled and the transmission

ratio of actuating elements 127 and 128 to be adjusted. In

another embodiment, parallel actuator device 12 0 has an

additional degree of freedom to make a biarticular device .

For example, parallel actuator device 120 moves in the

sagittal plane and in the coronal plane such that the device

includes two directions of motion.

[0105] The input velocities of actuating elements 127 and

128 are related to the output velocity of parallel actuator

device 120 by equation (14) .



(14)

where: x i is the input velocity of actuating element 127

2 is the input velocity of actuating element 128

is the output velocity of passive linking member

129

[0106] The power input of actuating elements 127 and 128

equals the power output of parallel actuator device 120 and is

shown with equation (15) .

F y F
y 2. 2

15'

where: F i is the input force of actuating element 127

2 is the input force of actuating element 128

Fy is the output force of passive linking member 129

[0107 ] Equation (14) and equation (15) are used to

determine the force-velocity relationship of actuating

elements 127 and 128 to calculate the output force-velocity

relationship for parallel actuator device 120.

[0108] FIG. 16 shows a graphical comparison of the force-

velocity relationship of a parallel actuator device to lever

motors. Line 160 represents the force- velocity relationship

of parallel actuator device 120 with actuating elements 127

and 128 disposed in parallel between movable body 125 and base

body 126. Line 160 shows an example of the force-velocity

relationship for a single input position of parallel actuator



device 120. Parallel actuator device 120 has many input

positions due to the changing position of movable body 125,

and thus, has many force- velocity relationship curves. Line

160 shows an example of one force-velocity curve for a

particular position of parallel actuator device 120. Because

many different force- velocity curves are available for

parallel actuator device 120, the optimal force-velocity curve

for a particular task can be selected.

[0109] A single actuator used in a powered prosthetic

device, such as in a lever motor design, has a linear force-

velocity relationship. Line 162 shows an example of a single

DC motor used in a lever motor design. The approximate force-

velocity relationship of the single motor, shown by line 162,

indicates the motor velocity and force have a linear

relationship. Line 164 shows an approximate force-velocity

relationship of a larger single DC motor or multiple smaller

DC motors combined in series . The force-velocity

relationships of the smaller motor (line 162) and larger motor

(line 164) show that a larger motor provides higher force and

velocity, but the force-velocity relationship remains linear.

[0110] Skeletal muscle performs with high stall force and

high velocity, with a force-velocity curve taking the form of

a rectangular hyperbola. If a single motor is selected with

the same peak power as a muscle, the motor will have a lower

stall force and a lower maximum velocity than the muscle. If

a motor is selected with the same stall load and maximum

velocity as a muscle, the motor will have a higher peak power

and will need to be a much larger motor, and therefore, a much

heavier motor. A heavier motor in a prosthetic device is

undesirable, because the weight of the motor becomes too heavy

for the user to wear.

[0111] Parallel actuator device 120 combines actuating

elements 127 and 128 in a kinematically redundant parallel



arrangement to produce a force-velocity relationship that

behaves more similarly to a human skeletal muscle. The force-

velocity curve, shown as line 160, for parallel actuator

device 12 0 is achieved by the extra degree of freedom at the

input . The extra degree of freedom within parallel actuator

device 120 allows the position of movable body 125 to be

selected to control the input to output transmission ratio of

parallel actuator device 120. Passive linking member 129 is

coupled to movable body 125 such that a particular output

velocity and force measured at passive linking member 129 is

available for many different input positions of movable body

125. The internal geometry of parallel actuator device 120 is

selected to combine actuating elements 127 and 128 to provide,

for example, high force at low velocity or high velocity at

low load. The benefit of selecting a geometry and a force-

velocity curve with high force at low velocity is that

parallel actuator device 120 performs heavy lifting at low

speeds, for example, when the user stands up from a sitting

position. Parallel actuator device 120 with internal geometry

and a force-velocity curve with high velocity at low load

allows the user to move quickly, such as when running.

Therefore, parallel actuator device 120 performs well over an

increased range of velocity and force and more like a human

skeletal muscle compared to a single motor having a similar

power .

[0112 ] The force-velocity curve of skeletal muscle changes

with output position as the muscle fiber length deviates

shorter or longer than optimal. Accordingly, skeletal muscle

performance is highly dependent on joint position. In

contrast, parallel actuator device 120 performance is

independent of output position. Parallel actuator device 120

performance is largely independent of the output position of

passive linking member 12 9 . Therefore, the independent nature



of motor torque and shaft angle for actuating elements 127 and

128 allows for the force- velocity performance of parallel

actuator device 120 to exceed that of skeletal muscle.

Another advantage of parallel actuator device 120 is that the

device is still able to function as a lever motor if one of

actuating elements 127 or 128 fails. Either actuating element

127 or actuating element 128 actuates to move passive linking

member 12 9 in both the hip extension and hip flexion

directions .

[0113] Unlike a single motor system with a linear force-

velocity curve, parallel actuator device 120 with a non-linear

force-velocity curve achieves a higher force and higher

velocity with a lower peak power requirement. For example,

parallel actuator device 120 has actuating elements 127 and

128 disposed in parallel where each actuating element 127 and

128 includes a 150 W DC motor. Parallel actuator device 120

achieves both a higher force and a higher velocity than a

lever motor design having a single 300 W DC motor. A single

motor would need to be approximately five to ten times larger

than the motors in parallel actuator device 120 to produce a

similar force and velocity output as parallel actuator device

120. Therefore, the single motor would be much heavier and

have a greater inertia than actuating element 127 and 128 of

parallel actuator device 120. A user would have difficulty

moving the heavier motor, which would reduce the velocity

available to the user by simply being too heavy to move

quickly. Because smaller motors are used in parallel actuator

device 120, the prosthetic device is lighter in weight and is

more comfortable for the user . A lighter weight mechanism is

also more efficient than heavier designs and further improves

the performance of the prosthetic device.

[0114] Like active compliant parallel device 900, parallel

actuator device 120 is employed in a variety of applications.



Parallel actuator device 120 can be applied to prosthetic,

orthotic, or robotic devices that require actuation of joints

for locomotion, necessitate high force and speed from

lightweight devices, or require actuation of a limb. Parallel

actuator device 120 applies to fields using devices that have

robotic end effectors, which interact with unstructured or

unpredictable environments .

[0115] While one or more embodiments of the present

invention have been illustrated in detail, the skilled artisan

will appreciate that modifications and adaptations to those

embodiments may be made without departing from the scope of

the present invention as set forth in the following claims .



Claims

What is claimed:

1 . A method of making a prosthetic joint device, comprising:

providing a movable portion including a first joint, a

second joint, and a third joint;

providing a base body portion;

disposing a first actuator between the first joint of the

movable portion and the base body portion;

disposing a second actuator in parallel with the first

actuator between the second joint of the movable portion and

the base body portion; and

coupling a linking member to the third joint of the

movable portion.

2 . The method of claim 1 , further including actuating the

first and second actuators to move the movable portion and to

move the linking member, wherein the linking member is an

output of the prosthetic joint device.

3 . The method of claim 1 , further including providing the

linking member rotationally coupled to the base body portion.

4 . The method of claim 1 , further including disposing a

compliant member between the linking member and the movable

portion .

5 . The method of claim 1 , further including disposing a

damper between the movable portion and the base body portion.



6 . The method of claim 1 , further including providing a

housing coupled to the base body portion, the housing

configured to fit onto a user.

7 . A method of making a prosthetic joint device, comprising:

providing a movable portion;

providing a base portion;

disposing a first actuator between the movable portion

and the base portion; and

disposing a second actuator in parallel with the first

actuator between the movable portion and the base portion.

8 . The method of claim 7 , further including providing a

linking member rotationally coupled to the movable portion and

base portion.

9 . The method of claim 8 , further including disposing a

compliant member between the linking member and the movable

portion .

10. The method of claim 7 , further including disposing a

compliant member between the movable portion and the base

portion .

11. The method of claim 7 , further including coupling a

prosthetic limb to the movable portion.

12. The method of claim 7 , further including providing a

housing coupled to the base portion, the housing configured to

fit onto a user.

13. The method of claim 7 , further including disposing a

damper between the movable portion and the base portion.



14. A parallel kinematically redundant device, comprising:

a movable portion;

a base portion;

a first actuator coupled to the movable portion and base

portion;

a second actuator coupled in parallel with the first

actuator between the movable portion and base portion; and

a linking member coupled to the movable portion to

provide an output for the first and second actuators .

15. The parallel kinematically redundant device of claim 14,

further including the linking member rotationally coupled to

the movable portion.

16. The parallel kinematically redundant device of claim 15,

wherein an output velocity of the linking member is controlled

by the first and second actuators .

17. The parallel kinematically redundant device of claim 14,

wherein the base portion is configured to fit onto a user.

18. The parallel kinematically redundant device of claim 14,

wherein the first and second actuators are rotationally

coupled to the movable portion and to the base portion.

19. The parallel kinematically redundant device of claim 14,

further including prosthetic limb coupled to the movable

portion .

20. A prosthetic joint device, comprising:

a movable portion;

a base portion;



an actuator coupled between the movable portion and base

portion; and

a compliant member coupled in parallel with the actuator

between the movable portion and base portion.

21. The prosthetic joint device of claim 20, further

including a linking member rotationally coupled to the movable

portion .

22. The prosthetic joint device of claim 20, wherein a

stiffness of the compliant member is controlled by a position

of the movable portion.

23. The prosthet c joint device of claim 20, wherein the

compliant member s configured to store potential energy

during a first ph se of a gait cycle and release kinetic

energy during a s cond phase of the gait cycle .

24. The prosthetic joint device of claim 23, wherein the

kinetic energy released by the compliant member reduces power

required by the actuator during the second phase of the gait

cycle .

25. The prosthetic joint device of claim 20, wherein the

actuator and the compliant member are rotationally coupled

the movable portion and to the base portion.
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