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(57) A device for actuating a valve, (e.g. bistable valve), the
device comprising: a rocker 8 movable between a first
stable state and a second stable state; an articulated arm 142 11‘0 144 138
10 with a first end coupled to the rocker and a second 118 ._r_t - 2
end having an engagement point 16; a lever with a 136
recess 14, the recess being configured to receive the 108
engagement point of the articulated arm; a spring 18 /j( 1":3“0
coupled to and deformable by the lever; shape memory 1047
alloy (SMA) elements 38, 40 coupled to the rocker, 56 ; y
actuatable to change between a first shape 96 and a : 52 /
second shape 98; wherein the rocker, articulated arm, 661 i
lever, and spring are arranged so as to require a B 14
predetermined force to move the rocker from one stable |
state to the other; wherein actuation of the SMA elements o !
to change from one of the first shape and the second S 38 20 !
shape to the other of the first shape and the second 18- : 95 b
shape provides the said predetermined force for E/QB ° 6\\ M2

1 1
t
!
ll
i
i
1
1

116
actuating the valve between a closed position and an -
open position. The SMA elements are actuatable to
change shape in response to being heated above a
critical temperature, which may be achieved by electrical

resistance heating.
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Bistable Valve Actuator

The present invention relates to a device and a method for actuating a valve using a
bistable mechanism. The present invention also relates to a device and a method for
actuating a valve in heating systems and may be deployed to create smart systems for

the control of heating in residential and public buildings wirelessly and/or autonomously.

A typical bistable valve actuator has two stable states. The bistable nature of such a
valve actuator means that each stable state can correspond to a valve being in its open
or closed position and the actuator does not require a continuous power supply to

maintain the valve in these positions.

In a known example, a bistable valve actuator is moved between its stable open and
closed states by the contracting of SMA elements fixed between the actuator housing
and a rocker. To move between the stable states, elastic potential energy is exchanged
between a valve spring and a recuperating spring. The recuperating spring is deformed
by a lever cam mechanism with an oscillating roller follower coupled to a rocker by a
rigid bar. The roller is rolled along the lower surface of the lever, which has two shallow
gradients, meeting at a vertex. The SMA wires pivot the rocker in order to move the
roller to either side of the vertex of the lever. Once the roller is past the vertex, the
exchange of potential energy between the springs moves the actuator into the next
stable state. The position of the roller determines the two stable positions. The rocker is
connected to a valve stem via a spherical bearing rigidly attached to the rocker and a
slider. The interface between the slider and spherical bearing allows the conversion

between linear motion of the slider and rotational motion of the rocker.

US 4,973,024 discloses a valve driven by an SMA element. A wire-shaped SMA
element is coupled to a valve element that is biased open or closed by a spring. When
the SMA element is heated by the application of a current, it contracts to open or close
the valve. When the current is removed, the valve returned to its biased open or closed
state. Therefore, in order to maintain the valve in the state it is not biased to, current

must be supplied to the SMA wire continuously.



US 7,620,932 discloses a fluid control pinch valve activated by SMA elements. SMA
elements are heated by electric current and contract to raise a pinching element, which
opens the valve. The valve is held open by the continuous supply of current to the SMA
elements and closed by the removal of the current. Alternatively, the valve can be held
open by a latching component which can hold the pinching element in the raised position
without the use of the SMA elements. To close the valve, other SMA elements are
heated with a current to disengage the latching component. A magnet may also be used
to further raise and hold the pinching element in order to open the valve by a single short

pulse of current.

US 6,464,200 discloses an SMA actuated fluid control valve that is biased to a first
position by a spring. The contraction of SMA wire sections compresses a spring to move
the valve from the biased first position to a second position. The SMA wire sections
contract when heated by current; a continuous supply of current is necessary to maintain
the valve in the second position. The valve may also include cooling means such as a
Peltier cooling device for reducing the temperature surrounding the SMA wire.

These known valve actuation mechanisms require a high amount of energy to operate
and in some cases require a constant supply of current to hold the valve open. Thus

there is a need for an improved valve actuator.

Accordingly, a first aspect of the present invention provides a device for actuating a
valve, the device comprising: a rocker movable between a first stable state and a second
stable state; an articulated arm with a first end coupled to the rocker and a second end
having an engagement point; a lever with a recess, the recess being configured to
receive the engagement point of the articulated arm; a spring coupled to and deformable
by the lever; one or more shape memory alloy (SMA) elements coupled to the rocker,
actuatable to change between a first shape and a second shape; wherein the rocker,
articulated arm, lever, and spring are arranged so as to require a predetermined force to
move the rocker from one stable state to the other; wherein actuation of one of the one
or more SMA elements to change from one of the first shape and the second shape to
the other of the first shape and the second shape provides the said predetermined force
for actuating a valve between a closed position and an open position.



In embodiments, the rocker moves through an unstable state of equilibrium as it moves
from one stable state to the other; and wherein the predetermined force is a force

required move the rocker beyond the unstable state of equilibrium.

In embodiments, the rocker, articulated arm, lever, and spring are arranged so as to
impose a first predetermined force required to move the rocker from the first stable state
to the second stable state and a second predetermined force required to move the

rocker from the second stable state to the first stable state.

In embodiments, the device further comprises a chassis, wherein the chassis comprises:
a base to which the rocker is pivotally coupled and to which one end of the spring is
adjustably coupled; an upper section having one or more adjustable holders to which the
respective one or more SMA elements are additionally coupled; and a support section
having an anchor point, wherein one end of the lever is pivotally coupled to the anchor
point and another end of the lever is coupled to another end of the spring. The one or
more adjustable holders may be further arranged to enable adjustment of the tension in
the respective one or more SMA elements. Additionally or alternatively, the one end of
the spring is adjustably coupled to the base so as to enable adjustment of the tension in
the spring. Additionally or alternatively, the base of the chassis further comprises one or

more stoppers of adjustable height to constrain the rotational motion of the rocker.

In embodiments, the one or more SMA elements are actuatable to change from one of
the first shape and the second shape to the other of the first shape and the second

shape in response to applied stress.

In embodiments, the one or more SMA elements are actuatable to change from one of
the first shape and the second shape to the other of the first shape and the second
shape in response to being heated above a critical temperature. The device may
additionally comprise an electric circuit configured to apply current to the one or more
SMA elements; wherein the one or more SMA elements are configured to be heated by
electrical resistance heating. The device may further comprise a thermoelectric
generator configured to power the electric circuit. Additionally, the thermoelectric
generator may be configured to supply the electric circuit with electrical energy

converted from ambient thermal energy.



In embodiments, the device further comprises a housing at the exterior.

In embodiments, the device further comprises an indicator coupled to the rocker to
indicate whether the rocker is in the first stable state or the second stable state.

In one embodiment, the device further comprises a roller rotatably mounted to the rocker
and a follower arranged to engage the roller; wherein the roller is arranged to engage

the follower so as to transfer movement of the rocker to the follower.

Embodiments of the present invention will now be described in detail with reference to

the accompanying drawings, in which:

Figure 1 is a schematic representation of a bistable valve actuator in an open

configuration in accordance with an embodiment of the present invention;

Figure 2 is a schematic representation of the bistable valve actuator of Figure 1 in a

closed configuration;

Figure 3 is a force-displacement graph showing the variation of the magnitude forces in

the bistable mechanism and valve during the closing stroke;

Figure 4 is a force-displacement graph showing the variation of the magnitude forces in

the bistable mechanism and valve during the opening stroke; and

Figure 5 is a force-displacement graph showing the variation of the forces produced by
the SMA elements.

Generally, the bistable valve actuator of the present invention is a device that comprises
a bistable mechanism having two stable states and means for moving the bistable
mechanism from one stable state to the other. In examples, a bistable valve actuator of
an embodiment of the present invention is for any fluid control valve that can be biased

to an open or closed state by a resilient member, such as a spring. In an example, the



valve is a needle valve for a radiator heating system employing steam or hot water.
Referring to Figures 1 and 2, an embodiment of a bistable valve actuator 2 is shown

coupled to a valve 4.

In this embodiment, the bistable valve actuator 2 comprises a bistable mechanism 6
formed of a rocker 8, an articulated arm 10 coupled to the rocker 8, a lever 12 with a
recess 14 that engages an engagement point 16 of the articulated arm 10, and a
recuperating spring 18 coupled to and deformable by the lever 12. The rocker 8 is
moveable between a first stable state shown in Figure 1 and a second stable state
shown in Figure 2. The first stable state corresponds to an open valve 4 and the second
stable state corresponds to a closed valve 4. The movement of the rocker 8 from the
first stable state to the second stable state is referred to as the closing stroke and the
reverse movement of the rocker 8 is referred to as the opening stroke. One or more
shape memory alloy (SMA) elements 38, 40 are provided, which are actuatable to move
the rocker 8 out of each stable state. As shown in Figures 1 and 2, the SMA elements
38, 40 are wires. However, it will be appreciated that the SMA elements 38, 40 may be
of any other suitable form. The states and strokes of the rocker 8 extend to the position,
orientation, and motion of the bistable mechanism 6 and the bistable valve actuator 2 as
a whole. Accordingly, hereinafter, description of "states" and "strokes" may refer to the

rocker 8, the bistable mechanism 6, or the bistable valve actuator 2.

When assembled, the rocker 8 with the articulated arm 10 coupled thereto co-operates
with the lever 12 which is in turn spring-loaded by the recuperating spring 18. The
combination of the rocker 8, the articulated arm 10, the lever 12, and the recuperating
spring 18 is arranged such that a predetermined amount of force is required to move the
rocker from one of the stable states to the other. For example, in embodiments, a
predetermined amount of force is required to move the rocker 8 from the stable state
shown in Figure 1 to the stable state shown in Figure 2 and vice versa. In some
embodiments, the force required to move the rocker 8 from the first stable state to the
second stable state is the same as the force required to move the rocker 8 from the
second stable state to the first stable state. In some embodiments, the force required to
move the rocker 8 from the first stable state to the second stable state and the force
required to move the rocker 8 from the second stable state to the first stable state are
different.



In an example of the embodiment shown in Figures 1 and 2, the rocker 8 comprises a
first arm 24 and a second arm 26 arranged collinearly and coupled at a first revolute joint
28. The rocker 8 is pivotable about the first revolute joint 28, such that the rocker 8 can
pivot in a seesaw motion which raises and lowers each rocker arm 24, 26 in tum. in an
embodiment, the bistable valve actuator 2 further comprises a chassis 30 with a base 32
to which the rocker 8 is pivotally coupled via the first revolute joint 28. In these
embodiments, the chassis 30 is a support structure to which the parts of the bistable
valve actuator 2 are coupled. In some embodiments, such as the one shown in Figures
1 and 2, the bistable valve actuator 2 further comprises a housing 31 at its exterior. In
some other embodiments, the chassis 30 is the housing 31 in which other components

of the bistable valve actuator 2 are contained.

In embodiments, the rotational motion of the rocker 8 in both clockwise and
anticlockwise directions about the first revolute joint 28 is constrained by stoppers 34,
36. The stoppers 34, 36 are disposed on the based 32 of the chassis 30 and limit the
extent by which each of the arms 24, 26 can pivot downward. These stoppers 34, 36
can be adjustable to a desired height. In some embodiments, the desired height
depends on the lengths of the shape memory alloy (SMA) elements, the dimensions of

the valve 4 or the length or tension of the recuperating spring 18.

A first portion 42 of the articulated arm 10 is coupled to the rocker 8 such that the
pivoting of the rocker 8 causes a second portion 44 of the articulated arm 10 to also
pivot. The articulated arm 10 extends generally perpendicularly to the arms 24, 26 of the
rocker 8 and is articulated at a second revolute joint 46. In an embodiment, the second
revolute joint 46 is positioned around midway along the articulated arm 10. The second
revolute joint 46 allows the first portion 42 to pivot within the same pivotal plane as the
seesaw motion of the rocker 8. The engagement point 16 is at the end of the second
portion 44 of the articulated arm 10.

The lever 12 is also pivotable in the same pivotal plane as the rocker 8 and the
articulated arm 10. The lever 12 is positioned generally horizontally above the
articulated arm 10 with the recess 14 on the underside so that the engagement point 16

can be received by the recess 14. In one embodiment, the recess 14 is a V-shaped



notch 14 and the engagement point 16 has a sharp apex 48. The engagement between
the sharp apex 48 and the vertex 50 of the notch 14 keeps the second portion 44 of the
articulated arm 10 securely positioned within the notch 14. In some embodiments, the
engagement point 16 and recess 14 are replaced by a revolute joint. Such an
arrangement of the lever 12 and articulated aqm 10 provides a means for co-operation
that contributes to the reduction of the overall frictional forces within the bistable vale
actuator 2, thereby contributing to the overall reduction of energy consumption by the

bistable valve actuator 2.

One end 52 of the lever 12 is pivotally coupled to an anchor on the chassis 30 such as a
third revolute joint 54. The free end 56 of the lever 12 is coupled to one end of the
recuperating spring 18. Due to the engagement between the end of the second portion
44 of the articulated arm 10 and the notch 14 of the lever 12, motion of the articulated
arm 10 causes the lever 12 to pivot. The motion of the articulated arm 10 raises and
lowers its engagement point 16, thus causing the lever 12 to pivot upwards and
downwards. In the embodiment of Figures 1 and 2, the notch 14 is positioned along the
lever 12 closer to the recuperating spring 18 than the third revolute joint 54 in order to
reduce the amount of force required to pivot the lever 12 and the lever 12 is coupled to a
support section 58 of the chassis 30 of the bistable valve actuator 2 via the third revolute
joint 54. The support section 58 extends from the base 32, generally parallel to the
orientation of the SMA elements. In embodiments in which the chassis 30 is the housing
31, the third revolute joint 54 is disposed on a side wall of the housing 31.

The articulated arm 10 is pivoted by the pivotal motion of the rocker 8 as the rocker 8
moves between the first and second stable states. The first portion 42 of the articulated
arm 10 pivots with the rocker 8 and the second portion 44 of the articulated arm 10
pivots in the opposite direction to the pivoting rocker 8. This is due to the retention of the
engagement point 16 within the notch 14. The depth and inclination of the sides 60, 62
of the notch 14 are chosen so that the engagement point 16 is prevented from exiting
the notch 14 when the first portion 42 of the articulated arm 10 pivots. Retention of the
engagement point 16 within the notch 14 causes the articulated arm 10 to bend at the
second revolute joint 46 and causes the first portion 42 and second portion 44 of the
articulated arm 10 to pivot in opposite directions.



For example, during the closing stroke of the rocker 8, the first portion 42 of the
articulated arm 10 is rotated clockwise about the pivot point of the rocker 8, away from
the notch 14 in the lever 12. The retention of the engagement point 16 within the notch
14 causes the second portion 44 of the articulated arm 10 to rotate anticlockwise about
the second revolute joint 46, lowering the height of the engagement point 16. As the
engagement point 16 of the articulated arm 10 is lowered, the lever 12 is allowed to pivot

downwards.

During the opening stroke of the rocker 8, the first portion 42 of the articulated arm 10 is
rotated anticlockwise about the pivot point of the rocker 8, towards the notch 14 in the
lever 12. The retention of the engagement point 16 within the notch 14 causes the
second portion 44 of the articulated arm 10 to rotate clockwise about the second
revolute joint 46 and to push upwards on the notch 14. This upward force on the notch

14 pivots the lever 12 clockwise.

In embodiments, one end 64 of the recuperating spring 18 is held fixed and the other
end 66 is coupled to the free end 56 of the lever 12 such that the lever 12 may pivot to
deform the recuperating spring 18. In one embodiment, the fixed end 64 of the
recuperating spring 18 is coupled to the base of the chassis 30. In the example shown
in Figures 1 and 2, the fixed end 64 of the recuperating spring 18 is coupled to the
housing 31 via a fourth revolute joint 68 with a vertical rotational axis and an adjusting
screw 70. The adjusting screw 70 allows control over the length and tension the
recuperating spring 18. In some embodiments, the optimal length and tension of the

recuperating spring 18 depends on the dimensions and tensions of the valve 4.

In some embodiments, any of the first, second, third and fourth revolute joints 28, 46, 54
and 68 are implemented as roller bearings, bearing journals, or any other suitable

means.

In the embodiment shown in Figures 1 and 2, when the rocker 8 is in the first stable
state, the free end 56 of the lever 12 is supported by the articulated arm 10 in its highest
position, which causes the recuperating spring 18 to be in an extended state. During the
closing stroke, the pivoting of the articulated arm 10 allows the lever 12 to pivot

anticlockwise, thus lowering the free end 56 and allowing the recuperating spring 18 to



contract. Then, during the opening stroke, the pivoting articulated arm 10 causes the
lever 12 to pivot clockwise. The free end 56 of the lever 12 thus rises and extends the

recuperating spring 18.

In operation, the bistable valve actuator 2 is configured to actuate a needle valve 4. The
needle valve 4 has a valve control needle 72 with a needle flange 74 that is in contact
with the top of a valve spring 76. The valve spring 76 supports the valve control needle
72 through its interaction with the needle flange 74. In an example the valve spring 76
biases the valve control needle 72 in the upward, open position. In another example, the
valve spring 76 is configured to bias the valve control needle 72 in the downward, closed
position. To close the valve 4, the bistable valve actuator 2 pushes the valve control
needle 72 downwards so that the needle flange 74 compresses the valve spring 76 from
the position in Figure 1 to the position in Figure 2. In embodiments that include a
housing 31, the bistable valve actuator 2 is connected to the valve 4 by fastening means

such as a fastening nut 78 or any other suitable means.

In embodiments, the bistable valve actuator 2 further comprises a slider 80 and a flat-
faced follower 82 for interacting with the valve control needie 72. in operation, the
bottom of the slider 80 is placed in contact with the upper end of the valve control needle
72 to enable the slider 80 to push the valve control needle 72 downwards into the valve
4 and the top of the slider 80 is connected to the flat-faced follower 82. In one
embodiment, the connection between the slider 80 and the flat-face follower 82 is made
via a threaded connection 88 so that the combined length of the slider 80 and flat-faced
follower 82 can be adjusted. In some embodiments, the slider 80 and flat-faced follower

82 are replaced by a single component.

In embodiments, a roller 90 is rotatably mounted to an arm of the rocker 8 and is
arranged to transfer movement of the rocker 8 to the flat-faced follower 82. The roller 90
is arranged to engage the flat-faced follower 82 and forces the slider 80 and flat-faced
follower 82 linearly downwards to close the valve 4. The roller 90 facilitates the
conversion between the rotational motion of the rocker 8 and the linear motion of the flat-
faced follower 82. The pivoting of the rocker 8 in the closing stroke causes the roller 90
to pivot towards from the valve 4, thereby enabling the roller 90 to apply force to the flat-
faced follower 82 and mobilise the flat-faced follower 82 and slider 80.



The roller 90 is able to spin about an axis that is generally perpendicular to the plane of
the pivotal motion of the roller 90. Using a roller 90 is an efficient way to engage and
push the flat-faced follower 82 as its ability to spin reduces the friction between the roller
90 and the flat-faced follower 82 and thus reduces the energy loss by the kinematic
chain. This means that less force is required to pivot the rocker 8 and roller 90 to
compress the valve spring 76. The friction between the roller 90 and flat-faced follower
82 is negligible compared to the other forces generated by the bistable valve actuator 2
and the valve 4 and so has a negligible effect on the operation of the bistable valve

actuator 2. In some embodiments, the roller 90 is a rolling bearing.

Referring to Figures 3 and 4, force-displacement graphs of the above-described
embodiments are shown. The graphs show the variation in the magnitudes of force as
the valve control needle 72 is displaced between the valve closed and valve open
positions. The forces shown are force B from the bistable mechanism 6, the restoring
force Vg of the valve spring 76, and the net force V from the valve 4. The net valve force
V is the sum of the upward valve spring restoring force Vs and the constant frictional
forces on the valve control needle 72, which act upwardly for the closing stroke and
downwardly for the opening stroke. The bistable mechanism force B acts downwardly
on the top of the valve control needle 72 and the net valve force V acts upwardly on the

bottom of the slider 80 to oppose the bistable mechanism force B.

When the bistable mechanism 6 is in the first stable state, the articulated arm 10 holds
the lever 12 in a raised position and thus the recuperating spring 18 is in its most
extended state. The size of the downward actuator force applied by the slider 80 on the
top of the valve control needle 72 is not greater than the upward net valve force V of the
valve 4 in its biased open position, and so the bistable mechanism 6 cannot compress

the valve spring 76, which remains in its least compressed state.

When the bistable mechanism 6 is in the second stable state, the lever 12 is in a lower
position and the extension of the recuperating spring 18 is reduced to its least extended
state. The size of the downward actuator force applied by the slider 80 on the top of the
valve control needle 72 is greater than the upward net valve force V of the valve 4 in its

10



biased open position. Therefore, the flange 74 of the valve control needle 72 holds the

valve spring 76 in its most compressed state.

“Most”, “least”, “maximum” and “minimum” are used herein to refer to what is available to
the springs within the assembled configuration of the bistable valve actuator 2
undergoing normal operation and not necessarily to what is physically achievable by the
springs alone. In some embodiments, the recuperating spring 18 is still under tension
when in its least extended state and/or the valve spring 76 is still under pressure when in
its least compressed state. The maximum extension of the recuperating spring 18 and
compression of the valve spring 76 are limited by the range of pivotal motion of the
rocker 8, which is constrained by the height of the stoppers 34, 36. The height of the
stoppers 34, 36 also determines the position of bistable mechanism 6 in each stable

state.

When the bistable valve actuator 2 is assembled into the first stable position shown in
Figure 1, elastic potential energy is stored in the bistable mechanism 6 by the extension
of the recuperating spring 18. The closing stroke of the bistable mechanism 6 causes
the lever 12 to pivot downwards to reduce the extension of the recuperating spring 18
and causes the valve control needle 72 to move downwards to compress the valve
spring 76 with the needle flange 74. Therefore, in closing the valve 4, the stored elastic
potential energy of the recuperating spring 18 is transferred to and stored in the
compressed valve spring 76. The transfer of energy between the springs is facilitated by
a kinematic chain comprising the lever 12, articulated arm 10, rocker 8, roller 90, flat-

faced follower 82, slider 80 and valve control needle 72.

Similarly, the opening stroke of the bistable mechanism 6 reduces the compression of
the valve spring 76 and increases the extension of the recuperating spring 18, thereby
recuperating the elastic potential energy lost by the valve spring 76 by storing in the
recuperating spring 18. The recuperation of the elastic potential energy in the releasing
of the valve spring 76 allows the energy consumption of the valve actuation to be

reduced.

During the closing stroke, the valve control needle 72 moves downwards and so the

frictional forces on the valve control needle 72 act upwardly in the same direction as the

11



valve spring restoring force Vs. The upward net valve force V is therefore greater than
the valve spring restoring force Vs. On the other hand, during the opening stroke, the
valve control needle 72 moves upwards and so the frictional forces act downwardly in
the opposite direction to the valve spring restoring force Vs. The upward net valve force
V is therefore less than the valve spring restoring force Vs.

In the stable states, the net force in the bistable valve actuator 2 is zero. The stable
states occur when one rocker arm 24, 26 is in contact with a stopper 34, 36. The
stopper provides the reaction force to balance out the forces of the bistable mechanism
6 and valve 4. In order to move the bistable mechanism 6 between the stable states,
work must be done to produce imbalanced forces at the interface between the slider 80
and the valve control needle 72. This work may be done by shape memory alloy (SMA)
elements such as the SMA wires shown in Figures 1 and 2. In examples of the
embodiment of Figures 1 and 2, the SMA elements 38, 40 are configurable to reshape
and are therefore able to provide kinetic energy to produce a force to move the bistable
mechanism 6 out of the stable states. In some embodiments, the SMA elements 38, 40,
are configured to reshape when heat is applied thereto. The graph in Figure 5 shows
the change in magnitude of the forces F¢, Fo that are applied to the bistable mechanism
6 by the SMA elements 38, 40 as the valve control needle 72 is displaced during the
opening and closing strokes. Figure 5 also shows the direction of the SMA forces F¢, Fo
applied to the valve control needle 72 at the slider 80. The area underneath the graph
shows the potential energy of the springs that has to be overcome by the SMA wires 38,
40.

By coupling the SMA elements 38, 40 to the rocker arms 24, 26, the reshaping of the
SMA elements 38, 40 applies a force F¢, Fo to each rocker arm. The SMA elements 38,
40 are configured to apply forces F¢, Fo large enough to cause the rocker 8 to pivot out
of its stable state. SMA element 38 is configured to apply a force F¢ to the first arm 24
of the rocker 8 and SMA element 40 is configured to apply a force Fo to the second arm
26 of the rocker 8. The application of SMA forces Fg and F¢ alternate in order to pivot
the rocker 8 from side to side. SMA force F¢ corresponds to the closing stroke and SMA

force Fo corresponds to the opening stroke.

12



To begin the closing stroke, the SMA element 38 applies a force F¢ to pivot the rocker 8
clockwise. Thus, a downward net actuator force comprising the SMA force F¢ and the
bistable mechanism force B is applied to the valve control needle 72. The bistable
mechanism force B is generated by the release of elastic potential energy through the
kinematic chain as the extension of the recuperating spring 18 decreases.

For the closing stroke, the size of the downward net actuator force is greater than the
upward net valve force V, but the downward bistable mechanism force B is initially less
than the upward net valve force V. As the unbalanced forces compress the valve spring
76, the valve spring restoring force Vg increases, which increases the net valve force V.
As the rocker 8 is pivoted by the SMA element 38, the bistable mechanism force B is
also increased as more elastic potential energy is released by the recuperating spring 18
through the kinematic chain to the valve spring 76. However, the rate of the increase in
the bistable mechanism force B is higher than that of the increase in the net valve force
V. This eventually leads to the downward bistable mechanism force B being greater
than the upward net valve force V. As soon as this happens, the external force F¢ from
the SMA element 38 is no longer necessary and the release of elastic potential energy
from the recuperating spring 18 alone is enough to drive the bistable mechanism 6 the

rest of the way into the second stable state.

However, before the bistable mechanism force B becomes greater than the net valve
force V, a state of equality 92 exists between these two opposing forces. The valve 4
and bistable mechanism 6 cannot rest in this state of zero net force. This is the closing
unstable equilibrium point 92 separating the two stable states. In an embodiment, the
dimensions of the bistable valve actuator 2 components are chosen such that the closing

unstable equilibrium point 92 occurs around the middle of the stroke.

If the application of force F¢ to the rocker 8 by the SMA element 38 were to cease before
the closing unstable equilibrium point 92 were reached, the bistable mechanism 6 would
return to its original stable state. However, once the bistable mechanism 6 has moved
just past the closing unstable equilibrium point 92, the force from the SMA element 38 is
no longer required to complete the closing stroke and the bistable mechanism 6 moves
into the next stable state with no external application of force. Therefore, the SMA

element 38 need only apply force for around half of the stroke, which demonstrates the
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reduction of energy consumption by the bistable valve actuator 2 through the

recuperation of elastic potential energy.

A similar process occurs for the opening stroke of the bistable valve actuator 2.
However a key difference lies in the direction of the frictional forces on the valve control
needle 72. The change in the direction of the frictional forces for the closing and
opening strokes means that the closing unstable equilibrium point 92 does not coincide
with the opening unstable equilibrium point 94. Instead, the unstable equilibrium points
92, 94 occur for different positions of the valve control needle 72 and for different forces

in the recuperating spring 18 and valve 4.

To begin the opening stroke, the SMA element 40 applies a force to pivot the rocker 8
anticlockwise. Thus, the downward net actuator force comprising the SMA force Fo and
the bistable mechanism force B is applied to the valve control needle 72. The SMA force
Fo opposes the bistable mechanism force B and thus the downward net actuator force is
less than the bistable mechanism force B.

For the opening stroke, the size of the downward net actuator force is less than the
upward net valve force V, but the downward bistable mechanism force B is initially
greater than the upward net valve force V. As the unbalanced forces allow the valve
spring 76 to decompress, the valve spring restoring force Vg decreases as the valve
spring 76 releases the elastic potential energy that had been transferred to it during the
closing stroke; this decreases the net valve force V. As the rocker 8 is pivoted by the
SMA element 40, the bistable mechanism force B is also decreased as the recuperating
spring 18 is extended to store more elastic potential energy transferred through the
kinematic chain from the valve spring 76. However, the rate of the decrease in the
bistable mechanism force B is higher than that of the decrease in the net valve force V.
This eventually leads to the downward bistable mechanism force B being less than the
upward net valve force V. As soon as this happens, the external force Fo from the SMA
element 40 is no longer necessary and the release of elastic potential energy from the
valve spring 76 alone is enough to drive the bistable mechanism 6 the rest of the way

into the first stable state.
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However, before the bistable mechanism force B becomes less than the net valve force
V, a state of equality 94 against exists between these two opposing forces. The opening
unstable equilibrium point 94 also occurs around the middle of the stroke, but not at the
same point as the unstable equilibrium point 92 for the closing stroke.

If the application of force Fo to the rocker 8 by the SMA element 40 were to cease before
the opening unstable equilibrium point 94 were reached, the bistable mechanism 6
would return to its original stable state. However, once the bistable mechanism 6 has
moved just past the closing unstable equilibrium point 94, the force from the SMA
element 40 is no longer required to complete the closing stroke and the bistable
mechanism 6 moves into the next stable state with no external application of force.
Therefore, the SMA element 40 need only apply force for around half of the stroke,
which demonstrates the reduction of energy consumption by the bistable valve actuator

2 through the recuperation of elastic potential energy.

A shape memory alloy (SMA) is an alloy, such as copper-aluminium-nickel alloys or
nickel-titanium alloys for example, that is able to be trained under high temperatures to
remember a certain shape. After being deformed, the alloy will return to the
remembered shape when heated above a critical temperature. In the above-described
embodiments, SMA elements 38, 40 with remembered shapes are thus able to be
deformed below the critical temperature into different shapes and then, by applying heat
to the wire, be made to return to their remembered shapes. The temperatures
necessary for training, deforming and resetting the shapes of SMAs depend on the
properties of the specific alloys used. Typically for nickel-titanium alloys, the
temperature for thermal training is at approximately 500°C and the critical temperature is

approximately 70°C

The temperature of an SMA wire 38, 40 can be increased through electrical resistance
heating. When a current is passed through a conductor, the resistance of the conductor
causes some of the electrical energy to be converted into heat energy. The amount of
heat produced in a wire is proportional to the resistance of the wire multiplied by the
square of the current. For SMA wires formed from nickel-titanium alloys, for example, a
small diameter such as 0.1mm is preferable in order to decrease the heating and cooling

time. In a particular example, an SMA wire is formed from two wires in parallel, each of
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15Q resistance, providing a total resistance of 7.5Q. In this particular example, the

supplied voltage is 3V and the total current is 0.4A.

In embodiments, SMA wires 38, 40 extend vertically between the bistable mechanism 6
and the chassis 30 of the bistable valve actuator 2. The SMA wires 38, 40 are coupled
by their lower ends 100, 102 to the rocker 8, at or near to the ends of the rocker arms 24,
26, and by their upper ends 104, 106 to an upper section of the chassis 30. In an
embodiment, the upper ends 104, 106 of the SMA wires 38, 40 are fixed to adjustable
holders 108, 110 on the chassis 30. The adjustable holders 108, 110 are each
configured to allow adjustment of the tension, length, and/or shapes of the SMA wires
38, 40, but maintain the upper ends 104, 106 of the SMA wires 38, 40 at the same
height during the normal operation of the bistable valve actuator 2. In the embodiment
shown in Figures 1 and 2, each rocker arm 24, 26 is coupled to a single SMA wire 38,
40. However any number of SMA wires 38, 40 may be coupled to the rocker arms 24,

26 at any location along the arms 24, 26.

Each SMA wire 38, 40 has a contracted first shape 96 and an extended second shape
98. In the contracted first shape 96, the lower ends 100, 102 and upper ends 104, 106
of the SMA wires 38, 40 are closer than in the extended second shape. The SMA wires
38, 40 are trained to remember the first shape 96 and can be deformed under tensile
stress from the first shape 96 into the second shape 98. For example, an SMA wire 38,
40 in the first shape 96 can have one end held in a fixed position and the other end
pulled so that the SMA wire 38, 40 extends to the second shape 98. The SMA wire 38,
40 can then be heated, for example by electrical resistance heating, until it contracts into
the first shape 96.

The SMA wires 38, 40 are enabled to cause the rocker 8 to pivot between the first stable
state and the second stable state by oppositely alternating between their first shapes 96
and second shapes 98 to apply force F¢, Fo to the rocker 8. The bistable valve actuator
2 may be firstly assembled with the bistable mechanism 6 in either of the stable states.
When the bistable mechanism 6 is assembled in the first stable state, the first arm 24 of
the rocker 8 is in its lowest position and the second arm 26 of the rocker 8 is in its
highest position. The upper end 104, 106 of each SMA wire 38, 40 is held fixed in place
by an adjustable holder 108, 110 and the lower end 104, 106 of each SMA wire 38, 40 is
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coupled to an arm of the rocker 8. The first SMA wire 38 is therefore required to have
been deformed into the second shape 98 and the second SMA wire 40 is required to be

in the first shape 96.

A current applied to the first SMA wire 38 that is in the second shape 98 causes
electrical resistance heating of the first SMA wire 38 to above the SMA critical
temperature. Consequently, the first SMA wire 38 changes from the second shape 98
into the first shape 96. As the first SMA wire 38 changes shape, its lower end 100
moves upwards and closer to the upper end 104 that is held fixed. The lower end 100 of
the first SMA wire 38 is coupled to the first arm 24 of the rocker 8 and so the first arm 24
of the rocker 8 also moves upwards, causing the rocker 8 to pivot clockwise for the
closing stroke. This pivoting of the rocker 8 results in the second arm 26 moving
downwards and pulling the lower end 102 of the second SMA wire 40 downwards as
well, since they are coupled together. As the upper end 106 of the second SMA wire 40
is held fixed in place, pulling the lower end 102 of the second SMA wire 40 downwards
causes it to extend and so the second SMA wire 40 is deformed from the first shape 96
into the second shape 98. Once the first SMA wire 38 has applied enough force F¢ to
the rocker 8 for the rocker 8 to pivot through around half of the closing stroke to just past
the unstable equilibrium point 92, no more current needs to be supplied to the first SMA
wire 38. The remainder of the stroke is carried out by the imbalanced bistable
mechanism and valve forces B, V. The bistable mechanism 6 is thus moved from the
first stable state into the second stable state for actuating the valve 4 from an open

position to a closed position.

To move the bistable mechanism 6 from the second stable state into the first stable state
for actuating the valve 4 from a closed position to an open position, a current is applied
to the second SMA wire 40 that is in the second shape 98. The current causes electrical
resistance heating of the second SMA wire 40 to above the SMA critical temperature
and, consequently, the second SMA wire 40 changes from the second shape 98 into the
first shape 96. As the second SMA wire 40 changes shape, its lower end 102 moves
upwards and closer to the upper end 106 that is held fixed. The lower end 102 of the
second SMA wire 40 is coupled to the second arm 26 of the rocker 8 and so the second
arm 26 of the rocker 8 also moves upwards, compelling the rocker 8 to pivot

anticlockwise. This pivoting of the rocker 8 results in the first arm 24 moving downwards
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and pulling the lower end 100 of the first SMA wire 38 downwards as well, since they are
coupled together. As the upper end 104 of the first SMA wire 38 is held fixed in place,
pulling the lower end 100 of the first SMA wire 38 downwards causes it to extend and so
the first SMA wire 38 is deformed from the first shape 96 into the second shape 98.
Again, after about half the stroke, no more current needs to be supplied to the SMA wire
38, 40 for the bistable mechanism 6 to move into the second stable state and actuate

the valve 4 from an open position to a closed position.

As will be appreciated by the skilled person, the nomenclature above for the first shape
96 and the second shape 98 is used to distinguish between two different shapes and
may be interchanged.

In examples of the embodiment illustrated in Figures 1 and 2, electric current is supplied
to the SMA wires 38, 40 by an electric circuit powered by a thermoelectric generator 112,
such as a Peltier device. A thermoelectric generator 112 converts thermal energy into
electrical energy. The thermoelectric generator 112 is coupled to the bistable valve
actuator 2 and uses ambient heat as its source of thermal energy.

The reduced energy consumption of the bistable valve actuator 2 due to the potential
energy recuperation means that the bistable valve actuator 2 can operate through the
autonomous supply of power by the thermoelectric generator 112. If there were no
recuperation of elastic potential energy, the reshaping of the SMA wires 38, 40 would
have to carry out the full opening and closing strokes of the bistable mechanism 6. A
thermoelectric generator 112 would be unable to autonomously supply enough current to
the SMA wires 38, 40 to operate the full strokes. In some examples, a three-fold

reduction in the energy required can be achieved.

In embodiments, the thermoelectric generator 112 is rigidly mounted to the chassis 30
with the cool side 114 in contact with a heat sink 116. In embodiments with a housing
31, an opening in the housing 31 is provided through which the thermoelectric generator
112 extends and the interior of the housing 31 is insulated by a lid 118 which keeps the
heat sink 116 on the outside. If the bistable valve actuator 2 is used for a heating device
such as a radiator, the thermoelectric generator 112 will be able to convert themmal

energy supplied by the radiator into electrical energy to power the circuit.
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The circuit also includes a supercapacitor 120 for storing electrical energy produced by
the thermoelectric generator 112, a transmitter 122, a temperature sensor and a
microprocessor 124 for controlling the functions of the circuit, such as supplying current
to the SMA wires 38, 40. The transmitter 122 allows wireless remote control of the

circuit and therefore of the bistable valve actuator 2.

In some embodiments, the housing 31 of the bistable valve actuator 2 has a main
opening 126 in its base 32 through which the flat-faced follower 82 and slider 80 pass to
engage the valve control needle 72. A first hole 128 and a second hole 130 are also
present underneath the ends of the rocker arms 24, 26 to allow the insertion of an L-
shaped tool 132. The L-shaped tool 132 can be used to manually pivot the rocker arms
24, 26 without the need for SMA elements 38, 40 or electric power to reshape the SMA

elements 38, 40, for example in the case of a fault with the circuit or a lack of electrical

supply.

The top and side of the housing 31 is enclosed by a lid 118 to provide thermal insulation
and also to provide a user with an indication of which stable state the bistable
mechanism 6 is in and thus whether the valve 4 is open or closed. A bar 134 is rigidly
coupled by its lower end to the bistable mechanism 6 through the articulated arm 10 so
that the bar pivots with the rocker 8. The upper end of the bar 134 is coupled to an arc
plate 136 which extends below and parallel to the upper surface 138 of the housing 31.
A window 140 is provided in the upper surface 138 of the housing 31, so that a first
portion 142 of the arc plate 136 can be seen through the window 140 when the bistable
mechanism 6 is in the first stable state and a second portion 144 of the arc plate 136 can
be seen through the window 140 when the bistable mechanism 6 has been pivoted to

the second stable state.

By differing the appearances of the first and second portions 142, 144 of the arc plate
136, for example through colour, a user is able to be informed of which state the bistable
valve actuator 2 is in by looking through the window 140 in the housing 31. In an
embodiment, the first portion 142 of the arc plate 136 is green in colour and the second
portion 144 of the arc plate 136 is red in colour. Therefore, when the bistable

mechanism 6 is in the first stable state the user will be able to see the green portion of
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the arc plate 136 through the window 140 and know that the valve 4 is open. Then when
the bistable mechanism 6 is in the second stable state the user will be able to see the
red portion of the arc plate 136 through the window 140 and know that the valve 4 is
closed.

Embodiments of the present invention have been described with particular reference to
the examples illustrated. However, it will be appreciated that variations and
modifications may be made to the examples described within the scope of the

appending claims.
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Claims
1. A device for actuating a valve, the device comprising:

a rocker movable between a first stable state and a second stable state;

an articulated arm with a first end coupled to the rocker and a second end having
an engagement point;

a lever with a recess, the recess being configured to receive the engagement
point of the articulated arm;

a spring coupled to and deformable by the lever,

one or more shape memory alloy (SMA) elements coupled to the rocker,
actuatable to change between a first shape and a second shape;

wherein the rocker, articulated arm, lever, and spring are arranged so as to
require a predetermined force to move the rocker from one stable state to the other;

wherein actuation of one of the one or more SMA elements to change from one
of the first shape and the second shape to the other of the first shape and the second
shape provides the said predetermined force for actuating a valve between a closed
position and an open position.

2. The device according to claim 1, wherein the rocker moves through an unstable
state of equilibrium as it moves from one stable state to the other; and
wherein the predetermined force is a force required move the rocker beyond the

unstable state of equilibrium.

3. The device according to claim 1 or 2, wherein the rocker, articulated arm, lever,
and spring are arranged so as to impose a first predetermined force required to move
the rocker from the first stable state to the second stable state and a second
predetermined force required to move the rocker from the second stable state to the first

stable state.

4, The device according to any preceding claim, further comprising a chassis,
wherein the chassis comprises:

a base to which the rocker is pivotally coupled and to which one end of the spring
is adjustably coupled,;
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an upper section having one or more adjustable holders to which the respective
one or more SMA elements are additionally coupled; and

a support section having an anchor point, wherein one end of the lever is
pivotally coupled to the anchor point and another end of the lever is coupled to another
end of the spring.

5. The device according to claim 4, wherein the one or more adjustable holders are
arranged to enable adjustment of the tension in the respective one or more SMA

elements.

6. The device according to claim 4 or 5, wherein the one end of the spring is

adjustably coupled to the base so as to enable adjustment of the tension in the spring.

7. The device according to any of claims 4 to 6, wherein the base of the chassis
further comprises one or more stoppers of adjustable height to constrain the rotational
motion of the rocker.

8. The device according to any preceding claim, wherein the one or more SMA
elements are actuatable to change from one of the first shape and the second shape to

the other of the first shape and the second shape in response to applied stress.

9. The device according to any one of claims 1 to 7, wherein the one or more SMA
elements are actuatable to change from one of the first shape and the second shape to
the other of the first shape and the second shape in response to being heated above a

critical temperature.
10. The device according to claim 7, further comprising an electric circuit configured
to apply current to the one or more SMA elements; wherein the one or more SMA

elements are configured to be heated by electrical resistance heating.

11. The device according to claim 8, further comprising a thermoelectric generator

configured to power the electric circuit.
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12. The device according to claim 9, wherein the thermoelectric generator is
configured to supply the electric circuit with electrical energy converted from ambient

thermal energy.

13. The device according to any preceding claim, further comprising a housing at the

exterior.

14. The device according to any preceding claim, further comprising an indicator
coupled to the rocker to indicate whether the rocker is in the first stable state or the

second stable state.

15. The device according to any preceding claim, further comprising:
a roller rotatably mounted to the rocker; and
a follower arranged to engage the roller;
wherein the roller is arranged to engage the follower so as to transfer movement

of the rocker to the follower.

16. The device substantially as described herein with reference to the accompanying

figures.

23



Intellectual
Property
Office

Application No:

Claims searched:

24

GB1700422.7 Examiner: Mr Hitesh Kerai
1-16 Date of search: 28 June 2017

Patents Act 1977: Search Report under Section 17

Documents considered to be relevant:

Category |Relevant | Identity of document and passage or figure of particular relevance
to claims
A - EP0697315 A2
(DAEWOO ELECTRONICS CO., LTD) See whole document.
A - US4648427 A
(FRUECHTE et al.). See whole document.
A - US2995043 A
(LUSK et al). See whole document.
Categories:
X Document indicating lack of novelty or inventive A Document indicating technological background and/or state
step of the art.
Y  Document indicating lack of inventive step if P Document published on or after the declared priority date but
combined with one or more other documents of before the tiling date of this invention.
same category.
&  Member of the same patent family E  Patent document published on or after, but with priority date
earlier than, the filing date of this application.
Field of Search:

Search of GB. EP, WO & US patent documents classified in the following areas of the UKC™ :

Worldwide search of patent documents classified in the following areas of the IPC

| F16K; F24D
The following online and other databases have been used in the preparation of this search report

| WPI, EPODOC

International Classification:

Subclass Subgroup Valid From
F24D 0019/10 01/01/2006
F16K 0031/00 01/01/2006

Intellectual Property Office is an operating name of the Patent Office

www.gov.uk/ipo



	A Publication Front Page

