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PROSTHETIC ANKLE MODULE

CROSS-REFERENCE TO RELATED A PPLICATI O NS

[ΘΘΘ 1 The present application claims priority benefit of U.S. Provisional

Application No. 61/678,493, filed August 1, 2012, the entirety of which is hereby

incorporated by reference herein and should be considered a part of this specification.

BACKGROUND

Field

[0002] The present application relates to prosthetics in general, and more

particularly, to prosthetic feet having a prosthetic ankle module and/or support spring.

Description of the Related Art

[0003] Various types of prosthetic devices are available as substitutes for human

limbs and joints. Many prosthetic devices available today incorporate various features to try

to better approximate the functioning of natural limbs and joints. For example, some

prosthetic foot designs seek to provide improved foot rollover, ankle function, and energy

storage and return during use.

[0004] Prosthetic feet are often attached to a user's residual limb or other

prosthetic components (e.g., a pylon) via adapters that may be bolted, glued, or otherwise

coupled directly to the foot. Conventional adapters can allow for relative adjustment

between prosthetic components during alignment, but typically fix the components relative to

each other during use.

SUMMARY

[0005] A prosthetic ankle module according to the present disclosure is

configured to couple a prosthetic foot to an adapter, which in turn is configured to be coupled

to a user's residual limb or another prosthetic component, such as a pylon. The ankle module

allows for relative movement (i.e., translation and/or rotation) between the foot and adapter

during ambulation, which results in improved rollover performance of the foot. A prosthetic

foot according to the present disclosure can also include a support spring to help limit the

range of motion of the adapter during use and provide additional shock absorption during

ambulation.



[0006] n some embodiments, a prosthetic ankle assembly includes an elongate

foot member, an adapter assembly, and an ankle module. The elongate foot member has a

generally vertical attachment portion at a proximal end, and the adapter assembly is

configured to be coupled to another prosthetic component, such as a socket or pylon. The

ankle module couples the attachment portion of the foot member to the adapter assembly via

two or more joints and allows translational and/or pivotal movement of the foot member

relative to the adapter assembly about the joints.

[0007] In some embodiments, a prosthetic ankle assembly includes an elongate

foot member, an adapter assembly, and one or more linkages. The elongate foot member has

a generally vertical attachment portion at a proximal end. The adapter assembly is

configured to be coupled to another prosthetic component, such as a socket or pylon. In

some embodiments, the adapter assembly is horizontally spaced from the generally vertical

attachment portion of the foot member. The attachment portion is configured to move

relative to the adapter assembly during ambulation of the prosthetic foot. The linkages

extend between and pivotally couple the vertical attachment portion and adapter assembly to

allow the foot member to pivotally move relative to the adapter portion during ambulation.

In some embodiments, the linkages facilitate plantarflexion of the foot upon heel strike.

[ΘΘΘ8 In some embodiments, a prosthetic ankle assembly includes an adapter

assembly, an elongate foot member, and linkage assembly. The adapter assembly is

configured to be coupled to another prosthetic component, such as a socket or pylon, and

includes two or more joints. A proximal end of the elongate foot member includes a

generally vertical attachment portion that includes two or more joints and is horizontally

spaced fr o the adapter assembly. The linkage assembly couples and allows relative

movement between the foot member and the adapter assembly. The linkage assembly

includes an upper link and a lower link on both a medial and a lateral side of the foot member

and adapter assembly. The links extend between the joints of the adapter assembly and foot

member. In some embodiments, the upper links have different lengths than the lower links

and the upper links and lower links are not parallel.

[0009] For purposes of summarizing the disclosure and the advantages achieved

over the prior art, certain objects and advantages are described herein. Of course it is to be

understood that not necessarily all such objects or advantages need to be achieved in



accordance with any particular embodiment. Thus, for example, those skilled in the art will

recognize that the disclosure may be embodied or carried out in a manner that achieves or

optimizes one advantage or group of advantages as taught or suggested herein without

necessarily achieving other objects or advantages as may be taught or suggested herein.

[0010] All of these embodiments are intended to be within the scope of the

disclosure herein. These and other embodiments will become readily apparent to those

skilled in the art from the following detailed description having reference to the attached

figures, the disclosure not being limited to any particular disclosed embodiment(s).

BRIEF DESCRIPTION OF THE DRAWINGS

[00 ] These and other features, aspects, and advantages of the present disclosure

are described with reference to the drawings of certain embodiments, which are intended to

schematically illustrate certain embodiments and not to limit the disclosure.

[0012] Figure A schematically illustrates an example embodiment of a foot

assembly having an ankle module and support spring;

[ 13] Figures B and 1C schematically illustrate the foot assembly of Figure 1A

in a cosmesis cover;

[ΘΘ14] Figures 2A-2B schematically illustrate exploded views of the foot

assembly of Figure A;

[0015] Figure 2C schematically illustrates links of the foot assembly of Figure

1A;

[0016] Figures 2D-2F schematically illustrate a connection sleeve of the foot

assembly of Figure A ;

[0017] Figure 2G schematically illustrates the connection sleeve of Figures 2D-

2F coupled to a prosthetic foot;

[0018] Figures 2H-2I schematically illustrate an alternative connection sleeve;

[0019] Figure 2 schematically illustrates the connection sleeve of Figures 2 : -2

coupled to a prosthetic foot;

[0020] Figure 2 schematically illustrates a support spring of the foot assembly

of Figure A ;



[ 2 ] Figure 2L schematically illustrates the foot assembly of Figure 1A

including foam coupling the support spring to the foot;

[0022] Figure 2M schematically illustrates an example embodiment of a foot

assembly having an ankle module;

[0023] Figures 3A-3F schematically illustrates hypothetical linkage assembly

arrangements and the application of three different ground reaction forces to the feet;

[0024] Figures 4A-4I schematically illustrate example embodiments of four-bar

linkage assemblies;

[0025] Figures 4 -4 schematically illustrate a prosthetic foot assembly having a

linkage that allows for plantarflexion when loaded;

[0026] Figure 4L illustrates a graph showing toe position of the foot of Figure 4H

and of the sound leg during the gait cycle;

[ 27] Figure 4M illustrates a graph showing toe position of the foot of Figure 4F

and of the sound leg during the gait cycle;

[0028] Figures 5A-6B schematically illustrate linkage assemblies allowing for

three-dimensional motion;

[0029] Figures 7A and 7B schematically illustrate an alternative link

embodiment;

[0030] Figures 8-13 schematically illustrate alternative linkage assemblies;

[0031] Figures 14A and 14B schematically illustrate the effect of different centers

of rotation on compression of a support spring;

[0032] Figures 15A-16B schematically illustrate linkage assemblies formed by a

foot and/or heel member;

[0033] Figures 17A and 17B schematically illustrate prosthetic feet assemblies

having mechanisms to provide toe clearance during swing;

[0034] Figures 18A and 18B illustrate adapters allowing for heel height and/or

leg length adjustment;

[0035] Figures 19A-19C schematically illustrate an example embodiment of a

prosthetic foot assembly;

[0036] Figure 20 schematically illustrates an example embodiment of a prosthetic

foot and linkage assembly for simulating knee flexion;



[ΘΘ37 Figure 2 A schematically illustrates a schematic of a linkage assembly for

simulating knee flexion during early stance;

[0038] Figure 2 B schematically illustrates the linkage assembly of Figure 2 1A

during full stance.

DETAILED DESCRIPTION

[0039] Although certain embodiments and examples are described below, those

of skill in the art will appreciate that the disclosure extends beyond the specifically disclosed

embodiments and/or uses and obvious modifications and equivalents thereof. Thus, it is

intended that the scope of the disclosure herein disclosed should not be limited by any

particular embodiments described below.

[0040] A prosthetic ankle module as described herein can include one or more

joints associated with a prosthetic foot and connected to one or more joints associated with

an adapter. In one embodiment, the joints are pivot points that allow for rotation of one

component relative to another. The joints allow the foot to move relative to the adapter

during ambulation. For example, the joints can allow the foot to move translationally and/or

rotationaliy relative to the adapter about at least two joints (e.g., pivot points). In some

embodiments, the prosthetic foot is coupled to the adapter via a linkage assembly including

one or more links extending generally horizontally between the joints on the foot and

adapter. The joints and links can be provided in various configurations allowing the ankle

module to perform different functions, for example, dorsiflexion, plantar flexion, and/or

shock absorption at various stages of the user's gait cycle. In some embodiments, the ankle

module further includes a support spring extending between the adapter and foot to limit the

range of motion of the adapter during use, provide additional shock absorption, and improve

energy storage and return.

[0041] In some embodiments, such as the example embodiment illustrated in

Figure 1A, the ankle module 300 includes two joints 3 0 on each of the medial and lateral

sides of both the foot 100 and adapter 200, for a total of eight joints. The linkage assembly

coupling the foot to the adapter includes a four bar linkage having two bars or links on each

of the medial and lateral sides of the ankle. In one embodiment, the links can be pivotably

coupled to the foot and adapter at the joints, allowing relative movement between the foot



and adapter during a bulation n another embodiment, the links are not pivotably coupled

to the foot and/or adapter, but flex to allow for relative motion between the foot and adapter.

[0042] The example prosthetic foot assembly shown in Figure 1A and the

exploded views of Figures 2A and 2B includes a prosthetic foot 100, a connection sleeve

320, an adapter 200, two top links 330, two bottom links 340, and a support spring 400. In

the illustrated embodiment, the foot 100 includes a foot member 0 extending from a

generally vertically-oriented attachment section 2 downwards and forwards to a distal toe

end 4 and a heel member 20 extending from a distal end 124 rearwardly to a free,

cantiievered proximal heel end 2. A portion of the heel member 120 proximate the distal

end 124 is coupled to the foot member 0 between the attachment section 2 and toe end

4 . However, other types of prosthetic feet can also be used with the ankle module

described herein.

[0043] The illustrated adapter 200 includes a generally vertical elongate body 2 0

and a connector, such as a male pyramid 220, configured to be coupled to a corresponding

connector of a prosthetic socket or another prosthetic component, such as a pylon. However,

the adapter 200 can have other configurations and include types of connectors other than a

male pyramid. The adapter 200 also includes two bores 230 extending general!}' horizontal!}'

through the adapter 200. The top 330 and bottom 340 links, illustrated in Figure 2C, are

generally elongate bars having an aperture proximate each end. n some embodiments, the

apertures have diameters of about 12.8 mm. The links 330 340 can have the same or

varying lengths and configurations. In some embodiments, the links are selected and/or

designed to be able to withstand forces of up to about 1.3 * 104 N in use. In some

embodiments, the links are made of carbon fiber. However, the links can be made of other

suitable materials and designed to withstand forces higher than noted above.

[0044] As illustrated in Figures 2D-2F, the connection sleeve 320 includes an

interior cavity 324 configured to receive the attachment section 1 2 of the foot member 0.

The connection sleeve 320 also includes two bores 322 extending generally horizontally

through the connection sleeve 320. In some embodiments, the connection sleeve 320 is

made of aluminum. However, other suitable materials can be used. Figure 2E is a cross-

sectional view of the connection sleeve 320 along coronal or frontal plane, and FIG. 2F is a

cross-sectional view of the connection sleeve 320 along a sagittal plane.



[ΘΘ45] To assemble the ankle module 300, the connection sleeve 320 is placed on

the attachment section 2 of the prosthetic foot 100 as shown in Figure 2G. In some

embodiments screws are inserted into apertures 326 to secure the connection sleeve 320 to

the foot member 10. Additionally or alternatively, glue or another adhesive can be

introduced into the cavity 324 via aperture 328 to secure the connection sleeve 320 to the

foot member 0 . An aperture 327 in a top surface of the connection sleeve 320 can allow

for air to escape the cavity 324 as glue or another adhesive is introduced into the cavity 324.

[0046] Figures 2FI-2J illustrate an alternative embodiment of a connection sleeve

320. In this embodiment, the connection sleeve 320 is integrated with the attachment portion

2 of the foot member 0. This connection sleeve 320 can be integrally (e.g.,

monolithically) formed with the attachment portion 2 or glued onto the attachment portion

112. The connection sleeve 320 can further include a vertical slot 323. This alternative

connection sleeve 320 can advantageous!}' be smaller and/or lighter.

[0047] The links 330, 340 are arranged so that each link extends between the

connection sleeve 320 and the adapter 200 and the apertures in the links 330, 340 are aligned

with the bores 322, 230 through the connection sleeve 320 and adapter 200 respectively. In

some embodiments having the alternative connection sleeve of Figures 2H-2J, the linkage

assembly can include a single bottom link 340 that extends through the slot 323 to align with

the connection sleeve 320 bore 322. The links 330, 340 are coupled to the connection sleeve

320 and adapter 200 via pins 350. Each pin 350 extends through an aperture in a link 330,

340 a bore 230, 322 in the adapter 200 or connection sleeve 320, respectively, and an

aperture in another link 330, 340. Bushings 352 and washers 354 can also be placed along

the pins 350 to he p protect the link apertures and pins 350 from wear and create the joints

310 that allow for pivotal movement of the links 330, 340, as shown in the illustrated

embodiment. n some embodiments, pin roller bearings are used instead of bushings to

provide improved wear resistance.

[0048] In some embodiments, an ankle module 300 can be used with other types

of prosthetic feet, for example, prosthetic foot 101 shown in the example embodiment

illustrated in Figure 2M. As shown, prosthetic foot 101 includes a foot member 11

extending from a proximal hee end 122 to a distal toe end 114. In the illustrated

embodiment, the connection sleeve 320 includes a base 321, so that the connection sleeve



320 and base 321 are one piece. In another embodiment, the connection sleeve 320 and base

32 can be separate components coupled to each other. When the prosthetic foot 101 is

assembled, the base 321 of the connection sleeve 320 is placed on a block 421, which is

placed on a top surface of the foot member . The block 4 can be of a resilient material

(e.g., foam). The block 421 can advantageously allow for multi-axial movement of the foot

during use. In some embodiments, the base 321 and block 42 and/or the block 421 and foot

member are coupled with an adhesive, e.g., glue. Additionally or alternatively, the base

321, block 4 , and foot member can be secured with one or more straps 30 extending

around a top of the base 321 and bottom of the foot member as shown in Figure 2M. In

some such embodiments, the straps 130 can be made of an elastic material to allow for

flexion of the prosthetic foot during use. The example prosthetic foot 0 1 of Figure 2M

can advantageously be appropriate for low-activity users. Such users may require or prefer

stability and/or comfort over high performance and/or energy return, but may still benefit

from various features the ankle module 300 can provide, for example, dorsiflexion, plantar

flexion, and/or shock absorption at various stages of the user's gait cycle. In some

embodiments, the prosthetic foot 10 1 also includes a spring 401 extending between the base

321 of the coupling sleeve 320 and the adapter 200. Instead of or in addition to the spring

401 the foot 0 1 can include a damper (e.g., hydraulic damper) between the base 321 and

the adapter 200. The spring 40 and/or damper can help limit and/or control movement or

the adapter 200 to provide a less dynamic and/or more stable foot for low activity users.

Advantageously, the foot 0 1 dorsiflexes at toe-off for toe clearance during the swing phase

of gait.

[ΘΘ49 In use, the adapter is fixed relative to the user, and the foot translates

and/or rotates (e.g., moves along an arcuate path disposed on a circle aligned with a

longitudinal axis of the foot) relative to the adapter during ambulation. The movement of the

foot about the adapter is based on the location of a ground reaction force applied to the foot

during ambulation relati ve to an instantaneous center of rotation for the foot. The location of

the foot's instantaneous center of rotation depends on the particular characteristics and

arrangement of the links in the linkage assembly. In some embodiments, the center of

rotation is located at a point where lines projected in either direction from the ends of the top

a d bottom links cross. In use, the instantaneous center of rotation can change as the user



progresses through the stages of the gait cycle because as the foot moves relative to the

adapter, the li ks pivot at the joints on the foot and adapter and the orientation of the top and

bottom links relative to each other can change. As the crossing point and therefore the center

of rotation move farther away from the foot the arc of rotation of the foot about the adapter

flattens, resulting in more translational movement and less rotational movement. If the

center of rotation is infinitely far away from the foot, for example, if the top and botto links

are parallel and of equal length, the foot may only translate and not rotate relative to the

adapter.

[0050] Figure 3 illustrates two hypothetical linkage assembly arrangements and

the results of application of three different ground reaction forces to the feet. The dots

represent the instantaneous center of rotation, the straight arrows and dashed lines show the

ground reaction forces during different stages of the stance phase of the gait cycle, and the

curved arrows near the dots illustrate the direction of rotation of the foot about the center of

rotation. The linkage assembly arrangement of A-C causes the center of rotation to be in

front of the foot, whereas the center of rotation is behind the foot with the linkage assembly

arrangement of D-F. A and D show the ground reaction forces at hee strike, B and E show

the forces and mid-stance, and C and F show the forces at toe off. The ground reaction

forces in A, B, and D are behind the center of rotation, causing a clockwise rotation and

plantarflexion of the foot. The ground reaction forces in C, E, and F are in front of the center

of rotation, causing a counterclockwise rotation and dorsal flexion of the foot.

[ΘΘ5 ] Varying the number, length, and/or orientation of the links 330, 340 can

therefore cause the ankle module 300 and foot 100 to act differently and provide different

benefits in various stages of the gait cycle. In the example embodiment illustrated in Figure

1A, the upper 330 and lower 340 links have different lengths and are orientated non-parallel

to each other. This configuration can promote dorsiflexion through mid-stance and plantar

flexion at toe off. In various embodiments, the links 330, 340 can be selected and arranged

to achieve certain desired functions and advantages such as: plantar and/or dorsal flexion,

for example, dorsiflexion during stance and/or plantarflexion at toe off, vertical shock

absorption, rotation of the foot in the transverse (horizontal) plane or about the sagittal axis,

inversion and/or eversion, toe clearance during the swing phase of the gait cycle, for

example, via dorsiflexion during swing, and/or hee height adjustment. For example, the foot



101 illustrated in Figure 2M can provide dorsiilexion upon toe-off to allo for toe clearance

during swing for low active users.

Linkage Assemblies

[0052] Figures 4A-4I illustrate schematics and example embodiments of various

possible linkage assembly arrangements. Of course these are only example arrangements,

and others are also possible. Furthermore, although certain functions are described for each

arrangement, other functions may result from a particular arrangement in addition to or

instead of the functions described, for example, depending on the actual lengths,

arrangements, angles, and other characteristics of the links selected for given

implementation of these concepts.

[0053] In the arrangement of Figure 4A, the top links T and bottom links B are

parallel and have equal lengths. The instantaneous center of rotation is therefore at infinity,

so the foot translates but does not significantly rotate about the adapter. This arrangement

advantageously provides vertical shock absorption when the foot is loaded and vertical

motion back to neutral upon unloading. The top T and bottom B links are parallel in the

arrangements of Figures 4B and 4C as we l. However, in the arrangement of Figure 4B, the

top links T are longer than the bottom links B, and in the arrangement of Figure 4C, the top

links T are shorter than the bottom links B. Due to the parallel orientation of the links, the

center of rotation is at infinity so the foot translates but does not rotate upon initial loading,

providing vertical shock absorption in both arrangements. In some embodiments having

shorter bottom links B as in the arrangement of Figure 4B, the foot has a center of rotation

behind the foot during stance, causing dorsiilexion. Dorsiilexion during stance can

advantageously provide the user with more freedom on the foot, as the dorsiilexion helps

stiffen the foot providing stability and helping prevent the user from falling. During

unloading, the foot may plantarfiex then provide vertical motion back to neutral. The foot

assembly embodiment 100B shown on the right of Figure 4B also includes a bumper 360

located within the linkage assembly. The bumper 360 can be made of a resilient material

(e.g., rubber) and can advantageously he p stiffen the foot during at least a portion of gait

(e.g., during dorsiilexion). In some embodiments having shorter top links T as in the

arrangement of Figure 4C, the center of rotation is in front of the foot during stance, causing

plantarflexion. During unloading, the foot may dorsifiex then provide vertical motion back



to neutral. Dorsiflexion upon unloading prior to the swing phase can also advantageously

provide toe clearance during swing. However, because the top T and bottom B links are

parallel, the center of rotation may be distant from the foot, resulting in greater translational

and less rotational movement.

[0054] In the example arrangements of Figures 4D-4I, the top links T and bottom

links B are non-parallel to each other. This often allows for greater rotational motion

compared to arrangements having parallel top and bottom links. In the arrangement of

Figure 4D, the top T and bottom B links have substantially equal lengths. The front or distal

ends of the top T and bottom B links are angled toward one another, so the center of rotation

is in front of the foot. The foot therefore plantarfiexes upon loading and during stance, then

dorsiflexes during toe off and upon unloading. As mentioned above, dorsiflexion during pre-

swing can advantageously provide for toe clearance during swing. Furthermore, with a

linkage arrangement that produces plantarflexion when loaded, the foot can be aligned so

that it is slightty dorsiflexed when unloaded to allow for improved toe clearance during

swing, for example as shown in Figures 4 -4 . With such an alignment, the foot can

plantarflex to a desired alignment upon heel contact and then advantageously dorsiflex back

to its unloaded alignment at toe off to provide the toe clearance during the swing phase of the

gait cycle. In the arrangement of Figure 4E, the op T and bottom B links also have

substantially equal lengths, but the rear or proximal ends of the links are angled toward one

another, so the center of rotation is behind the foot. In some embodiments, a foot having

such an arrangement ' dorsiflex upon loading and during stance and plantarflex during

unloading.

[0055] In example arrangements of Figures 4F-4I, the top links T and bottom

links B have un-equal lengths. In the arrangements of Figure 4F, the bottom link B is shorter

than the top link T, and the center of rotation is on the foot. During loading the center of

rotation is in front of the ground reaction force, producing plantar flexion. n some

embodiments, this arrangement provides vertical shock absorption during mid-stance and

vertical motion back to neutral and dorsiflexion on unloading, which can provide toe

clearance in swing. For example, at a point about 80% into the user's gait cycle (during

swing), the toe might clear the ground by a vertical distance of about 15mm more than an

alternative foot, for example, a foot such as the example embodiment shown in Figure 4H.



Figure 4L illustrates a graph showing the vertical position of a marker on the toe of the foot

of Figure 4FI over the course of the gait cycle compared to the vertical position of a marker

on the toe of the sound leg. Figure 4M illustrates a graph of the vertical position of the toe of

the foot of Figure 4F compared to the sound leg. In these graphs toe-off occurs at a point

about 65% into the step. This is the lowest point of the graph because the marker rotates

over the toe toward the ground during toe-οί The following peak occurs when the foot is

behind the user's bod}', and the foot passes through the center to move in front of the body at

about 80%. The point at which the foot passes through center (about 80%) is important as it

is the point during swing at which the foot and toe come closest to the ground and ensuring

toe clearance is most needed. The vertical shock can result from movement of the foot and

ankle assembly that causes the top and bottom links to become closer to parallel. In some

embodiments however, the foot dorsiflexes during stance then again plantar flexes upon

unloading. Dorsiflexion during stance can he p a user move over the fo ot more easily during

ambulation and provide a smoother or improved rollover. This can be the result of less

motion of the links so that they remain non-parallel, which can be accomplished by a stiffer

foot and/or support spring. Plantar flexion during toe off and unloading can advantageously

provide an improved push off and a softer toe feel for users. Plantar flexion can be achieved

if the ground reaction force crosses the instantaneous point of rotation during ambulation.

The foot assembly embodiment lOOFa shown in the center of Figure 4F also includes a

bumper 360 located within the linkage assembly. The bumper 360 advantageously helps

inhibit excess dorsal flexion of the foot, similar to the stiffening of an able-bodied gait during

ambulation. In the arrangement of Figure 4G, the center of rotation can be behind the foot,

resulting in dorsiflexion during loading a mid-stance and plantarfiexion during unloading in

the arrangement of Figure 4H, the center of rotation can again be behind the foot, providing

dorsiflexion during loading and plantar flexion during unloading. Depending on the distance

of the center of rotation from the foot, during certain phase of the gait cycle, such as mid-

stance and terminal stance, the center of rotation may approach infinity, providing vertical

shock absorption and vertical motion back to neutral during those phases. In the example

embodiment lOOHb shown on the right of Figure 4H the center of rotation starts close

behind the foot, allowing for slight plantar flexion at heel strike, and shifts farther away from

the foot during stance. As the center of rotation moves farther away, the foot rotates less and



translates more, allowing for dorsifiexion during loading followed by progressive stiffening

of the foot through stance. In some embodiments, this linkage arrangement allows for dorsal

flexion of up to about 10-15° and about 0mm of vertical motion. In some embodiments, the

arrangement of Figure 4 provides push off at toe off and may provide greater push off than,

for example, the arrangement of Figure 4F. In the arrangement of Figure 41, the center of

rotation is in front of the foot, providing plantar flexion during loading and midstance, and

dorsifiexion during unloading.

Three-Dimensional Motion

[0056] In some embodiments, the ankle module 300 can be configured to allow

for three-dimensional motion in and about different anatomical planes and axes during

ambulation. For example, in some embodiments, the ankle module 300 includes three links,

e.g., two top links 330 and one bottom link 340 as shown in Figures 5A and 5B or one top

link and two bottom links. In the illustrated embodiment, the top 330 and bottom 340 links

are parallel. However, the configurations illustrated in Figures 4A-4I and described herein or

other arrangements are also possible. In some embodiments, a link or links on the medial

side of the ankle can be aligned along a diff erent axis than link or links on the lateral side

of the ankle (i.e. links on the medial and lateral sides can be non-parallel in the sagittal

plane). Links on the medial and lateral sides of the ankle can have the same or different

lengths. In some embodiments, the links are flexible. These features can allo the adapter

200 to rotate clockwise or counterclockwise in the transverse plane during ambulation. For

example, a longer li k on the medial side of the foot can cause clockwise rotation of the

adapter 200 (e.g., rotation in a clockwise direction when viewed from the front of the

prosthetic foot). In some embodiments, this rotation can help guide the foot in a medial to

lateral or lateral to medial direction during ambulation to help produce a smoother and more

natural rollover.

[0057] In some embodiments, the ankle module 300 includes four links and the

two links on one side (medial or lateral) of the ankle are shorter than the two links o the

other side. This can produce inversion or eversion of the adapter 200 (rotation of the adapter

200 about the coronal axis) during ambulation. In some embodiments, for example as shown

in Figures 6A and 6B, links on the medial and lateral sides are offset from or aligned at an

angle to one another when viewed from the front or back. This causes movement of the



adapter 200 in the medial or lateral direction (movement in the coronal plane or movement

into or out of the sagittal plane) during ambulation. In some embodiments, the links have

spring-like properties, allowing movement of the adapter 200 in the sagittal plane (towards or

away from the foot 100) and/or twisting of the adapter 200 For example, the links can be

made of carbon fiber and can include an arch as shown in Figures 7A and 7B to allow the

ends of the links to move toward and away from each other. In some embodiments, one or

more links can have an adjustable length. For example, the embodiment of a linkage

assembly shown in Figure 8 includes a shifter 332 that allows for adjustment of the length of

the lin 330. The links can be adjusted via manual, electrical, pneumatic, or any other

suitable eans.

Additional Features and Alternative Linkages

[ΘΘ58 In some embodiments, the ankle module 300 can incorporate additional

features. For example, the ankle module 300 can include a stance break or swing break

mechanism. Such a mechanism can selectively ock the foot 100, adapter 200, and/or ankle

module relative to each other to inhibit the properties and functions of the particular linkage

assembly or ankle module and allo the foot 100 to function normally as it would if coupled

to an adapter in a conventional manner. This can advantageously allow the ankle module

and/or linkage assembly to function only during certain phases of the gait cycle. n some

embodiments, the ankle module 300 can include sensors to detect the orientation of the links.

The orientation of the links varies over the course of the gait cycle, so the sensor data can be

processed to determine the phase of the gait cycle at a given time. This information can then

be used to trigger certain actions during certain parts of the gait cycle. For example, a stance

break or swing break mechanism can be activated during a certain phase of the gait cycle as

determined from the sensor data.

[0059] Various linkage assemblies having pivotal joints connected by a four-bar

linkage have been shown and described herein. However, other linkage arrangements are

a so possible. For example, the foot 00 and adapter 200 can be coupled via a polymer block

or wedge. The stiffness and other properties of the polymer can be selected to achieve

functions similar to those provided by the various linkage assemblies. Another alternative is

illustrated in Figure 9. In this embodiment, a triangular link 1200 is coupled to the foot

member 0 at a hinge 1310 and functions as an adapter and linkage assembly



simultaneously. The triangular link 1200 can be a single component or a three-bar linkage

assembly. Integrated adapter linkage assemblies can have other shapes, arrangements, and

orientations as well.

[0060] In some embodiments, for example as shown in Figure I OA, the foot

member 2 0 itself is shaped to function as a link to the adapter 2200. A proximal

attachment portion 2 2 of the foot member 2 0 can be coupled to another portion of the

foot member 2 0 via a connector 2310. The foot member 2 0 can be made of carbon fiber

or another material capable of storing and releasing energy and allowing for movement

between the portion of the fo ot coupled to the adapter 2200 and the portion of the fo ot

coupled to the connector 23 .

[006 ] In some embodiments, for example, as shown in the schematics of Figures

10B and IOC, portions of both the foot member 2 0 and heel member 2120 form the

linkage assembly. In the illustrated embodiment, the heel member 2120 extends through an

opening in the foot member 2 0. The foot 0 and heel 2120 members can be coupled via

a hinge or fixed joint 2 117 where the heel member 2120 extends through the foot member

2 0 The hinge or joint 2 117 can help adjust the degree to which loading and unloading of

the foot member 2 0 influences the loading/unloading and function of the hee 2120. The

foot member 2 0 can include a hinge 2 8 to allow a portion of the foot member 2 0 to

function as a link, and the portion of the heel member 2 20 functioning as a link can be

coupled to the foot member 2 via a hinge or joint 2 6 . Embodiments in which one or

more bar-type links are replaced by portions of the foot member and/or hee member acting

as links to the adapter can advantageously be lighter weight due to the removal of one or

more bar-type links. Such embodiments also have fewer small parts and few components in

general, which in some embodiments can help make the foot more robust as there are fewer

components that may potentially fail.

[0062] Figure 11 illustrates another alternative embodiment of a linkage

arrangement incorporating carbon fiber or similar links 3330, 3340. In this embodiment, the

links 3330, 3340 extend between the adapter 3200 and an attachment location 3320 at or near

a proximal end of the foot member 3 0 . Figure 2 illustrates an embodiment in which the

adapter 4200 includes a rotating hinge joint 4310. This feature can allow for additional

rotation and/or translation of the foot relative to the adapter and/or allow for ease of hee



height adjustment. In some embodiments, one or more of the links can be bent, angular,

arcuate, or otherwise non-linear, for example, bottom link 5340 shown in Figure 13. Such

non-linear links influence the progression of the instantaneous center of rotation of the foot

during ambulation, which in turn influences the motion of the foot about the pyramid during

ambulation.

Support Sprin gs

[ΘΘ63] In some embodiments, the prosthetic foot assembly also includes a support

spring 400 coupled to the adapter and foot to limit the range of motion of the adapter and

ankle in use and to provide improved energy storage and return. The adapter's range of

motion depends at least in part on the stiffness of the support spring, which in turn depends at

least in part on the position of the instantaneous center of rotation of the foot relative to the

spring. For example, if the center of rotation 0 is located above a connection point 4 0

where the spring 400 is coupled to the foot member 0 as shown in Figure 14A, the arc of

the foot's travel path is to the left and right of the spring 400 and the spring 400 experiences

little compression and/or extension. I owe r if the center of rotation 0 is more to the side

of or perpendicular to the spring 400 as shown in Figure 14B, the arc through which the foot

travels is more aligned with the spring 400 and the spring 400 experiences greater

compression and/or extension.

[0064] The support spring can be provided in various configurations to provide

different functions and advantages. For example, the inverted orientation of the support

spring 400 illustrated in Figure 1A advantageously allows the adapter to be moved closer to

the foot plate and allows the prosthetic foot to more easily fit within a cosrnesis cover 500 as

shown in Figures B and 1C compared to a support spring 400 having an orientation similar

to that shown in the embodiments of, for example, Figures 4A-4 D, the center embodiment of

4F, and the middle embodiment of 4H. As shown in Figure 2 , the support spring 400

includes an aperture 430. To assemble the prosthetic foot with the support spring 400, the

aperture 430 is aligned with an aperture 230 in the adapter 200 and coupled to the adapter

200 via a pin 350 and associated components as described herein. As shown in Figure 2L,

foam 420 can couple the support spring 400 to the foot member 0. In some embodiments,

the prosthetic foot can also include a secondary support spring, for example, secondary

support spring 362 shown in the example embodiment lOOC of Figure 4C. The secondary



support spring 362 can help inhibit excessive motion of the adapter during use. As shown, a

dista end of the secondary support spring 362 can be coupled to the foot member, for

example, via bolts, fasteners, an adhesive, or ' other appropriate means, and a proximal

end of the secondary support spring 362 can be free, or unattached and suspended beneath

the adapter.

[006 Figures 19A and 19B illustrate a schematic of one embodiment of a

prosthetic foot assembly that provides beneficial features. n the illustration embodiment, the

adapter 200 can have a length or height I I of about 35mm 36mm, the top links 330 can

have a length of about 30mm 31mm, and the bottom links 340 can have length of about

46mm 47mm. Angle can be about 90° angle 2 can be about 30° and angle 3 can be

about 5°. This particular arrangement can allow for rotation of the foot 100 about the adapter

200 of up to about 15° and a vertical displacement of up to about 3mm. Figure 9C

illustrates how a change in the center of rotation of the foot due to progression through the

gait cycle affects the compression of the support spring 400. The center of rotation begins at

position Co l and the spring 400 compresses along arc . As the foot progresses through

the gait cycle, the center of rotation shifts to position CoR2, and the spring 400 compresses

along arc 2. Arc 2 results in less compression of the spring 400. Of course, these dimensions

and angles are exemplary dimensions and angles for one embodiment, and other

configurations, dimensions, and angles are also possible.

ΘΘ66] In some embodiments, torsion bars, torsion springs, compression springs,

actuated springs, elastic elements, and/or other structures can be used as alternatives to a leaf

spring to provide the functions of the support spring. In the example embodiment shown in

Figures A and 5B, the adapter 6200 includes a torsion bar 600 that provides for energy

storage and return. In the illustrated embodiment, the proximal portion of the foot member

6 forms the top link 6330 and is coupled to the adapter 6200. The foot member 6 0 can

include a hinge 6 8 to allow a portion of the foot member 6 0 to function as the top link.

In some embodiments, the hinge 6118 is in line with or centered in the foot member 6 0 .

For example, the hinge 6 can be formed as a pivot point, for example as shown in the

example embodiment of Figure A and discussed below or with interlocking members that

form a hinge, for example, as shown in the example embodiment of Figure 7Β and

discussed below. In some embodiments, the hinge 6 8 can be formed as one or more



grooves that extend partially through a thickness of the foot member 6 0 from either a top

or a bottom surface of the foot member 6 0 and/or one or more apertures in the foot

member. Additional information regarding grooves and/or apertures that can act as hinges

can be found in U.S. Patent Publication No. 20 1/0208323, the entirety of which is hereby

incorporated by reference herein and should be considered a part of this specification. Other

types of hinges are also possible. The bottom link 6340 is coupled to the foot member 6 0

via a hinge or joint 6 6. As shown, the torsion bar 600 can be positioned at the joint 63 0

where the bottom link 6340 is coupled to the adapter 6200. In some embodiments, the

torsion bar 600 is designed to be able to withstand twisting of up to 10° and a moment of up

to 450Nm in use. In some embodiments, the torsion bar 600 can be made of a glass fiber,

though other suitable materials can be used. Whereas a support spring generally limits the

vertical displacement of the adapter during ambulation, the torsion bar 600 functions by

limiting the angular range of the links during ambulation

[ΘΘ67] In some embodiments, the support spring can be shaped to form part of the

linkage assembly. For example, in the embodiment shown in Figures 16A and 16B, the

proximal portion of the foot member 7 110 extends to the adapter 7200 to for the top link

7330, and a proximal portion of the support spring 7400 extends to the adapter 7200 to form

the bottom link 7340. The foot member 7 110 and support spring 7400 can include hinge

points 7 118, 7438 to allow portions of the foot member 7 110 and support spring 7400 to

function as links. Hinge points 7118, 7418 can include pivot points and/or interlocking

members within the foot member 7 0 and/or support spring 7400 and/or grooves extending

partially through a thickness of the foot member 7 110 and/or support spring 7400, for

example, as discussed above with respect to Figure 16B and below with respect to Figures

7A and 7Β . In some embodiments, the support spring 7400 is coupled to the foot member

7 0 at a hinge or joint 7412. This embodiment can also allow for a more robust as there are

no separate links and fewer components that may fail.

Addi tipnal Features and Functions

[0068] In some embodiments, the prosthetic foot assembly can include additional

features to provide functions such as toe clearance and/or heel height adjustment. Figure

17A illustrates an example embodiment of one mechanism for providing toe clearance during

swing phase. The mechanism includes a wedge 702, spring 704, hinge 706 in the foot.



member 110, and wire 708. The hinge 706 creates a toe portion distal to the hinge 706 that is

moveable relative to the rest of the foot member . When the foot is unloaded, the spring

704 pulls the wedge 702 against the toe portion, holding the toe portion in a lifted

configuration and providing for improved toe clearance during swing. The wire 708 is

coupled to the link assembly at one end and the wedge 702 at the other end. When the link

assembly is loaded, the wire 708 is pulled toward the ink assembly, thereby pulling the

wedge away from the toe portion, as shown in the detail view of Figure 17A, and allowing

the foot member 0 to resume its natural shape. Figure 17B illustrates an example

embodiment of another mechanism for providing toe clearance during swing. As shown, a

toe portion 1 5 is connected to the rest of the foot member 0 via a hinge 1706. Flexible

bumpers 702 are disposed in the hinge 706 between the toe portion 1 5 and foot member

10. When the foot is unloaded, the bumpers 1702 cause the toe portion 5 to be lifted at

an angle relative to the foot member 0.

[0069] In some embodiments, the adapter 200 allows for adjustment of the heel

height and/or leg length. Figure 18A illustrates an example embodiment of a hydraulic

system including two pin fixtures 802 and a motion rail 804. One pin fixture 802 can be

moved up and down in the motion rail 804 via adjuster 806 to adjust the heel height. Both

pin fixtures 802 can be moved in the motion rail 804 via adjuster 808 to adjust the leg length.

Figure 18B illustrates an example embodiment of a system for adjusting heel height and/or

leg length using screws rather than a hydraulic mechanism. The heel height screw 812

moves one pin fixture to adjust the heel height, and the leg length screw 810 moves both pin

fixtures to adjust the leg length.

Linkage Assembly for Knee Flexion

[0070] In some embodiments, a prosthetic foot includes a linkage assembly

designed to simulate near-natural knee flexion, for example, early knee flexion during the

stance phase of the gait cycle. The linkage assembly can advantageously help compensate

for partial natural knee function that may be lost as a result of trans-tibial amputation,

particularly when the user has a short residual limb or the residual limb is otherwise not able

to withstand high moment loads. Natural knee flexion in early stance varies depending on an

individual's walking style, age, and other factors; however, a natural knee often flexes by

about 5° to about 5° in early stance. A trans-tibia] amputee typically flexes his or her knee



less than an able-bodied person, and in some eases, an amputee's knee may not flex at all if

kept in a hyperex tended state throughout stance. Normal early stance knee flexion provides

for a quick and efficient anterior transition of the person's center of mass, and loss of this

function in amputees can result in high loads and/or a reduced step length

[0071] A prosthetic foot according to some embodiments of the present

disclosure includes a linkage assembly 800 positioned between a foot module and an ankle

module that is configured to be attached to a pylon, for example as shown in Figure 20. The

links are arranged so as to buckle forward and provide a rearward angulation of the foot

during early stance as shown in Figure A to simulate natural knee flexion. In some

embodiments, the foot includes a spring element designed to return the pylon to a neutral

orientation so that there is substantially no angulation in the prosthesis during full stance, for

example, as shown in Figure 2 B.

[0072] The linkage assembly for early stance knee flexion can also be used in

combination with a prosthetic knee for trans-femoral amputees. This combination can also

be beneficial as many prosthetic knees lack the ability to dynamically flex in early stance on

their own. In some embodiments, the foot and linkage assembly can be designed to guide

rotational or other movements during the gait cycle. In some embodiments the foot and/or

linkage assembly include spring and/or other dampening elements (e.g., hydraulic, friction,

or other mechanisms) to help control the motion of the prosthesis.

[0073] Although this disclosure has been described in the context of certain

embodiments and examples, it will be understood by those skilled in the art that the

disclosure extends beyond the specifically disclosed embodiments to other alternative

embodiments and/or uses and obvious modifications and equivalents thereof. In addition,

while several variations of the embodiments of the disclosure have been shown and described

in detail, other modifications, which are within the scope of this disclosure, will be readily

apparent to those of skill in the art. It is also contemplated that various combinations or sub

combinations of the specific features and aspects of the embodiments may be made and still

fall within the scope of the disclosure. t should be understood that various features and

aspects of the disclosed embodiments can be combined with, or substituted for, one another

in order to form varying modes of the embodiments of the disclosure. Thus, it is intended



that the scope of the disclosure herein should not be limited by the particular embodiments

described above.



WHAT S CLAIMED IS:

. A prosthetic foot assembly, comprising:

an elongate foot member having a generally vertical attachment portion at a

proximal end;

an adapter assembly configured to be coupled to a socket or pylon; and

an ankle module coupling the attachment portion of the foot member to the

adapter assembly via two or more joints;

wherein the ankle module allows translational and/or pivotal movement of the

foot member relati ve to the adapter assembly via the two or more joints.

2 . The prosthetic foot assembly of Claim I , wherein the two or more joints

comprises four joints, two of the four joints on a medial side of the ankle module and two of

the four joints on a lateral side of the ankle module

3 . The prosthetic foot assembly of Claim I , wherein the two or more joints

comprise pivot points that allow pivotal movement of the foot member relative to the adapter

assembly via rotation about the pivot points.

4. The prosthetic foot assembly of Claim 1, wherein the adapter assembly is

horizontally spaced from the attachment portion of the foot member.

5 . The prosthetic foot assembly of Claim 1, wherein the ankle module comprises

one or more connection members extending between the joints of the ankle module.

6. The prosthetic foot assembly of Claim 5, wherein the connection members

comprise two top links and two bottom links, and the top and bottom links are not parallel to

one another.

7. The prosthetic foot assembly of Claim 5, wherein the connection members

comprise two top links and two bottom links, and a length of the top links is not equal to a

length of the bottom links.

8. The prosthetic foot assembly of Claim 1, further comprising a support spring

coupled to the adapter assembly and foot member.

9. A prosthetic foot assembly, comprising:

an adapter assembly configured to be coupled to a socket or pylon;

an elongate foot member having a generally vertical attachment portion at a

proximal end, the generally vertical attachment portion being horizontally spaced

~77~



from the adapter assembly and configured to move relative to the adapter assembly

during ambulation of the prosthetic foot; and

one or more linkages extending between and pivotaily coupled to the vertical

attachment portion and the adapter assembly, the linkages configured to allow the

foot member to translationally and/or pivotaily move relative to the adapter assembly

during ambulation.

10. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates plantarflexion of the foot member upon a heel strike phase of a

gait cycle.

11. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates dorsiflexion of the foot member through a stance phase of a gait

cycle.

12. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates plantarflexion of the foot member upon a toe off phase of a gait

cycle.

13. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates vertical shock absorption during a stance phase of a gait cycle.

14. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates vertical motion during a toe off phase of a gait cycle.

5. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates vertical shock absorption upon a heel strike phase of a gait cycle.

16. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates dorsiflexion upon a heel strike phase of a gait cycle.

17. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates plantar flexion during a stance phase of a gait cycle.

8. The prosthetic foot assembly of Claim 9, wherein an arrangement of the one

or more linkages facilitates dorsiflexion during a toe off phase of a gait cycle to provide toe

clearance during a swing phase of the gait cycle.

. The prosthetic foot assembly of Claim 9, wherein the one or more linkages

couples the foot member to the adapter assembly such that the prosthetic foot is in a



dorsiflexed position when the foot is unloaded, thereby allowing toe clearance during a

swing phase of a gait cycle.

20. A prosthetic foot assembly, comprising:

an adapter assembly configured to be coupled to a socket or pylon, the adapter

assembly having two or more joints;

an elongate foot member having a generally vertical attachment portion at a

proximal end, the attachment portion of the foot member horizontal!}' spaced from the

adapter assembly and having two or more joints; and

a linkage assembly coupling and allowing relative movement between the foot

member and the adapter assembly, the linkage assembly comprising;

an upper link and lower link on both a medial and a lateral side of

the foot member and adapter assembly, the links extending between joints of

the adapter assembly and joints of the foot member;

wherein the upper links have different lengths than the lower links and

the upper links are not parallel to the lower links.

21. The prosthetic foot assembly of Claim 20, further comprising a leaf spring

coupled to the adapter assembly and the foot member, the leaf spring configured to limit a

range of motion of the adapter assembly in use.

22. The prosthetic foot assembly of Claim 20, further comprising a connection

sleeve coupled to the attachment portion, wherein the linkage assembly couples the adapter

assembly and the connection sleeve.

23. The prosthetic foot assembly of Claim 20, wherein the adapter assembly

comprises a male pyramid adapter.
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