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(54) Prosthetic with voice coil valve

(57) A prosthetic includes a pair of prosthetic mem-
bers movably coupled together to allow movement of the
pair of prosthetic members with respect to one another.
A hydraulic actuator or damper including hydraulic fluid
in a hydraulic chamber is coupled to one of the pair of
prosthetic members. A hydraulic piston is movably dis-
posed in the hydraulic chamber and coupled to another
of the pair of prosthetic members. A hydraulic flow chan-
nel is fluidly coupled between opposite sides of the cham-
ber to allow hydraulic fluid to move between the opposite
sides of the chamber as the hydraulic piston moves there-
in. A voice coil valve is coupled to the hydraulic flow chan-
nel to vary resistance to flow of hydraulic fluid through
the flow channel, and thus movement of the piston in the
chamber, and thus influencing a rate of movement of the
pair of prosthetic members with respect to one another.
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Description

BACKGROUND

Field of the Invention

[0001] The present invention relates generally to pros-
thetics with a hydraulic damper or actuator. More partic-
ularly, the present invention relates to a prosthetic knee.

Related Art

[0002] The development of a prosthetic knee with a
more natural function or gait is an ongoing endeavor.
Examples of prosthetic knees include US Patent Nos.
RE39,961 (6,113,642) and 7,655,050; and the Plie®
prosthetic knee by Freedom Innovations, Inc.
[0003] Prosthetic knees often incorporate a hydraulic
damping scheme to limit or control movement about the
knee. The hydraulic damping systems often utilize a so-
lenoid valve to limit or resist the flow of hydraulic fluid. A
solenoid valve is typically on or off, and can typically op-
erate by drawing a plunger into an activated magnetic
coil and against a spring, which spring can return the
plunger when the coil is deactivated. In addition, some
hydraulic damping systems may also, or in the alterna-
tive, utilize a stepper motor.
[0004] Prior art prosthetic knees often do not meet the
advanced demands needed by today’s amputee.

SUMMARY OF THE INVENTION

[0005] It has been recognized by the inventors of the
present invention that prior art solenoid valves in hydrau-
lic prosthetics lack an ability to finely adjust rates of fluid
flow; and that prior art stepper motor control valves in
hydraulic prosthetics lack response time to control fluid
in both directions, often resulting in parallel systems with
double the weight and complexity. It has been recognized
by the inventors of the present invention that it would be
advantageous to develop a prosthesis, and namely an
above knee prosthesis or prosthetic knee, and/or a hy-
draulic damper or actuator for such prosthesis, and/or a
control valve for such a prosthesis or hydraulic system,
that provides bi-directional positioning, proportional con-
trol, rapid response and/or low power consumption. In
addition, it has been recognized by the inventors of the
present invention that it would be advantageous to de-
velop a prosthesis, and namely an above knee prosthesis
or prosthetic knee, and/or a hydraulic damper or actuator
for such prosthesis, and/or a control valve for such a pros-
thesis or hydraulic system, that provides two different
regions of linear proportional control.
[0006] In addition, it has been recognized by the inven-
tors of the present invention that it would be advanta-
geous to incorporate a voice coil valve, rather than a so-
lenoid valve, into a prosthetic knee, and to address the
prior size concerns that such a voice coil valve may raise.

Furthermore, it has been recognized by the inventors of
the present invention that a voice coil valve can provide
reciprocal or bidirectional movement based on the polar-
ity of an applied current (as opposed to the unidirection-
ally driven movement in that the armature of a solenoid
that only moves in one direction regardless of the polarity
of the current applied, and that requires a spring for return
movement). The inventors further recognized that the
force produced by the voice coil actuator is proportional
(and substantially linear) to the current applied (and the
velocity of the coil is proportional to the voltage applied),
unlike a solenoid (with non-linear time and force re-
sponse, and higher power consumption towards one end
of the stroke due to the need of constantly working
against the return spring force). Thus, the actuator has
a substantially linear time and force response. The move-
ment and force of the voice coil motor is based on the
Lorentz Force principle and equation, unlike a spring re-
turned solenoid.
[0007] The invention provides a prosthetic with a pair
of prosthetic members movably coupled together to allow
movement of the pair of prosthetic members with respect
to one another. In one aspect, the prosthetic can be a
prosthetic knee. A hydraulic actuator or damper includes
hydraulic fluid in a hydraulic chamber coupled to one of
the pair of prosthetic members, and a hydraulic piston
movably disposed in the hydraulic chamber coupled to
another of the pair of prosthetic members. A hydraulic
flow channel is fluidly coupled between opposite sides
of the chamber to allow hydraulic fluid to move between
the opposite sides of the chamber as the hydraulic piston
moves therein. A voice coil valve is coupled to the hy-
draulic flow channel to vary resistance to flow of hydraulic
fluid through the flow channel, and thus movement of the
piston in the chamber, and thus influencing a rate of
movement of the pair of prosthetic members with respect
to one another.
[0008] The voice coil valve can reciprocally and selec-
tively position a valve, or spool thereof, in a bidirectional
movement based on the polarity of the current applied
to the voice coil. Thus, the valve can be bi-directionally
driven in back and forth directions, and bi-directionally
positioned. The amount of current can be selected and
varied to selectively position a coil with respect to a mag-
net. The polarity of the current can be selected and
changed to select and change the direction of travel of
the valve or spool. The force produced by the voice coil
valve is proportional (and substantially linear) to the cur-
rent applied (and the velocity of the coil is proportional
to the voltage applied), unlike a solenoid (with non-linear
time and force response). Thus, the voice coil valve has
a substantially linear time and force response. The move-
ment and force of the voice coil is based on the Lorentz
Force principle and equation, unlike a solenoid. In addi-
tion, the direction of movement of the coil can be selected,
driven and varied by selecting and varying the polarity of
the current, unlike a solenoid (which has the same direc-
tion of travel irrespective of polarity; i.e. changing the
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polarity of a solenoid does not alter the direction of in-
duced motion). Thus, the direction of travel of the coil is
based on the polarity of the current. The voice coil valve
has a rapid response rate (i.e. greater than 100 cycles
per second), and a low power consumption (i.e. less than
1.8 Watts, or 150 mAmps @ 12V), unlike a solenoid.
[0009] In addition, the invention provides a prosthetic
with a pair of prosthetic members movably coupled to-
gether to allow movement of the pair of prosthetic mem-
bers with respect to one another. A hydraulic actuator or
damper includes hydraulic fluid in a hydraulic chamber
coupled to one of the pair of prosthetic members, and a
hydraulic piston movably disposed in the hydraulic cham-
ber and coupled to another of the pair of prosthetic mem-
bers. The hydraulic piston divides the chamber into op-
posite sides. A hydraulic flow channel is fluidly coupled
between the opposite sides of the chamber to allow hy-
draulic fluid to move between the opposite sides of the
chamber as the hydraulic piston moves therein. A hy-
draulic valve is operatively coupled in the hydraulic flow
channel and includes an orifice and a spool movable with
respect to one another to selectively resist flow of the
hydraulic fluid through the orifice. The prosthetic includes
an electric actuator to move the orifice and the spool with
respect to one another. The actuator includes a perma-
nent magnet and a coil movable with respect to one an-
other, and reciprocally positionable with current polarity
induced, bi-directional movement, by selectively chang-
ing a polarity of electric current applied to the electric
actuator, such that the spool is selectively positioned and
bi-directionally driven in back and forth directions, such
that the hydraulic valve varies resistance to the flow of
hydraulic fluid through the flow channel. The actuator has
a substantially linear time and force response with a rapid
response rate, capable of greater than 100 cycles per
second, and a low power consumption less than 1.8
Watts. The valve has a pair of different, substantially lin-
ear control regions including: a first region providing a
region of control during slow extension/retraction of the
hydraulic actuator or damper between 1.5 to 2.5 inches
per second, and a second region providing a region of
control during fast extension/retraction of the hydraulic
actuator or damper between 6 to 8 inches per second.
[0010] Furthermore, the invention provides a prosthet-
ic knee for an above knee amputee with pair of prosthetic
members including a thigh link configured to be coupled
to a remnant limb of the amputee, and pivotally coupled
to a shank link configured to be coupled to an artificial
foot. The thigh link and shank link are pivotally coupled
together at a primary pivot to allow flexion and extension
of the shank link with respect to the thigh link. A hydraulic
actuator or damper includes hydraulic fluid in a hydraulic
chamber coupled to one of the pair of prosthetic mem-
bers, and a hydraulic piston movably disposed in the hy-
draulic chamber and coupled to another of the pair of
prosthetic members. The hydraulic piston divides the
chamber into opposite sides. A hydraulic flow channel is
fluidly coupled between the opposite sides of the cham-

ber to allow hydraulic fluid to move between the opposite
sides of the chamber as the hydraulic piston moves there-
in. A voice coil valve is coupled to the hydraulic flow chan-
nel to vary resistance to flow of hydraulic fluid through
the flow channel, and thus movement of the piston in the
chamber, and thus pivoting of the pair of prosthetic mem-
bers with respect to one another. The voice coil valve
includes: an orifice and a spool movable with respect to
one another to selectively resist flow of the hydraulic fluid
through the orifice; and a permanent magnet and a coil,
coupled to the valve to move the orifice and the spool
with respect to one another, and movable with respect
to one another, and reciprocally positionable with current
polarity induced, bi-directional movement, by selectively
changing a polarity of electric current applied to the elec-
tric actuator, such that the spool is selectively positioned
and bi-directionally driven in back and forth directions,
such that the hydraulic valve selectively varies resistance
to the flow of hydraulic fluid through the flow channel.
The voice coil valve has a rapid response rate, capable
of greater than 100 cycles per second, and a low power
consumption less than 1.8 Watts.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Additional features and advantages of the in-
vention will be apparent from the detailed description
which follows, taken in conjunction with the accompany-
ing drawings, which together illustrate, by way of exam-
ple, features of the invention; and, wherein:

FIG. 1 is a perspective view of a prosthetic knee in
accordance with an embodiment of the present in-
vention;
FIG. 2 is a side view of the prosthetic knee of FIG. 1;
FIG. 3 is a cross-sectional side view of the prosthetic
knee of FIG. 1, taken along line 3-3 in FIG. 1;
FIG. 4 is a cross-sectional side view of a hydraulic
system of the prosthetic knee of FIG. 1;
FIG. 5a is a cross-sectional schematic view of the
hydraulic system of FIG. 4, shown in cylinder com-
pression or knee flexion;
FIG. 5b is a cross-sectional schematic view of a con-
trol valve or voice coil valve of FIG. 1 shown in cyl-
inder compression or knee flexion;
FIG. 6a is a cross-sectional schematic view of the
hydraulic system of FIG. 4, shown in cylinder exten-
sion or knee extension;
FIG. 6b is a cross-sectional schematic view of the
control valve or voice coil valve of FIG. 1 shown in
extension;
FIG. 7 is a partial cross-sectional side view of the
prosthetic knee of FIG. 1, taken along line 3-3 in FIG.
1;
FIG. 8 is a perspective view of another prosthetic
knee in accordance with another embodiment of the
present invention showing a different embodiment
of a packaging solution for a control valve or voice
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coil valve;
FIG. 9 is a side view of the prosthetic knee of FIG. 8;
FIG. 10 is a cross-sectional side view of the pros-
thetic knee of FIG. 8, taken along line 10-10 in FIG. 8;
FIG. 11 is a perspective view of another prosthetic
knee in accordance with another embodiment of the
present invention;
FIG. 12 is a cross-sectional side view of the pros-
thetic knee of FIG. 11, taken along line 12-12 in FIG.
11;
FIG. 13a is a cross-section side schematic view of
a hydraulic actuator or damper, or hydraulic system,
of the prosthetic knee of FIG. 11, show in compres-
sion or flexion;
FIG. 13b is a schematic cross-sectional side view of
a control valve or voice coil valve of FIG. 11, shown
in cylinder compression or knee flexion;
FIG. 13c is a schematic cross-sectional side view of
the control valve or voice coil valve of FIG. 11 with
enhanced power off functionality, shown in cylinder
compression or knee flexion and metering in a non-
powered state;
FIG. 14a is a cross-section side schematic view of
a hydraulic actuator or damper, or hydraulic system,
of the prosthetic knee of FIG. 11, show in cylinder
extension and knee extension;
FIG. 14b is a schematic cross-sectional side view of
the control valve or voice coil valve of FIG. 11, shown
in cylinder extension and knee extension;
FIG. 14c is a schematic cross-sectional side view of
the control valve or voice coil valve of FIG. 11, shown
in cylinder extension and knee extension and in a
non-powered state;
FIG. 15 is a perspective view of another prosthetic
knee in accordance with another embodiment of the
present invention showing a rotary vane hydraulic
system;
FIG. 16 is another perspective view of the prosthetic
knee of FIG. 15;
FIG. 17 is a cross-sectional side view of the pros-
thetic knee of FIG. 15, taken along line 17-17 in FIG.
15;
FIG. 18 is a partial cross-sectional perspective view
of the prosthetic knee of FIG. 15;
FIG 19 is partial perspective view of a portion of a
rotary vane type hydraulic actuator or damper of the
prosthetic knee of FIG. 15, and namely a central
block forming a portion of a hydraulic chamber with
a rotary vane therein;
FIG. 20 is a partial perspective view of a portion of
another rotary vane type hydraulic actuator or damp-
er in accordance with another aspect of the present
invention, and namely a central block forming a por-
tion of a hydraulic chamber with a rotary vane therein;
FIG. 21 is a cross-sectional side view of another hy-
draulic system of the prosthetic knee in accordance
with another embodiment of the present invention
employing the use of a twin wall cylinder, which ar-

ranges the fluid flow in dual concentric tubes, with
one embodiment consisting of an inner working
chamber (inner wall) containing a piston, and an out-
er concentric chamber (outer wall) providing the flow
return circuit from one side of the piston to the other;
FIG. 22 is a cross-sectional side view of another hy-
draulic system in accordance with another embodi-
ment of the present invention employing a through
rod cylinder (shown with the control valve or voice
coil valve separate from a housing thereof); and
FIG. 23 is a cross-sectional perspective view of the
hydraulic system of FIG. 22 (shown with the control
valve or voice coil valve separate from a housing
thereof).

[0012] In the above mentioned figures, hydraulic fluid
has been removed for visibility of the components. Al-
though the hydraulic fluid is not shown, those skilled in
the art will clearly understand the volumes it occupies,
and the channels it flows through.
[0013] Reference will now be made to the exemplary
embodiments illustrated, and specific language will be
used herein to describe the same. It will nevertheless be
understood that no limitation of the scope of the invention
is thereby intended.

DETAILED DESCRIPTION OF EXAMPLE EMBODI-
MENT(S)

[0014] The invention provides a prosthetic device for
use by an amputee. The prosthetic device is shown here-
in configured as a prosthetic knee for use by an above-
knee amputee. The prosthetic device of the present in-
vention can be configured as other prosthetics and/or for
use in other locations. For example, the prosthetic device
can be configured for use as a prosthetic ankle for a be-
low-knee amputee, or an above-knee amputee.
[0015] The prosthetic device or prosthetic knee can
have a pair of prosthetic members that are movably
and/or pivotally coupled to one another, and move and/or
pivot with respect to one another. For example, the pair
of prosthetic members can move in flexion and extension
in the case of a prosthetic knee. In addition, the prosthetic
members can move in dorsiflexion and plantar-flexion in
the case of a prosthetic ankle. The prosthetic members
can move and/or pivot about a single pivot joint or axle,
or across a locus of points such as in a multi-bar linkage,
or other type of linkage.
[0016] A hydraulic actuator or damper can also be cou-
pled to and between the pair of prosthetic members to
control or limit the movement and/or pivoting between
the members. The terms "hydraulic actuator", "hydraulic
damper" and "hydraulic actuator or damper" are used
interchangeably herein to refer to a hydraulic system that
imposes some type of limitation or control on the move-
ment of a hydraulic fluid, and thus some type of limitation
or control on the relative movement between the pros-
thetic members. The hydraulic system can be a hydraulic
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damper that simply limits or resists movement of the hy-
draulic fluid, and thus simply limits or resists movement
between the pair of prosthetic members. The hydraulic
system can be a hydraulic actuator that includes a hy-
draulic motor that drives or creates hydraulic pressure to
drive movement between the pair of prosthetic members.
Such a hydraulic actuator can also be operated as a
damper.
[0017] The hydraulic system can include a hydraulic
separator, such as a piston or vane, movable in a hy-
draulic chamber, such as a cylinder or rotary chamber,
to displace hydraulic fluid from one side of the working
chamber to the other. The piston can be coupled to one
of the prosthetic members, while the chamber is coupled
to the other of the prosthetic members in the embodiment
of a linear piston damper, or in the embodiment of a rotary
piston damper. Such couplings can be secondary pivotal
couplings, separate from a primary pivot between the
pair of members. The piston can divide the chamber into
opposite sides and the hydraulic system can be config-
ured to displace the fluid from one side of the piston to
the other, or from one side of the chamber to the other.
Thus, the hydraulic system can have a hydraulic flow
channel fluidly coupled between the opposite sides of
the chamber to allow the hydraulic fluid to move between
the opposite sides of the chamber as the piston moves
therein. In one aspect, the hydraulic system can include
an overflow reservoir to accommodate the different vol-
umes of the opposite sides of the chamber due to the
volume of piston rod coupled to the piston. In another
aspect, the hydraulic system can include a piston rod on
both sides of the piston, which exits the working chamber
on both sides, commonly termed a "thru-rod" damper, so
that the sum of the volume on both sides of the chamber
during the stroke remains constant.
[0018] A control valve can be coupled to the hydraulic
flow channel to vary resistance to the hydraulic fluid flow
or vary the flow rate. Prior art solenoid valves have been
used to vary flow. Solenoid valves typically have a sta-
tionary iron core with a coil, and a movable iron armature
that is moved when current is applied to the coil. Solenoid
valves also typically rely on a spring for return movement
when the current is removed from the coil. Thus, solenoid
valves often have an on-off operation. Solenoid valves
generate force proportional to the square of the current
(and are thus non-linear). Solenoids are relatively inex-
pensive. It has been recognized by the inventors, how-
ever, that solenoid valves are or can be limited by unidi-
rectionally driven movement in that the armature only
moves in one direction regardless of the polarity of the
current applied, and that a spring is required for return
movement. In addition, it has been recognized by the
inventors that solenoid valves are or can be limited by
requiring additional current to overcome the spring force
of the spring, thus requiring greater power consumption.
In addition, it has been recognized by the inventors that
solenoid valves are or can be limited by slower response
times and/or non-linear response time (and force).

[0019] The inventors have recognized that the control
valve can include an electric actuator, coupled to a hy-
draulic valve, to reciprocally and selectively position the
valve, or spool thereof, in a bidirectional movement
based on the polarity of the current applied to the actu-
ator. Thus, the valve can be bi-directionally driven in back
and forth directions, and bi-directionally positioned. The
electric actuator includes a permanent magnet and a coil
movable with respect to one another. The permanent
magnet can have a magnetic field in which the coil moves
when a current is applied to the coil. As well, the same
response can be generated when the magnet moves,
and the coil remains stationary, when electricity is used.
The amount of current can be selected and varied to se-
lectively position the coil with respect to the magnet. The
polarity of the current can be selected and changed to
select and change the direction of travel of the coil with
respect to the magnet. The force produced by the actu-
ator is proportional (and substantially linear) to the cur-
rent applied (and the velocity of the coil is proportional
to the voltage applied), unlike a solenoid (with non-linear
time and force response). Thus, the actuator has a sub-
stantially linear time and force response. The movement
and force of the voice coil motor is based on the Lorentz
Force principle and equation, unlike a solenoid. In addi-
tion, the direction of movement of the coil can be selected,
driven and varied by selecting and varying the polarity of
the current, unlike a solenoid (which has the same direc-
tion of travel irrespective of polarity; i.e. changing the
polarity of a solenoid does not alter the direction). Thus,
the direction of travel of the coil is based on the polarity
of the current. The actuator, and thus the valve, has a
rapid response rate (i.e. greater than 100 cycles per sec-
ond), and a low power consumption (i.e. less than 1.8
Watts, or 150 mAmps @ 12V), unlike a solenoid. Such
an actuator or valve can be referred to as a voice coil or
voice coil valve. The actuator is coupled to the hydraulic
valve, which is operatively coupled in the hydraulic flow
path. The valve includes an orifice and a spool movable
with respect to one another. The actuator is coupled to
the valve to move the orifice and the spool with respect
to one another to selectively resist flow of the hydraulic
fluid through the orifice. In one aspect, the actuator can
move the spool with respect to the orifice. Thus, the hy-
draulic valve selectively varies the resistance of the hy-
draulic valve to the flow of hydraulic fluid through the flow
channel.
[0020] The control valve and electrical actuator thereof
can be operatively coupled, or electrically coupled or
wirelessly coupled, to control electronics, such as a cir-
cuit board with a microprocessor, forming a computer to
control the control valve, and thus the hydraulic system
or hydraulic actuator or damper. The computer can con-
trol the hydraulic valve to vary the flow rate of the hydrau-
lic fluid, and thus the resistance to bending, of the knee.
The computer can vary the compression and extension
of the hydraulic system or hydraulic actuator or damper
during the gait cycle of a prosthetic knee; and thus control
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the compression and extension of the prosthetic knee
during gait. The computer and the control valve can vary
the resistance and the flow rate of the compression
and/or extension of the hydraulic system during both
compression and extension of the prosthetic knee or
members thereof.
[0021] As illustrated in FIGs. 1-7, a prosthetic device,
namely a prosthetic knee, indicated generally at 10, is
shown in an example implementation in accordance with
an embodiment of the invention. The prosthetic knee 10
includes a pair of prosthetic members, namely an upper
member or rotor or thigh link 14, and a lower member or
frame or shank link 18, that are pivotally coupled together
at a primary pivot 22. The upper and lower members 14
and 18, or components thereof, can be machined or cast
from metal, such as aluminum, and/or injection molded
from plastic. The primary pivot 22 can include an axle
and bearings. The upper member 14 can be disposed at
a location of a natural knee, while the lower member 18
can extend along a length of a natural shin or lower leg.
Both members 14 and 18 can have connectors 26 at
distal ends thereof, such as pyramid connectors as
known in the art, for attachment to a socket 30 and a
prosthetic foot and/or ankle (not shown), respectively.
The socket can be attached to a remnant limb of the
amputee. Such sockets, connectors, feet and ankles are
known in the art. In use, the lower member can move
with respect to the upper member in flexion and exten-
sion. The lower member 18 can have an exterior frame
or exoskeleton that partially surrounds an interior be-
tween the lower connector and the primary pivot, and
that is open or partially open in a rearward direction, or
has an open rear. The exoskeleton can carry a power
supply (such as batteries), control electronics such as a
circuit board with a microprocessor, etc.
[0022] The prosthetic knee 10 also has a hydraulic sys-
tem 40 that can include a hydraulic actuator or damper
50 and a control valve 60. The hydraulic system 40 is
coupled between the upper and lower members 14 and
18. The hydraulic actuator or damper 50 includes a hy-
draulic chamber, namely a hydraulic cylinder 54, pivotally
coupled to the lower member 18, and a piston 58 with a
piston rod 62 pivotally coupled to the upper member 14.
The pivotal connections between the hydraulic actuator
or damper and the upper and lower members form sec-
ondary pivots, separated from the primary pivot. In an-
other aspect, the coupling of the hydraulic actuator or
damper can be reversed, with the cylinder coupled to the
upper member and the piston rod coupled to the lower
member (as shown in FIGs. 8-10). The piston 58 can be
cylindrical and can slidably move within the cylinder 54.
In addition, the piston 58 divides the cylinder 54 or cham-
ber into opposite sides. The cylinder 54 can be formed
by a cylinder disposed between opposite caps 70 and
72, one of which is a lower cap 70 that is pivotally coupled
to the lower member 18 (with an axle and bearings), and
the other of which is an upper cap 72 that has an aperture
to slidably receive the piston rod 62. The piston rod 62

is pivotally coupled to the upper member 14 (with an axle
and bearings).
[0023] In addition, the linear piston damper system (or
piston 58 and cylinder 54) can utilize tightly toleranced
components which eliminate the need for elastomeric
seals to separate the sides of the hydraulic chamber. By
using a "metal-on-metal" fit between the piston and cyl-
inder, the seal drag (or stiction) which would be trans-
ferred to the amputee as a jarring or disjointed feeling,
can be entirely removed from the system, or greatly re-
duced. The precision that can be required to form a hy-
draulic working chamber capable of locking without
weeping can require a gap between the acting surfaces
of the piston and cylinder on the order of 0.005mm
(0.0002in). Furthermore, the surface finish that can re-
quired to facilitate smooth actuation on both surfaces of
the piston and cylinder can be between 0.20 to 0.41 mm
(8 to 16 min) Ra finish.
[0024] Hydraulic fluid (not shown for clarity of the com-
ponents) can fill the cylinder 54 or chamber, and can be
displaced from one side of the cylinder 54 or chamber
(or piston 58) to the other as the piston 58 moves therein.
A hydraulic flow channel 66 is fluidly coupled between
the opposite sides of the cylinder 54 or chamber (or piston
58) to allow the hydraulic fluid to move or displace be-
tween the opposite sides of the cylinder 54 or chamber
(or piston 58) as the piston 58 moves therein. One or
more channels can be formed in the caps 70 and 72 to
form a portion of the hydraulic flow channel 66. A tube
74 (FIG. 7) can be fluidly coupled to and can extend be-
tween the caps 70 and 72 to interconnect the channels
in the caps, and also to form a portion of the hydraulic
flow channel 66. The upper cap 72 can have a channel
extending from an upper chamber or upper portion of the
cylinder 54, while the lower cap 70 can have a channel
extending from a lower chamber or lower portion of the
cylinder 54. In addition, the tube 74 can couple the chan-
nel from the lower cap 70 to the upper cap 72 or channel
thereof. Thus, the upper cap 72 can form and can define
a manifold with at least a portion of the hydraulic flow
channel 66 formed therein. Within the upper cap 72 or
manifold, the hydraulic channel 66 can have a proximal
portion 66a and a distal portion 66b (the proximal and
distal positions being relative to the control valve 60). A
bore 76 can be formed in the upper cap 72 or manifold,
and can extend through the proximal portion 66a of the
hydraulic channel 66 to the distal portion 66b. An annular
flange or mount 78 can extend from the upper cap 72 or
manifold, and can circumscribe the bore 76, and can form
a portion of the bore.
[0025] As indicated above, the prosthetic knee 10 and
the hydraulic system 40 include a control valve 60 cou-
pled to the hydraulic flow channel 66 to vary resistance
to flow of hydraulic fluid through the flow channel, and
thus movement of the piston 58 in the chamber 54, and
thus influence a rate of movement of the pair of prosthetic
members 18 and 18 with respect to one another. As dis-
cussed above, the control valve 60 includes a hydraulic

9 10 



EP 2 778 436 A1

7

5

10

15

20

25

30

35

40

45

50

55

valve 80 that directly contacts and acts upon the hydraulic
fluid, and an actuator 90 that drives and controls the hy-
draulic valve 80. The hydraulic valve 80 and the actuator
90 can be fixed together as a single, operable unit, i.e.
the control valve 60, that can be coupled to and carried
by the hydraulic system 40, and the hydraulic actuator
or damper 50. Thus, the control valve 60 can be removed
and replaced as a single unit to facilitate repair or custom
applications. The control valve 60 can have, and the hy-
draulic valve 80 and the actuator 90 can share, a housing
or cartridge 100 that can have a fitting 104, such as screw
threads, that engage and attach the housing 100 to the
cap 72 or manifold, such as at the annular flange or mount
78. The flange or mount 78 and/or bore 76 can include
screw threads to receive the fitting 104 of the housing.
Thus, the upper cap 72 or manifold receives and carries
the control valve 60, and the hydraulic valve 80 and the
actuator 90. In addition, the control valve 60 is coupled
to the bore 76, and the portions 66a and 66b of the hy-
draulic channel 66.
[0026] The hydraulic valve 80 of the control valve 60
is operatively coupled in the hydraulic flow path or chan-
nel 66, and includes at least one orifice 110 and a spool
114 movable with respect to one another to selectively
resist flow of the hydraulic fluid through the orifice. The
spool 114 can be selectively positioned with respect to
the orifice(s) 110 to selectively increase and decrease a
cross-sectional area through which the hydraulic fluid can
flow. The spool 114 can be or can include a sliding tube
116, and can have a distal end or at least one distal open-
ing 118 that is selectively positionable with respect to the
orifice 110. The distal opening 118 can be formed in a
sidewall of the sliding tube 116, or the open end thereof,
or can be the open end or annular edge thereof. The
orifice(s) 110 can be formed in an inner tube 122 circum-
scribing the sliding tube 116 or spool 114. The spool 114
or sliding tube 116 can slide within the inner tube 122.
Thus, the spool 114 or sliding tube 116 can be selectively
positioned by the actuator to selectively position the or-
ifice(s) 110 and opening(s) 118 with respect to one an-
other, and selectively increase and decrease a cross-
sectional area through which the hydraulic fluid can flow.
An outer diameter of the sliding tube 116 can match an
inner diameter of the inner tube 122 so that the tubes
seal with respect to one another. In another aspect, a
distal end or annular edge of the sliding tube or spool
can be positioned with respect to the orifice. In another
aspect, the spool or sliding tube can circumscribe the
inner tube (as opposed to the inner tube circumscribing
the spool or sliding tube).
[0027] The inner tube 122 can be rigidly affixed to the
housing 100, and can extend out of the housing and into
the bore 76 of the upper cap 72 or manifold, through the
proximal portion 66a of the channel 66 and to the distal
portion 66b of the channel. In addition, the inner tube 122
can define an inner flow channel. The housing 100 (or
the fitting 104 thereof) can form or can include an outer
tube 126 circumscribing the inner tube 122 and spaced

apart therefrom, and defining an outer annular flow chan-
nel circumscribing the inner flow channel. The inner and
outer tubes 122 and 126 are coupled to the hydraulic flow
channel 66 in the upper cap 72 or manifold. The outer
tube 126 extends into the bore 76 of the upper cap 72 or
manifold and to the proximal portion 66a of the channel
66. Thus, the orifice(s) 110, and the opening(s) 118, are
disposed between the inner and outer flow channels. The
inner tube 122 and the outer tube 126 each have a distal
end with the one extending beyond the other, namely the
inner tube can extend beyond the outer tube. Thus, the
inner tube 122 can extend through the bore 76 to the
distal portion 66b of the flow channel 66, while the outer
tube 126 can extend into the bore 76 and to the proximal
portion 66a of the flow channel 66.
[0028] As stated above, the electric actuator 90 is cou-
pled to the hydraulic valve 80 to move the orifice(s) 110
and the spool 114 or sliding tube 116 with respect to one
another. The actuator 90 includes a permanent magnet
140 and a coil 144 (removed for clarity) movable with
respect to one another. The magnet 140 can have an
outer wall or cup with an annular shape or a cup shape
with an inner post forming an annular space between the
outer wall and the inner post. The magnet 140 has or
creates a magnetic field. The coil 144 can have an an-
nular wall or cup sized to fit in the annular space of the
magnet. The coil 144 can include wires wrapped or coiled
around the wall or cup. Thus, the coil 144 can be movably
positioned in the magnetic field of the magnet 140. A
current can be applied to the coil 144 to move the coil
with respect to the magnet 140. As described above, the
current applied to the coil 144 in the magnetic field of the
magnet 140 produces a force that is directly proportional
to the electric current applied. In addition, the coil 144,
and thus the control valve 60, has a substantially linear
time and force response. Furthermore, the coil 144, and
thus the spool 114 or sliding tube 116, is bi-directionally
driven by the current, or polarity thereof. The electric cur-
rent applied to the coil 144 causes the coil, and thus the
spool 114 or sliding tube 116, to move in either a first
direction or a second direction based on a polarity of the
electric current. Thus, the coil 144, spool 144 and sliding
tube 166 are reciprocally positionable with current polar-
ity induced, bi-directional movement, by selectively
changing the polarity of the electric current applied to the
electric actuator 90 or coil 144 thereof. Thus, the spool
114 and sliding tube 116 can be selectively positioned
and bi-directionally driven in back and forth directions,
so that the hydraulic valve 80 selectively varies the re-
sistance, or effective surface area or size of the opening
between the orifice(s) 110 and opening(s) 118, of the
hydraulic valve 80, via the position of the spool 114 or
sliding tube 166 with respect to the inner tube 122, to the
flow of hydraulic fluid through the flow channel or ori-
fice(s) 110 and opening(s) 118 thereof. The control valve
60 or actuator 90 can have a rapid response rate, greater
than 100 cycles per second, and a low power consump-
tion, less than 1.8 Watts (i.e. or 150 mA @ 12V). Further-

11 12 



EP 2 778 436 A1

8

5

10

15

20

25

30

35

40

45

50

55

more, the control valve 60, and the coil 144 thereof, can
be selectively and proportionally positionable, propor-
tional to an amount of the electric current applied to coil
or the control valve. Thus, a selective and variable
amount of electric current with variable polarity applied
to the coil or control valve selectively and proportionally
varies the resistance of the control valve, or the hydraulic
valve 80 thereof, to the flow of hydraulic fluid through the
flow channel. While the coil has been described above
as movable with respect to a permanent magnet, it is
contemplated that such a configuration can be reversed,
with the magnet coupled to the spool or sliding tube, and
movable with respect to the coil.
[0029] The control valve 60 can be characterized as a
voice coil valve, and the actuator 90 can be characterized
as a voice coil. Therefore, the prosthetic knee 10 and
hydraulic system 40 thereof can utilize a voice coil valve.
As noted above, the control valve 60 or voice coil valve
described above provides bi-directional positioning, pro-
portional control, rapid response and/or low power con-
sumption. The use of the control valve 60 or voice coil
valve described above allows the coil, spool and sliding
tube to be driven in either direction without requiring a
spring for return motion, which in turn reduces the power
consumption of the control valve, which can result in long-
er operational periods between charging and/or smaller
power supplies (e.g. batteries), resulting in greater free-
dom and less weight for the amputee. In addition, the
use of the control valve 60 or voice coil valve described
above allows the hydraulic system 40 and prosthetic
knee 10 to have a faster response time to provide a more
natural gait to the amputee and/or to provide a more nat-
ural transition between sitting and standing, and/or climb-
ing stairs.
[0030] The control valve 60 or voice coil valve can be
carried by and attached to the cylinder 54 or another
frame member of the hydraulic actuator or damper 50.
As described above, the housing or cartridge 100 of the
control valve 60 or voice coil valve can have a fitting 104
and/or an outer tube 126 that engages and attaches to
the housing, and thus the control valve, to the upper cap
72 of the cylinder. In addition, the control valve 60 or
voice coil valve, or housing 100 thereof, can be located
behind the cylinder 54. Furthermore, the control valve 60
or voice coil valve can be oriented with a path of travel
of the coil 144, spool 114 and sliding tube 116 parallel
with a path of travel of the piston 58. The position and
orientation of the control valve 60 or voice coil valve can
create a more compact and smaller profile for the pros-
thetic knee, and thus greater freedom, comfort and nat-
ural movement for the amputee, because the control
valve 60 or voice coil valve can be larger than prior art
solenoid valves.
[0031] In addition, the control valve 60 or voice coil
valve, and thus the hydraulic valve 80, has a pair of dif-
ferent regions of substantially linear control. A first region
provides a region of control during slow extension and/or
retraction (or compression) of the hydraulic actuator or

damper, between 1.5 to 2.5 inches per second and is by
definition the smaller of the two regions; and a second
region provides for a region of control during fast exten-
sion and/or retraction (or compression) of the hydraulic
actuator or damper, between 6 to 8 inches per second.
As described above, one or more orifices 110 in the inner
tube 122 can be selectively aligned with one or more
openings 118 of the sliding tube 116 to achieve the pair
of control regions with different flow rates. In one aspect,
the orifice(s) 110 can have a longitudinally varying width
with a discrete change in width from a proximal end to a
distal end along a longitudinal length of the orifice. For
example, the orifice can have a larger or wider proximal
end, and a smaller or narrower distal end, as shown in
FIGs. 5b and 6b. Thus, the orifice 110 can have two dis-
crete widths formed by two orifices sharing a common
boundary that is open between the two orifices. As shown
in FIGs. 5b and 6b, the orifice(s) 110 can have a larger
proximal rectilinear (square or rectangular) shape and a
smaller distal rectilinear shape, which share a common
boundary and that are open to one another. In another
aspect, a larger number of orifices(s) and opening(s) can
be aligned or misaligned. In another aspect, the shape,
size, number and/or location of the orifice(s) and/or open-
ing(s) can be configured to provide the two linear regions.
[0032] Referring to FIGs. 5a - 6b, the operation of the
hydraulic system 40, the hydraulic actuator or damper
50, the control valve 60 or voice coil valve, the hydraulic
valve 80 and electric actuator 90 is demonstrated. FIGs.
5a and b show the hydraulic system in compression and
the control valve more "closed" or more restricted to have
a lower flow rate and a greater resistance, which can
correspond to knee flexion (or the lower member 18 piv-
oting towards the upper member 14). Thus, the knee can
flex or compress more slowly or with greater resistance.
It is noted, however, that the knee can flex or compress
more rapidly and with lesser resistance (i.e. with the con-
trol valve more "open" or less restricted) depending on
the gait cycle. FIGs. 6a and b show the hydraulic system
in extension and the control valve more "open" or less
restricted to have a greater flow rate and a lesser resist-
ance, which can correspond to knee extension (or the
lower member 18 pivoting away the upper member 14).
Thus, the knee can extend more rapidly or with lesser
resistance. It is noted, however, that the knee can extend
more slowly and with greater resistance (i.e. with the con-
trol valve more "closed" or more restricted) depending
on the gait cycle.
[0033] Referring to FIGs. 5a and b, the hydraulic actu-
ator or damper 50 is compressed; the piston 58 is com-
pressed into the cylinder 54; hydraulic fluid is displaced
by the piston out of the (lower) chamber or portion of the
cylinder, through a portion of the channel in the lower
cap 70, through the tube 74 to the upper cap 72 or man-
ifold, and into the distal portion 66b of the channel 66 in
the upper cap 72 or manifold. The hydraulic fluid is dis-
placed into the control valve 60 or voice coil valve through
and into the inner tube 122, and through and into the
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sliding tube 116 or spool 114, and to the opening(s) 118
in the sliding tube or spool. As shown in FIGs. 5a and b,
the opening(s) 118 of the sliding tube 116 or spool 114
is misaligned with the orifice(s) 110 in the inner tube 122,
or aligned with the smaller or narrower distal end or por-
tion thereof; creating a smaller cross-sectional area
through which the fluid can flow, and thus increasing re-
sistance to the flow and decreasing the flow rate so that
the piston 58 moves with greater difficulty and more slow-
ly in the cylinder 54, and the lower member 18 moves
with greater difficulty and more slowly in compression.
The hydraulic fluid is displaced through the opening(s)
118 of the sliding tube 116 or spool 114, and the orifice(s)
110 in the inner tube 122. The hydraulic fluid is displaced
through the outer tube 126, out of the control valve 60 or
voice coil valve, into the proximal portion 66a of the chan-
nel 66 in the upper cap 72 or manifold, and into the (upper)
chamber or portion of the cylinder. (Because of the piston
rod 62 in the upper chamber of the cylinder, the opposite
sides of the chamber change volume unequally. Thus,
excess fluid can be diverted into an overflow reservoir
154.) Also as shown in FIGs. 5a and b, the control valve
60 or voice coil valve, or actuator 90, has been moved
in a first or distal direction under an applied current (and
polarity) to selectively position the spool 114 or sliding
tube 116, and thus selectively position or misalign the
orifice(s) 110 and opening(s) 118. As discussed above,
the control valve can be operated to move in a proximal
direction to align the orifice(s) and the opening(s) to cre-
ate a larger cross-sectional area, and thus reduce resist-
ance to flow and increase the flow rate so that the lower
member moves faster in extension, or when the knee is
coming forward during the gait cycle.
[0034] Referring to FIGs. 6a and b, the hydraulic actu-
ator or damper 50 is extended; the piston 58 is extended
or withdrawn away from the cylinder 54; hydraulic fluid
is displaced by the piston out of the (upper) chamber or
portion of the cylinder, through a portion of the channel
in the upper cap 72, and into a proximal portion 66a of
the channel 66 in the upper cap 72 or manifold. The hy-
draulic fluid is displaced into the control valve 60 or voice
coil valve through and into the outer tube 126, and to the
orifice(s) 110 in the inner tube 122. As shown in FIGs.
6a and b, the opening(s) 118 of the sliding tube 116 or
spool 114 is aligned with the orifice(s) 110 in the inner
tube 122, or the larger or wider proximal end or portion
thereof (or in this case the entire orifice); creating a larger
cross-sectional area through which the fluid can flow, and
thus reducing resistance to the flow and increasing the
flow rate so that the piston 58 moves easier and more
quickly in the cylinder 54, and the lower member moves
easier and more quickly in extension. The hydraulic fluid
is displaced through the opening(s) 118 of the sliding
tube 116 or spool 114, and the orifice(s) 110 in the inner
tube 122. The hydraulic fluid is displaced out of the control
valve 60 or voice coil valve through and out of the sliding
tube 116 or spool 114, and through and out of the inner
tube 122 to the distal portion 66b of the channel 66 in the

upper cap 72 or manifold. The hydraulic fluid is displaced
through the tube 74 to the lower cap 70, and into the
(lower) chamber or portion of the cylinder. (Again, be-
cause of the piston rod 62 in the upper chamber of the
cylinder, the opposite sides of the chamber change vol-
ume unequally. Thus, the deficient fluid can be withdrawn
from the overflow reservoir.) Also as shown in FIGs. 6a
and b, the control valve 60 or voice control valve, or ac-
tuator 90, has been moved in a second or proximal di-
rection under an applied current (and opposite polarity)
to selectively position the spool 114 or sliding tube 116,
and thus selectively position or align (or misalign) the
orifice(s) 110 and opening(s) 118. As discussed above,
the control valve can be operated to move in a distal
direction to misalign the orifice(s) and the opening(s) to
create a smaller cross-sectional area, and thus increase
resistance to flow and reduce the flow rate so that the
lower member moves slower in compression, or knee
flexion.
[0035] Thus, as described above, the control valve or
voice coil valve provides selectively adjustable greater
resistance and less flow rate to compression. In another
aspect, the operation as described above can be re-
versed, with the control valve or voice coil valve providing
greater resistance and less flow rate to extension.
[0036] In another aspect, an opposite rod can be
formed on the piston on the opposite side of the piston
rod so that the opposite chambers change volume equal-
ly. For example, see FIGs. 22 and 23.
[0037] As stated above, the prosthetic knee 10 can in-
clude a power supply (such as batteries 158) and control
electronics (such as a circuit board with a microproces-
sor, not shown and as understood by those of skill in the
art). The actuator 90 can be electrically coupled to the
control electronics and power supply to control and drive
the actuator, and thus the operation of the prosthetic
knee. In addition, the prosthetic knee can have pressure
sensors 162 operatively coupled to the flow channel 66
on opposite sides of the orifice(s) to sense pressure on
opposite sides of the piston. The sensors can be attached
to the upper cap 72 or manifold, and operatively coupled
to the proximal and distal portions 66a and 66b of the
flow channel. The sensors can be electrically coupled to
the control electronics.
[0038] The prosthetic device 10 and/or the control
valve 60 or voice coil valve can also have a non-powered
state in case power is lost, with a pressure control valve
that is opened by a pressure imbalance, thus allowing
hydraulic fluid flow between the opposite sides of the
chamber. The flow control valve can allow different flow
rates and different resistance in opposite directions
through a separate set of the hydraulic flow channels in
the non-powered state. The pressure control valve can
allow a higher flow rate and a lower resistance during
extension of the hydraulic actuator or damper, or the pair
of prosthetic members. In addition, the pressure control
valve can allow a lower flow rate and a higher resistance
during retraction of the hydraulic actuator or damper, or
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the pair of prosthetic members. The pressure control
valve can include at least one safety port 180 through a
spool, such as the spool of the control valve. The coil can
have an unpowered positioned, either biased or unbi-
ased, in which the safety port of the spool or sliding tube
is aligned with the orifice or other safety port in the inner
tube. The operation as described above can be reversed.
[0039] Furthermore, as shown in FIG. 7, the prosthetic
knee 10, or hydraulic system thereof, can have an exter-
nally adjustable bypass valve 188 that is manually oper-
ated and fluidly coupled to a bypass channel between
the opposite sides of the cylinder to allow the members
to pivot.
[0040] Referring to FIGs. 8-10, another prosthetic knee
310 is shown in accordance with an embodiment of the
present invention, which is similar in most respects to
that described above, and which description is hereby
incorporated herein by reference. As discussed above,
the coupling of the hydraulic actuator or damper 350 can
be reversed with respect to that described above, with
the cylinder 354 coupled to the upper member 314, and
the piston rod 362 of the piston 358 coupled to the lower
member 318. In addition, the control valve 360 or voice
coil valve can be carried by and directly coupled to the
hydraulic actuator or damper 350. The control valve can
have a housing that is integrally formed from at the same
time with the cylinder (and even the cap opposite the
piston) as a single monolithic housing to reduce the over-
all size of the hydraulic system 340 and accommodate
the larger size of the voice coil valve (with respect to a
solenoid valve). Thus, the control valve 360 or voice coil
valve can be carried by and attached to the cylinder 354
or another frame member of the hydraulic actuator or
damper 350. Furthermore, the control valve (or path of
travel of the spool) can be aligned with the hydraulic ac-
tuator or damper (or the path of travel of the piston); which
can help reduce the size or profile of the hydraulic system.
[0041] Referring to FIGs. 11-14c, another prosthetic
knee 410 is shown in accordance with an embodiment
of the present invention, which is similar in most respects
to that described above, and which description is hereby
incorporated herein by reference, but with a control valve
or voice coil valve disposed in the piston. As discussed
above, the coupling of the hydraulic actuator or damper
450 can be reversed with respect to that described above
in FIGs. 1-7, with the cylinder 454 coupled to the upper
member 414, and the piston rod 462 of the piston 458
coupled to the lower member 418.
[0042] In addition, the control valve 460 or voice coil
valve can be carried by and disposed in the piston 458.
The control valve 460 or voice coil valve is movable with
the piston 458 inside the hydraulic cylinder 454 or cham-
ber, and the hydraulic channel 466 extends through the
piston 458.
[0043] The control valve 460 or voice coil valve, and
the hydraulic valve 480 and the actuator 490 thereof, can
be disposed in a housing or cartridge 500 attached to the
piston 458. The hydraulic channel 466 can be formed by

a central opening in a face of the piston on one side, and
an annular opening on the other side of the piston be-
tween the housing and the piston.
[0044] The hydraulic valve 480 of the control valve 460
is operatively coupled in the hydraulic flow path or chan-
nel 466, and includes at least one orifice 110 and a spool
114 movable with respect to one another to selectively
resist flow of the hydraulic fluid through the orifice. The
spool 114 can be selectively positioned with respect to
the orifice(s) 110 to selectively increase and decrease a
cross-sectional area through which the hydraulic fluid can
flow. The spool 114 can be sliding tube 116 defining, and
can have a distal end or at least one distal opening 118
that is selectively positionable with respect to the orifice
110. The distal opening 118 can be formed in a sidewall
of the sliding tube 116, or the open end thereof. The or-
ifice(s) 110 can be formed in an inner tube 122 circum-
scribing the sliding tube 116 or spool 114. Thus, the spool
114 or sliding tube 116 can be selectively positioned by
the actuator to selectively position the orifice(s) 110 and
opening(s) 118 with respect to one another, and selec-
tively increase and decrease a cross-sectional area
through which the hydraulic fluid can flow. In another as-
pect, a distal end of the sliding tube or spool can be po-
sitioned with respect to the orifice. The sliding tube 116
can slide within the inner tube 122. In another aspect,
the spool or sliding tube can circumscribe the inner tube
(as opposed to the inner tube circumscribing the spool
or sliding tube). The inner tube 122 can be rigidly affixed
to the housing 500, and can extend out of the housing
and into the piston 458, and through the piston to the
opposite side thereof.
[0045] As stated above, the electric actuator 490 is
coupled to the hydraulic valve 480 to move the orifice(s)
110 and the spool 114 or sliding tube 116 with respect
to one another. The actuator 490 includes a permanent
magnet 140 and a coil 144 movable with respect to one
another, and disposed in the housing 500 movable with
the piston 458 in the cylinder 454. The magnet 140 can
have an outer wall or cup with an annular shape or a cup
shape with an inner post forming an annular space be-
tween the outer wall and the inner post. The magnet 140
has or creates a magnetic field. The coil 144 can have
an annular wall or cup sized to fit in the annular space of
the magnet. The coil 144 can include wires wrapped or
coiled around the wall or cup. Thus, the coil 144 can be
movably positioned in the magnetic field of the magnet
140. A current can be applied to the coil 144 to move the
coil with respect to the magnet 140. As described above,
the current applied to the coil 144 in the magnetic field
of the magnet 140 produces a force that is directly pro-
portional to the electric current applied. In addition, the
coil 144, and thus the control valve 60, has a substantially
linear time and force response. Furthermore, the coil 144,
and thus the spool 114 or sliding tube 116, is bi-direc-
tionally driven by the current, or polarity thereof. The elec-
tric current applied to the coil 144 causes the coil, and
thus the spool 114 or sliding tube 116, to move in either
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a first direction or a second direction based on a polarity
of the electric current. Thus, the coil 144, spool 144 and
sliding tube 116 are reciprocally positionable with current
polarity induced, bi-directional movement, by selectively
changing the polarity of the electric current applied to the
electric actuator 90 or coil. Thus, the spool 114 and sliding
tube 116 can be selectively positioned and bi-direction-
ally driven in back and forth directions, so that the hy-
draulic valve 80 selectively varies the resistance, or ef-
fective surface area or size of the opening between the
orifice(s) 110 and opening(s) 118, of the hydraulic valve
80, via the position of the spool 114 or sliding tube 116
with respect to the inner tube 122, to the flow of hydraulic
fluid through the flow channel or orifice(s) 110 and open-
ing(s) 118 thereof. The control valve 60 or actuator 90
can have a rapid response rate, greater than 100 cycles
per second, and a low power consumption, less than 1.8
Watts (i.e. or 150 mAmps @ 12V). Furthermore, the con-
trol valve 60, and the coil 144 thereof, can be selectively
and proportionally positionable, proportional to an
amount of the electric current applied to coil or the control
valve. Thus, a selective and variable amount of electric
current applied to the coil or control valve selectively and
proportionally varies the resistance of the control valve,
or the hydraulic valve 80 thereof, to the flow of hydraulic
fluid through the flow channel.
[0046] The control valve 460 can be characterized as
a voice coil valve, and the actuator 490 can be charac-
terized as a voice coil. Therefore, the prosthetic knee 410
and the hydraulic system 440 and the piston 458 thereof
can utilize a voice coil valve. As noted above, the control
valve 460 or voice coil valve described above provides
bi-directional positioning, proportional control, rapid re-
sponse and/or low power consumption. The use of the
control valve 460 or voice coil valve described above
allows the coil, spool and sliding tube to be driven in either
direction without requiring a spring for return motion,
which in turn reduces the power consumption of the con-
trol valve, which can result in longer operational periods
between charging and/or smaller power supplies (e.g.
batteries), resulting in greater freedom and less weight
for the amputee. In addition, the use of the control valve
460 or voice coil valve described above allows the hy-
draulic system 440 and prosthetic knee 410 to have a
faster response time to provide a more natural gait to the
amputee and/or to provide a more natural transition be-
tween sitting and standing, and/or climbing stairs. Dis-
posing the control valve 460 or voice coil valve in the
piston 458 also allows for a more compact size or profile,
but at the expense of cylinder height or length.
[0047] While the above control valve 460 or voice coil
valve has been described as having a coil movable with
respect to a permanent magnet, it is contemplated that
such a configuration can be reversed, with the magnet
coupled to the spool or sliding tube, and movable with
respect to the coil.
[0048] The control valve 460 or voice coil valve can
also have a non-powered state in which case power is

lost, and the control valve is opened by a pressure im-
balance, thus allowing hydraulic fluid flow between the
opposite sides of the chamber. The control valve can
allow different flow rates and different resistance in op-
posite directions through the hydraulic flow channel in
the non-powered state. The control valve can allow a
higher flow rate and a lower resistance during extension
of the hydraulic actuator or damper, or the pair of pros-
thetic members. In addition, the control valve can allow
a lower flow rate and a higher resistance during retraction
the hydraulic actuator or damper, or the pair of prosthetic
members. The control valve can include at least one safe-
ty port 580 through a spool of the control valve. The coil
can have an unpowered positioned, either biased or un-
biased, in which the safety port of the spool or sliding
tube is aligned with the orifice or other safety port in the
inner tube.
[0049] In addition, the control valve 460 or voice coil
valve, and thus the hydraulic valve 480, has a pair of
different, substantially linear control regions, as de-
scribed above.
[0050] Referring to FIGs. 13a - 14c, the operation of
the hydraulic system 440, the hydraulic actuator or damp-
er 450, the control valve 460 or voice coil valve, the hy-
draulic valve 480 and electric actuator 490 is demonstrat-
ed with the valve disposed within the piston. FIGs. 13a
and b show the hydraulic system in compression and the
control valve more "closed" or more restricted to have a
lower flow rate and a greater resistance, which can cor-
respond to knee flexion (or the lower member 418 pivot-
ing towards the upper member 414). Thus, the knee can
flex or compress more slowly or with greater resistance.
It is noted, however, that the knee can flex or compress
more rapidly and with lesser resistance (i.e. with the con-
trol valve more "open" or less restricted) depending on
the gait cycle. FIGs. 14a and b show the hydraulic system
in extension and the control valve more "open" or less
restricted to have a greater flow rate and a lesser resist-
ance, which can correspond to knee extension (or the
lower member 418 pivoting away the upper member
414). Thus, the knee can extend more rapidly or with
lesser resistance. It is noted, however, that the knee can
extend more slowly and with greater resistance (i.e. with
the control valve more "closed" or more restricted) de-
pending on the gait cycle.
[0051] Referring to FIGs. 13a and b, the hydraulic ac-
tuator or damper 450 is compressed; the piston 458 is
compressed into the cylinder 454; hydraulic fluid is dis-
placed by the piston out of the (lower) chamber or portion
of the cylinder (note that the control valve is inverted in
FIG. 13a), through the central opening in the piston and
into the inner tube 122. The hydraulic fluid is displaced
into the control valve 460 or voice coil valve through and
into the inner tube 122, and through and into the sliding
tube 116 or spool 114, and to the opening(s) 118 in the
sliding tube or spool. As shown in FIGs. 13a and b, the
opening(s) 118 of the sliding tube 116 or spool 114 is
misaligned with the orifice(s) 110 in the inner tube 122,
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or aligned with the smaller or narrower distal end or por-
tion thereof; creating a smaller cross-sectional area
through which the fluid can flow, and thus increasing re-
sistance to the flow and decreasing the flow rate so that
the piston moves under greater resistance and more
slowly in the cylinder, and the lower member moves with
difficulty and more slowly in flexion. The hydraulic fluid
is displaced through the opening(s) 118 of the sliding
tube 116 or spool 114, and the orifice(s) 110 in the inner
tube 122. The hydraulic fluid is displaced through the
channel 466 in the piston, and into the (upper) chamber
or portion of the cylinder (again, note the control valve is
inverted). (Because of the piston rod 462 in the upper
chamber of the cylinder, the opposite sides of the cham-
ber change volume unequally. Thus, excess fluid can be
diverted into an overflow reservoir 554. In another aspect,
an opposite rod can be formed on the piston on the op-
posite side of the piston rod so that the opposite cham-
bers change volume equally.) Also as shown in FIGs.
13a and b, the control valve 460 or voice coil valve, or
actuator 490, has been moved in a first or distal direction
under an applied current (and polarity) to selectively po-
sition the spool or sliding tube, and thus selectively po-
sition or align the orifice(s) and opening(s).
[0052] Referring to FIGs. 14a and b, the hydraulic ac-
tuator or damper 450 is extended; the piston 458 is ex-
tended or withdrawn away from the cylinder 454; hydrau-
lic fluid is displaced by the piston out of the (upper) cham-
ber or portion of the cylinder (again, note that the control
valve is inverted), and through the channel 466 in the
piston. The hydraulic fluid is displaced into the control
valve 460 or voice coil valve through the annular opening,
and to the orifice(s) 110 in the inner tube 122. As shown
in FIGs. 14a and b, the opening(s) 118 of the sliding tube
116 or spool 114 is aligned with the orifice(s) 110 in the
inner tube 122, or the larger or wider proximal end or
portion thereof (or in this case the entire orifice); creating
a larger cross-sectional area through which the fluid can
flow, and thus reducing resistance to the flow and in-
creasing the flow rate so that the piston moves easier
and more quickly in the cylinder, and the lower member
moves easier and more quickly in flexion. The hydraulic
fluid is displaced through the opening(s) 118 of the sliding
tube 116 or spool 114, and the orifice(s) 110 in the inner
tube 122. The hydraulic fluid is displaced out of the control
valve 460 or voice coil valve through and out of the sliding
tube 116 or spool 114, through and out of the inner tube
122 to the central opening in the piston, and into the (low-
er) chamber or portion of the cylinder (again note that
the control valve is inverted).
[0053] Again, because of the piston rod 462 in the up-
per chamber of the cylinder, the opposite sides of the
chamber change volume unequally. Thus, the deficient
fluid can be withdrawn from the overflow reservoir.
[0054] In another aspect, the piston rod can continue
through the piston and exit the opposite side of the work-
ing chamber so that the sum of the volume in the opposite
chambers doesn’t change.

[0055] As described above, the linear piston damper
system (or piston and cylinder) can utilize tightly toler-
anced components which eliminate the need for elasto-
meric seals to separate the sides of the hydraulic cham-
ber. By using a "metal-on-metal" fit between the piston
and cylinder, the seal drag (or stiction) which would be
transferred to the amputee as a jarring or disjointed feel-
ing, can be entirely removed from the system, or greatly
reduced. The precision that can be required to form a
hydraulic working chamber capable of locking without
weeping can require a gap between the acting surfaces
of the piston and cylinder on the order of 0.005mm
(0.0002in). Furthermore, the surface finish that can re-
quired to facilitate smooth actuation on both surfaces of
the piston and cylinder can be between 0.20 to 0.41 mm
(8 to 16 min) Ra finish.
[0056] Also as shown in FIGs. 14a and b, the control
valve 460 or voice coil control valve, or actuator 490, has
been moved in a second or proximal direction under an
applied current (and opposite polarity) to selectively po-
sition the spool or sliding tube, and thus selectively po-
sition or align (or misalign) the orifice(s) and opening(s).
[0057] The control valve 460 or voice coil valve can
also have a non-powered state in which case power is
lost, and the control valve is opened by a pressure im-
balance, thus allowing hydraulic fluid flow between the
opposite sides of the chamber. The control valve can
allow different flow rates and different resistance in op-
posite directions through the hydraulic flow channel in
the non-powered state. The control valve can allow a
higher flow rate and a lower resistance during extension
of the hydraulic actuator or damper, or the pair of pros-
thetic members. In one aspect, the control valve can have
a check valve or plurality of check valves 566 with a larger
bore oriented and configured to allow the higher flow rate
and the lower resistance during extension, as shown in
FIG. 14c. In addition, the check valve can allow a lower
flow rate and a higher resistance during retraction the
hydraulic actuator or damper, or the pair of prosthetic
members. In one aspect, the control valve can have a
check valve 568 with a smaller bore oriented and config-
ured to allow the lower flow rate and the higher resistance
during compression, as shown in FIG. 13c, with flexion
being the opposite. The control valve can include at least
one safety port 580 through a spool of the control valve.
The coil can have an unpowered positioned, either bi-
ased or unbiased, in which the safety port of the spool
or sliding tube is aligned with the orifice or other safety
port in the inner tube.
[0058] As also shown in FIGs. 13a and 14a, the piston
rod 462 can have a hollow 570 with electrical wires 574
electrically coupled to the coil in the piston and extending
through the hollow of the piston rod to exit the hydraulic
chamber.
[0059] While the above control valve 460 or voice coil
valve has been described as being disposed in and car-
ried by the piston, it is contemplated that such a config-
uration can be reversed, with the control valve or voice
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coil valve disposed in and carried by the cylinder.
[0060] Disposing the control valve or voice coil valve
in the hydraulic actuator or damper, with the path of travel
of the spool colinear or aligned with the path of travel of
the piston, can lengthen the hydraulic actuator or damp-
er, but also reduce the lateral size or profile of the hy-
draulic system to increase comfort and use to the am-
putee.
[0061] Referring to FIGs. 15-20, another prosthetic
knee 610 is shown in accordance with an embodiment
of the present invention, which is similar in most respects
to that described above, and which description is hereby
incorporated herein by reference, but with a rotary vane
type hydraulic actuator or damper 650. The hydraulic sys-
tem 640 and hydraulic actuator or damper 650 can be
coupled between the upper and lower members 614 and
618 that are pivotally coupled together at a primary pivot,
rotor or axle 622.
[0062] The hydraulic actuator or damper 650 includes
a hydraulic chamber, namely a rotary chamber 654 form-
ing an arc with an apex and an opposite outer arcuate
concave wall 656 that is rigidly coupled to the lower mem-
ber 618, and pivotally coupled to the upper member 614.
The chamber 654 can be formed by or can include a
central block 700 forming the hydraulic chamber with the
arc formed therein and open on lateral sides, and a pair
of plates 704 closing the open lateral sides of the central
block. The plates 704 can form all or a portion of the lower
member 618 or a shank link or a shin frame. Thus, the
number of parts is reduced.
[0063] The hydraulic actuator or damper 660 also in-
cludes a piston or rotary vane 658 pivotally disposed in
the rotary chamber 656, and rigidly coupled to the rotor
622 and the upper member 614. The rotor 622 extends
through the rotary chamber 656 at the apex thereof, and
is pivotal with respect to the rotary chamber. The rotary
vane 658 has a proximal end attached to the rotor 622,
and an opposite distal end with an outer arcuate convex
wall matching the wall 656 of the rotary chamber. The
vane 658 divides the chamber 656 into opposite sides.
[0064] Hydraulic fluid can fill the chamber, and can be
displaced from one side of the chamber to the other as
the vane moves therein. A hydraulic flow channel 666 is
fluidly coupled between the opposite sides of the cham-
ber to allow the hydraulic fluid to move or displace be-
tween the opposite sides of the chamber as the vane
moves therein. The hydraulic flow channel 666 is coupled
to both sides of the rotary chamber 654 at openings 708
in the outer arcuate concave wall 656 on opposite ends
of the arc. The rotary vane, in this embodiment, 658 can
have indentations 712 in opposite sides of the vane ex-
tending into the outer arcuate convex wall to accommo-
date the openings 708 of the hydraulic flow channel 608.
[0065] A manifold 772 can be attached to the central
block 700. The manifold 772 can have at least a portion
of the hydraulic flow channel 666 formed therein. Within
the manifold 772, the hydraulic channel 666 can have a
proximal portion 666a and a distal portion 666b (the prox-

imal and distal positions being relative to the control valve
660. A bore 676 can be formed in the manifold 672, and
can extend through the proximal portion 666a of the hy-
draulic channel 666 to the distal portion 666b. As de-
scribed above, the control valve 660 or voice coil valve
can be coupled to the manifold 772 at the bore 676. The
control valve or voice coil valve can be disposed in the
lower member 618 to create a smaller profile for user
comfort.
[0066] The above central block 700 and rotary vane
658 can be made with close tolerance so that a seal is
not necessary between the block and vane. The rotary
vane damper system (or vane and rotary chamber) can
utilize tightly toleranced components which eliminate the
need for elastomeric seals to separate the sides of the
hydraulic chamber. By using a "metal-on-metal" fit be-
tween the piston and cylinder, the seal drag (or stiction)
which would be transferred to the amputee as a jarring
or disjointed feeling, can be entirely removed from the
system, or greatly reduced. The precision that can be
required to form a hydraulic working chamber capable of
locking without weeping can require a gap between the
acting surfaces of the vane and rotary chamber on the
order of 0.005mm (0.0002in). Furthermore, the surface
finish that can required to facilitate smooth actuation on
both surfaces of the vane and rotary chamber can be
between 0.20 to 0.41 mm (8 to 16 min) Ra finish. Referring
to FIG. 20, another central block 700 and rotary vane
658b is shown with a seal 790 carried by the vane be-
tween the vane and the block.
[0067] One advantage of the prosthetic knee with the
rotary vane configuration described above is that there
are fewer working and/or moving parts, and thus lower
cost and lower weight. In addition, there is no need for
an overflow reservoir or variable volume section for the
hydraulic fluid because the chamber has a fixed volume
or the opposite sides of the chamber sum to a constant
regardless of the angle of the vane. Torque is generated
about the rotation axis by controlling the flow of fluid from
one side of the vane to the other. Furthermore, a linear
torque capability is independent of angle, i.e. there is no
"fall-off" due to linkage ratio, as there would be with a
linear piston damper system.
[0068] Referring to FIG. 21, another hydraulic system
840 for a prosthetic knee is shown in accordance with an
embodiment of the present invention, which is similar in
most respects to those described above, and which de-
scription is hereby incorporated herein by reference, but
with a twin wall cylinder piston type hydraulic actuator or
damper 850 to provide a compact cylindrical dimension.
The actuator or damper 850 can include a double walled
cylinder 854 with a piston 858 disposed in an inner cyl-
inder or tube 855. An outer cylinder or tube 857 can cir-
cumscribe the inner cylinder 855 and form a hydraulic
flow channel 866 therebetween. Thus, the cylinders 855
and 857 and the flow channel 866 can be concentric. The
inner and outer cylinders can define a pair of concentric
cylinders.
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[0069] The outer cylinder or tube 857 can be disposed
between opposite caps 870 and 872. One cap 870 can
be formed integrally with the inner cylinder or tube 855
with the inner cylinder or tube 855 extending from the
cap 870 into the outer cylinder or tube 857. An opposite
cap 872 can close both the opposite ends of the inner
and outer cylinders 855 and 857 opposite the first cap.
The control valve or voice coil valve 860 can be carried
by and disposed in the opposite cap 872. Thus, both the
piston and the control valve are disposed in the outer
cylinder 857, while the piston is disposed in the inner
cylinder 855. The control valve or voice coil valve can be
aligned with, parallel with, and/or have concentric axis
with the piston.
[0070] An orifice 810 can be formed in the cap 872 and
the control valve or voice coil valve 860 can include a
spool 814 movable with respect to the cap 872 and the
orifice 810. The spool 814 can have an opening 818 se-
lectively movable and alignable with the orifice 810, as
described above. The control valve actuation and the pis-
ton damper share a common centerline.
[0071] The piston 858 can include a reservoir therein
to form a fluid compensator. The hydraulic fluid moves
from one side of the piston to the other by flowing around
the circumference of the area traveled by the piston.
[0072] As described above, an opposite rod can be
formed on the piston on the opposite side of the piston
rod so that the opposite chambers change volume equal-
ly. Referring to FIGs. 22 and 23, another hydraulic system
940 for a prosthetic knee is shown in accordance with an
embodiment of the present invention, which is similar in
most respects to those described above, and which de-
scription is hereby incorporated herein by reference, but
with a through rod piston cylinder type hydraulic actuator
or damper 950 which will not require a variable volume
to operate as equal amounts of shaft or rod enter and
leave the cylinder at the same time.
[0073] The hydraulic actuator or damper 950 includes
a hydraulic chamber, namely a hydraulic cylinder 954,
pivotally coupled to the lower member, and a piston 958
with a piston rod 962 pivotally coupled to the upper mem-
ber. The piston 958 divides the chamber or cylinder 954
into opposite sides. The cylinder 954 can be formed by
a cylinder disposed between opposite caps 970 and 72,
one of which can be a lower cap 970 that can be pivotally
coupled to the lower member, and the other of which can
be an upper cap 72 that has an aperture to slidably re-
ceive the piston rod 962 that can be pivotally coupled to
the upper member. The piston rod extends from the pis-
ton and out one side of the cylinder or chamber. In addi-
tion, the hydraulic actuator or damper 950 and/or piston
958 includes an opposite or through rod 963 extending
from an opposite side of the piston from the piston rod
962. The opposite rod extends out an opposite side of
the cylinder or chamber. The lower cap 970 has an ap-
erture to slidably receive the opposite rod 963. The op-
posite rod 963 can have the same diameter, and thus
the same volume, as the piston rod 962. Thus, as the

piston 958 slides or displaces through the cylinder 954,
the same amount of hydraulic fluid is displaced in both
directions, reducing or eliminating the need for an over-
flow reservoir. Thus, the chamber or cylinder has a con-
stant volume as the piston and rods move therein.
[0074] The piston rod 962 and the opposite rod 963
can be coupled together, such as by screwing a male
threaded end of one into a female threaded bore in the
end of the other. The piston 958 can be sandwiched or
clamped between the two rods. Thus, one or both rods
can pass through an aperture in the piston. An annular
channel (radially facing) can be formed in one of the rods
and between the rods to receive the piston therein. In
addition, an annular bumper and/or stop 959 can be car-
ried by the rods (such as sandwiched therebetween
along with the piston) adjacent the piston to abut to one
of the caps (such as cap 72) at the end of the travel of
the piston. The bumper and/or stop 959 can include an
annular rigid tray with an annular channel (facing axially)
to receive an annular bumper member formed of a flexible
and resilient material, and/or an elastic material. Thus,
the bumper and/or stop can provide a cushion or soft feel
to extension of the hydraulic system and extension of the
knee.
[0075] The through rod piston cylinder type hydraulic
actuator or damper 950 without a variable volume has a
cylinder or working chamber with a constant volume that
can create the same forces in both directions and in both
tension and compression, with no need to displace the
variable volume before creating force on one side. If high
force is needed on the side of the piston or cylinder or
working chamber which would have encompasses the
variable volume in a cylinder without the through rod, and
if high spring rate is needed in the variable volume to
balance the force of moving this variable volume out of
the way, then potentially cavitating of the oil can occur
because the metering orifice is closed and fluid is not
flowing. With through rod piston cylinder type hydraulic
actuator or damper 950, however, a high spring rate var-
iable volume, which would increase energy consumption
on an above knee amputee as he/she initiates swing flex-
ion, is not needed, and lower total energy consumption
is a net result.
[0076] In addition, the cylinder 954 can be pivotally
coupled to the lower member (or upper member) by the
cap 970. The opposite sides of the cap 970 can be piv-
otally coupled to the lower member on lateral sides of
the cylinder, cap or opposite rod 963 with the opposite
rod 963 extending and/or displacing through the pivot
axis to form a compact hydraulic system, as shown in
FIG. 23.
[0077] While the forgoing examples are illustrative of
the principles of the present invention in one or more
particular applications, it will be apparent to those of or-
dinary skill in the art that numerous modifications in form,
usage and details of implementation can be made without
the exercise of inventive faculty, and without departing
from the principles and concepts of the invention. Ac-
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cordingly, it is not intended that the invention be limited,
except as by the claims set forth below.
[0078] Preferred features of one aspect of the present
invention will be described by way of reference to the
following clauses

1. A prosthetic device, comprising:

a) a pair of prosthetic members movably coupled
together to allow movement of the pair of pros-
thetic members with respect to one another;
b) a hydraulic actuator or damper including hy-
draulic fluid in a hydraulic chamber coupled to
one of the pair of prosthetic members, and a
hydraulic piston movably disposed in the hy-
draulic chamber and coupled to another of the
pair of prosthetic members;
c) a hydraulic flow channel fluidly coupled be-
tween opposite sides of the chamber to allow
hydraulic fluid to move between the opposite
sides of the chamber as the hydraulic piston
moves therein; and
d) a voice coil valve coupled to the hydraulic flow
channel to vary resistance to flow of hydraulic
fluid through the flow channel, and thus move-
ment of the piston in the chamber, and thus in-
fluencing a rate of movement of the pair of pros-
thetic members with respect to one another.

2. A device in accordance with clause 1, wherein the
voice coil valve is reciprocally positionable with cur-
rent polarity induced, bi-directional movement, by
selectively changing a polarity of an electric current
applied to the voice coil valve, such that the voice
coil valve is selectively positioned and bi-direction-
ally driven in back and forth directions.

3. A device in accordance with clause 2, wherein the
voice coil valve is selectively and positionable pro-
portional to an amount of the electric current applied
to the voice coil valve, such that a selective and var-
iable amount of electric current applied to the voice
coil valve selectively and proportionally varies the
resistance of the voice coil valve to the flow of hy-
draulic fluid through the flow channel.

4. A device in accordance with clause 1, wherein the
voice coil valve includes a permanent magnet and a
coil movable with respect to one another; and where-
in an electric current applied to the coil causes the
spool to move in either a first direction or a second
direction based on a polarity of the electric current.

5. A device in accordance with clause 4, wherein a
force generated by the coil is directly proportional to
the electric current applied.

6. A device in accordance with clause 1, wherein the

voice coil valve has a substantially linear time and
force response.

7. A device in accordance with clause 1, wherein the
voice coil valve has a rapid response rate, capable
of greater than 100 cycles per second, and a low
power consumption less than 1.8 Watts.

8. A device in accordance with clause 1, wherein the
voice coil valve includes:

a) a hydraulic valve operatively coupled in the
hydraulic flow channel including an orifice and
a spool movable with respect to one another to
selectively resist flow of the hydraulic fluid
through the orifice; and
b) an electric actuator coupled to the hydraulic
valve to move the orifice and the spool with re-
spect to one another, including a permanent
magnet and a coil movable with respect to one
another, and reciprocally positionable with cur-
rent polarity induced, bi-directional movement,
by selectively changing the polarity of the elec-
tric current applied to the electric actuator, such
that the spool is selectively positioned and bi-
directionally driven in back and forth directions,
such that the hydraulic valve varies resistance
to the flow of hydraulic fluid through the flow
channel.

9. A device in accordance with clause 1, wherein the
voice coil valve has a pair of different, substantially
linear control regions; wherein a first region provides
a region of control during slow extension/retraction
of the hydraulic actuator or damper between 1.5 to
2.5 inches per second; and wherein a second region
provides for a region of control during fast exten-
sion/retraction of the hydraulic actuator or damper
between 6 to 8 inches per second.

10. A device in accordance with clause 1, wherein
the voice coil valve further comprises :

a) an inner tube defining an inner flow channel;
b) an outer tube circumscribing the inner tube
and defining an outer annular flow channel cir-
cumscribing the inner flow channel;
c) the inner and outer tubes coupled to the hy-
draulic flow channel;
d) at least one orifice in the inner tube between
the inner and outer flow channels;
e) a sliding tube slidable with respect to the inner
tube and the at least one orifice, and having a
distal opening selectively positionable with re-
spect to the at least one orifice; and
f) the inner tube and the outer tube each having
a distal end with the one extending beyond the
other.
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11. A device in accordance with clause 10, further
comprising:

a) a manifold having at least a portion of the
hydraulic flow channel formed therein including
a proximal portion and a distal portion;
b) a bore formed in the manifold and extending
through the proximal portion to the distal portion;
and
c) the voice coil valve coupled to and carried by
the manifold with the outer tube extending
through the bore to the proximal portion, and the
inner tube extending through the bore to the dis-
tal portion.

12. A device in accordance with clause 1, wherein
the voice coil valve further comprises:

a) an inner tube defining an inner flow channel;
b) an outer tube circumscribing the inner tube
and defining an outer annular flow channel cir-
cumscribing the inner flow channel;
c) the inner and outer tubes coupled to the hy-
draulic flow channel;
d) at least one orifice in the inner tube between
the inner and outer flow channels;
e) a sliding tube slidable with respect to the inner
tube and the at least one orifice, and having a
distal opening selectively positionable with re-
spect to the at least one orifice; and
f) the orifice having a longitudinally varying width
with a discrete change in width from a proximal
end to a distal end along a longitudinal length of
the orifice.

13. A device in accordance with clause 12, wherein
the orifice has two discrete widths formed by two
orifices sharing a common boundary that is open be-
tween the two orifices.

14. A device in accordance with clause 1, wherein
the voice coil valve has a coil and a spool with a path
of travel parallel with a path of travel of the piston.

15. A device in accordance with clause 1, further
comprising:

a) the voice coil valve being disposed in and
carried by the piston, and movable with the pis-
ton inside the hydraulic chamber; and
b) the hydraulic channel extending through the
piston.

Claims

1. A prosthetic device, comprising:

a) a pair of prosthetic members movably coupled
together to allow movement of the pair of pros-
thetic members with respect to one another;
b) a hydraulic actuator or damper including hy-
draulic fluid in a hydraulic chamber coupled to
one of the pair of prosthetic members, and a
hydraulic piston movably disposed in the hy-
draulic chamber and coupled to another of the
pair of prosthetic members;
c) a hydraulic flow channel fluidly coupled be-
tween opposite sides of the chamber to allow
hydraulic fluid to move between the opposite
sides of the chamber as the hydraulic piston
moves therein; and
d) a voice coil valve coupled to the hydraulic flow
channel to vary resistance to flow of hydraulic
fluid through the flow channel, and thus move-
ment of the piston in the chamber, and thus in-
fluencing a rate of movement of the pair of pros-
thetic members with respect to one another.

2. A device in accordance with claim 1, wherein the
voice coil valve is reciprocally positionable with cur-
rent polarity induced, bi-directional movement, by
selectively changing a polarity of an electric current
applied to the voice coil valve, such that the voice
coil valve is selectively positioned and bi-direction-
ally driven in back and forth directions.

3. A device in accordance with claim 2, wherein the
voice coil valve is selectively and positionable pro-
portional to an amount of the electric current applied
to the voice coil valve, such that a selective and var-
iable amount of electric current applied to the voice
coil valve selectively and proportionally varies the
resistance of the voice coil valve to the flow of hy-
draulic fluid through the flow channel.

4. A device in accordance with any preceding claim ,
wherein the voice coil valve includes a permanent
magnet and a coil movable with respect to one an-
other; and wherein an electric current applied to the
coil causes the spool to move in either a first direction
or a second direction based on a polarity of the elec-
tric current.

5. A device in accordance with claim 4, wherein a force
generated by the coil is directly proportional to the
electric current applied.

6. A device in accordance with any preceding claim,
wherein the voice coil valve has a substantially linear
time and force response.

7. A device in accordance with any preceding claim,
wherein the voice coil valve has a rapid response
rate, capable of greater than 100 cycles per second,
and a low power consumption less than 1.8 Watts.
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8. A device in accordance with any preceding claim,
wherein the voice coil valve includes:

a) a hydraulic valve operatively coupled in the
hydraulic flow channel including an orifice and
a spool movable with respect to one another to
selectively resist flow of the hydraulic fluid
through the orifice; and
b) an electric actuator coupled to the hydraulic
valve to move the orifice and the spool with re-
spect to one another, including a permanent
magnet and a coil movable with respect to one
another, and reciprocally positionable with cur-
rent polarity induced, bi-directional movement,
by selectively changing the polarity of the elec-
tric current applied to the electric actuator, such
that the spool is selectively positioned and bi-
directionally driven in back and forth directions,
such that the hydraulic valve varies resistance
to the flow of hydraulic fluid through the flow
channel.

9. A device in accordance with any preceding claim,
wherein the voice coil valve has a pair of different,
substantially linear control regions; wherein a first
region provides a region of control during slow ex-
tension/retraction of the hydraulic actuator or damp-
er between 1.5 to 2.5 inches per second; and wherein
a second region provides for a region of control dur-
ing fast extension/retraction of the hydraulic actuator
or damper between 6 to 8 inches per second.

10. A device in accordance with any preceding claim,
wherein the voice coil valve further comprises:

a) an inner tube defining an inner flow channel;
b) an outer tube circumscribing the inner tube
and defining an outer annular flow channel cir-
cumscribing the inner flow channel;
c) the inner and outer tubes coupled to the hy-
draulic flow channel;
d) at least one orifice in the inner tube between
the inner and outer flow channels;
e) a sliding tube slidable with respect to the inner
tube and the at least one orifice, and having a
distal opening selectively positionable with re-
spect to the at least one orifice; and
f) the inner tube and the outer tube each having
a distal end with the one extending beyond the
other.

11. A device in accordance with claim 10, further com-
prising:

a) a manifold having at least a portion of the
hydraulic flow channel formed therein including
a proximal portion and a distal portion;
b) a bore formed in the manifold and extending

through the proximal portion to the distal portion;
and
c) the voice coil valve coupled to and carried by
the manifold with the outer tube extending
through the bore to the proximal portion, and the
inner tube extending through the bore to the dis-
tal portion.

12. A device in accordance with claims 1 to 9, wherein
the voice coil valve further comprises:

a) an inner tube defining an inner flow channel;
b) an outer tube circumscribing the inner tube
and defining an outer annular flow channel cir-
cumscribing the inner flow channel;
c) the inner and outer tubes coupled to the hy-
draulic flow channel;
d) at least one orifice in the inner tube between
the inner and outer flow channels;
e) a sliding tube slidable with respect to the inner
tube and the at least one orifice, and having a
distal opening selectively positionable with re-
spect to the at least one orifice; and
f) the orifice having a longitudinally varying width
with a discrete change in width from a proximal
end to a distal end along a longitudinal length of
the orifice.

13. A device in accordance with claim 12, wherein the
orifice has two discrete widths formed by two orifices
sharing a common boundary that is open between
the two orifices.

14. A device in accordance with any preceding claim,
wherein the voice coil valve has a coil and a spool
with a path of travel parallel with a path of travel of
the piston.

15. A device in accordance with any preceding claim,
further comprising:

a) the voice coil valve being disposed in and
carried by the piston, and movable with the pis-
ton inside the hydraulic chamber; and
b) the hydraulic channel extending through the
piston.

31 32 



EP 2 778 436 A1

18



EP 2 778 436 A1

19



EP 2 778 436 A1

20



EP 2 778 436 A1

21



EP 2 778 436 A1

22



EP 2 778 436 A1

23



EP 2 778 436 A1

24



EP 2 778 436 A1

25



EP 2 778 436 A1

26



EP 2 778 436 A1

27



EP 2 778 436 A1

28



EP 2 778 436 A1

29



EP 2 778 436 A1

30



EP 2 778 436 A1

31



EP 2 778 436 A1

32



EP 2 778 436 A1

33



EP 2 778 436 A1

34



EP 2 778 436 A1

35



EP 2 778 436 A1

36



EP 2 778 436 A1

37



EP 2 778 436 A1

38

5

10

15

20

25

30

35

40

45

50

55



EP 2 778 436 A1

39

5

10

15

20

25

30

35

40

45

50

55



EP 2 778 436 A1

40

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• US RE39961 E [0002]
• US 6113642 A [0002]

• US 7655050 B [0002]


	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

