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Therapeutic Product Delivery Device

The present invention relates to a therapeutic product delivery device for delivering
volumes of a therapeutic product.

Therapeutic products such as insulin are often administered to the human body with
infusion pumps. Current devices typically deliver the therapeutic product by means of a
mechanical force (such as a spring) to pressurise a reservoir containing the therapeutic
product and a passive flow restrictor (such as an orifice or microcapillaries) to control the
basal rate delivery. The bolus delivery is commonly delivered with the use of mechanical
buttons. Current devices are typically limited by their inability to control the flow rate of
the therapeutic product through the passive flow restrictor so they must resort to bulky
separate delivery mechanisms to deliver the bolus dosage. An electrically driven pump
may be used, in conjunction with a toothed gearing mechanism to accurately vary the flow
rate. Such a mechanism is necessarily heavy and bulky.

For the example of insulin, the flow range required to cover both basal and bolus
insulin delivery for a typical population of patients may be of the order of three orders of
magnitude. For example, the flow rate range may be 0.025 to 25 U/hour (U represents an
international unit of insulin which is the biological equivalent of 34.7 pug of human insulin),
in increments of 0.025 U/hour. Thus the required flow rate range varies by a factor of
about a thousand, and the required resolution is about one in a thousand.

According to the present invention, there is provided a therapeutic product delivery
device for delivering volumes of a therapeutic product, the device comprising: a
pressurised reservoir containing the therapeutic product, the therapeutic product being a
fluid; a variable-sized orifice in fluid communication with the reservoir for flow of the
therapeutic product through the orifice; and an electrically driven actuator configured to
change the size of the orifice to vary the flow rate of the therapeutic product.

It has been appreciated that an electrically driven actuator can be used to directly
vary the orifice size of a variable-sized orifice that acts as a variable flow restrictor to
control the flow rate of the delivered therapeutic product within the required range without
using a separate mechanism and without using a gearing mechanism.

Advantageously, the actuator may comprise a shape memory alloy (SMA) wire.
Although use of an SMA wire actuator is known in insulin delivery devices, in the known
devices this is in conjunction with a gearing mechanism to drive delivery of the insulin and
therefore complex and bulky. In the device of the invention, an SMA wire actuator directly

acts on a variable orifice to vary the orifice size and vary the flow rate, obviating the need
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for a gearing mechanism. Given the range and accuracy required, it is surprising that such
a direct drive mechanism is suitable. However, it has been appreciated that with
appropriate control, an SMA wire actuator can achieve range and accuracy similar to that
achieved with a gearing mechanism.

SMA wire actuators are compact owing to the small size of the wire, which may be
as little as 25 micron diameter for example. An SMA wire when activated contracts up to
4% of its length. Such a wire with a length of for example 10cm is therefore capable of a
length contraction of up to 4 mm. It has been appreciated by experiment and analysis that
with suitable control, a length accuracy in of the order of 1 micron is achievable, providing
the desired one in a thousand accuracy.

Heating of the wire can be readily carried out by passing an electric current through
the wire, while cooling between actuations occurs rapidly owing to the small diameter of
the wire. Furthermore, the length of the wire can be ascertained by measuring the resistance
of the wire using a suitable electrical circuit, allowing accurate closed loop control. These
properties provide a variable valve which can be accurately controlled and monitored to
ensure accurate delivery doses. Precision can be maintained at both the lowest flow rate,
the basal flow, and at the highest rate, the bolus flow. Compared to a toothed geared
mechanism, such a controlled SMA actuator mechanism is lighter, less complex and less
bulky.

The actuator may be configured to change the size of the orifice within a range in
which the orifice is always open.

The actuator may be controlled to deliver a flow rate of the therapeutic product that
varies between a basal rate of the therapeutic product and an increased bolus rate of the
therapeutic product

To allow better understanding, an embodiment of the present invention will now be
described by way of non-limitative example with reference to the accompanying drawings,
in which:

Fig. 1 is a schematic side view of a therapeutic product delivery device in a first

form;

Fig. 2 is a schematic side view of a therapeutic product delivery device in a second
form;

Figs. 3 and 4 are side views of a first valve in two operative states;

Fig. 5 is a cross-sectional view of the first valve in the operative state shown in Fig.
4;
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Figs. 6 and 7 are side views of a second valve in two operative states;

Figs. 8 and 9 are side views of a third valve in two operative states;

Fig. 10 1s a cross-sectional view of an inner tube of the third valve;

Figs. 11 and 12 are schematic side view of two alternative actuator arrangements;
and

Fig. 13 is a diagram of a control system for the therapeutic product delivery device.

The different embodiments described below include common elements which are
given common reference numerals. For brevity, the description of the common elements is
not repeated but applies equally to all the embodiments.

Figs. 1 and 2 show two alternative forms of a therapeutic product delivery device 1.
The therapeutic product delivery device 1 is configured to deliver volumes of a therapeutic
product that may be metered.

The therapeutic product is a fluid, typically a liquid. The therapeutic product may in
general be of any type and have any therapeutic effect. By way of example, the therapeutic
product may be insulin.

The therapeutic product may be a product which is desired to be delivered at a flow
rate that is normally a basal rate, but on occasion needs to be increased to a bolus rate.

The therapeutic product delivery device 1 is arranged as follows.

In the first form shown in Fig. 1, the therapeutic product delivery device 1
comprises a pressurised reservoir 2 in the form of a syringe. The reservoir 2 comprises a
cylinder 14 and a plunger 13 which is a piston that slides in the cylinder 14. The reservoir 2
contains the therapeutic product inside the cylinder 14.

A compressive spring 12 is connected to a fixed body 11 and to the plunger 13 and
applies a force pushing the plunger 13 into the cylinder 14. The cylinder 14 is also
connected to the fixed body 11 so that the spring 12 and the plunger 13 pressurise the
therapeutic product within the cylinder 14.

In the second form shown in Fig. 2, the therapeutic product delivery device 1
comprises a pressurised reservoir 2 in the form of a container that comprises a flexible wall
7. The reservoir 2 contains the therapeutic product.

A compressive spring 12 is connected to the fixed body 11 and to the flexible wall 7
and applies a force pushing against the flexible wall 7. The flexible wall 7 is also connected
to the fixed body 11 so that the spring 12 pressurises the therapeutic product within the
reservoir 2.

In each of the first and second forms, the therapeutic product delivery device 1 also



10

15

20

25

30

WO 2018/115884 PCT/GB2017/053859

includes a variable valve 5 that is in fluid communication with the reservoir 2. The variable
valve 5 controls the flow rate of thetherapeutic product out of the reservoir 2. . Possible
forms of the variable valve 5 are described below.

An additional, shut-off valve 6 is arranged in series with the variable valve 5, in this
example downstream of the variable valve 5, although it could alternatively be upstream of
the variable valve 5. The shut-off valve 6 is configured to close the flow of the therapeutic
product from the reservoir 2. The shut-off valve 6 is optional, but is advantageously
included in cases where the variable valve 5 is operable in a range of flow rates where it is
always open.

Three different forms of the variable valve 5 will now be described. In either of the
forms of the therapeutic product delivery device 1 described above, the variable valve 5
may take any of the three different forms described below.

Figs. 3 and 4 show the first form of the variable valve 5, which is arranged as
follows.

The variable valve 5 comprises a flexible tube 20 having a bore 21 inside the tube
20 that is in fluid communication with the reservoir 2. A portion 22 of the bore 21 forms a
variable-sized orifice through which the therapeutic product may flow from the reservoir 2.
The flexible tube 20 rests on top of a fixed surface 23 and on a protrusion 24 that protrudes
upwardly from the surface 23.

The variable valve 5 also comprises an actuator 15 arranged as follows.

The actuator 15 comprises a compressive spring 17 and an SMA wire 18 that are
both connected to a fixed body 16 and to an actuated body 19. The actuated body 19 is
restricted to move in the vertical direction only as shown by arrow A. The actuated body 19
is arranged adjacent the portion 22 of the bore 21, so that the actuated body 19 locally
compresses that portion 22 and changes its size, thereby varying the flow rate of the
therapeutic portion therethrough. Specifically, the actuated body 19 is slightly offset from
the protrusion 24 so that the flexible tube 20 forms a curved path between the actuated
body 19 and the protrusion 24. As a result, the compression of the flexible tube 20 by the
actuated body 19 changes the size of the compressed portion 22 by varying the length of
the portion 22 of the bore 21 of the flexible tube 20 that is compressed.

The SMA wire 18 contracts when heated by a drive signal supplied thereto, moving
the actuated body 19 in a direction that is upwards in Figs. 3 and 4 which increases the size
of the orifice formed by the portion 22 of the bore 21. Fig. 3 shows the SMA wire 18 in the
fully actuated position (highest temperature) so that the actuated body 19 does not
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compress the flexible tube 20 and the bore is at its maximum size (area). The therapeutic
product therefore flows at the maximum flow rate through the bore 21 of the flexible tube
20. The maximum flow rate through the valve 5 in this state can be calibrated to provide a
maximum required bolus rate of the therapeutic product.

The spring 17 is compressive and so acts as a biasing element that resiliently biases
the SMA wire 18 so as to change the size of the compressed portion 22 in an opposite sense
from the SMA wire 18. The spring 17 may be any resilient element that performs this
function, including a coiled spring or a resilient element formed in some other manner, for
example as a block of resilient material or a flexure. Fig. 4 shows the SMA wire 18 at the
initial position before actuation. The spring 17 exerts enough force on the actuated body 19
so that portion 22 of the bore 21 of the flexible tube 20 is at its minimum size. The portion
22 of the bore 21 of flexible tube 20 is compressed between the actuated body 19 and the
protrusion 24 so that the flow rate of the therapeutic product is at the minimum level.

Fig. 5 shows the cross section of the portion 22 of the bore 21 of the flexible tube
20 in the compressed state shown in Fig. 4. The narrow opening of the portion 22 forms
the orifice. The minimum flow rate through the compressed tube 20 in this state can be
calibrated to provide a minimum required basal rate of the therapeutic product. The
actuated body can be placed by the SMA wire 18 at various positions to control the flow
rate of the insulin by varying the size of the portion 22 that forms the orifice.

Figs. 6 and 7 show the second form of the variable valve 5 which is arranged as
follows.

The variable valve 5 comprises a valve body 30 through which extends a flow path
31 that is in fluid communication with the reservoir 2. The flow path 31 includes an intake
tube 32 and a discharge tube 33 which both extend to a diaphragm 35 that is fixed on valve
body 30 and extends along the flow path 31. In the configuration shown in Figs. 6 and 7,
the diaphragm 35 extends across adjacent openings of the intake tube 32 and the discharge
tube 33 separated by a dividing wall 34, but other configurations with the diaphragm 35
extending along the flow path 31 are possible.

The therapeutic product flows along the flow path 31, entering through the intake
tube 32 and exiting through discharge tube 33. An orifice 36 in the flow path 31 is formed
adjacent the diaphragm 35, in particular between the diaphragm 35 and the dividing wall
34. The therapeutic product may flow through the orifice 36 from the reservoir 2. The size
of the orifice 36 varies in dependence on the deformation of the diaphragm 35 thereby

varying the flow rate of the therapeutic product. The variable valve 5 also comprises an
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actuator 15 arranged as follows.

The actuator 15 comprises a compressive spring 17 and an SMA wire 18 that are
both connected to a fixed body 16 and to an actuated body 19. The actuated body 19 is
restricted to move in the vertical direction only as shown by arrow A. The actuated body 19
is connected to the diaphragm 35, so that movement of the actuated body 19 deforms the
diaphragm 35, which changes the size of the orifice 36 and thereby varies the flow rate of
the therapeutic portion through the orifice 36.

The SMA wire 18 contracts when heated by a drive signal supplied thereto, moving
the actuated body 19 in a direction that is upwards in Figs. 6 and 7 which increases the size
of the orifice 36. Fig. 6 shows the SMA wire 18 in the fully actuated position where the
actuator 15 extends the diaphragm 35 to where the orifice 36 is of maximum size to allow
the therapeutic product to flow at its maximum rate.

The spring 17 is compressive and so acts as a biasing element that resiliently biases
the SMA wire 18 so as to change the size of the orifice 36 in an opposite sense from the
SMA wire 18. The spring 17 may be any resilient element that performs this function,
including a coiled spring or a resilient element formed in some other manner, for example
as a block of resilient material or a flexure. Fig. 7 shows the SMA wire 18 at the initial
position before actuation. The spring 17 exerts a force on the actuated body 19 which
forces the diaphragm 35 to minimise the size of the orifice 36 so that the the flow rate of
the therapeutic product is at the minimum level. In the example, shown in Fig. 7, the
diaphragm completely blocks the flow path 31 by sealing the openings of the intake tube 32
and the discharge tube 33 so that the flow of the therapeutic product is stopped.

As an alternative, the orifice 36 could remain open when at its minimum size to
provide a minimum flow rate of the therapeutic product. The minimum flow rate of the
valve 5 in this state can be calibrated to provide a minimum required basal rate of the
therapeutic product.

The actuated body 19 can be placed by the SMA wire 18 at various positions to
control the flow rate of the therapeutic product by varying the size of the orifice 36.

Figs. 8 and 9 show the third form of the variable valve 5 which is arranged as
follows.

The variable valve 5 comprises a flexible tube 40 having an internal bore 41. The
variable valve 5 further includes a rigid tube 43 that is of a smaller diameter than the
flexible tube 40. The rigid tube 43 is closed at one end 44, the closed end 44 of the rigid
tube 43 is being inserted through the end wall 42 inside the bore 41 of the flexible tube 41,
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concentrically with the flexible tube 41. A seal 42 provided at the end of the flexible tube
40 around the rigid tube 43 prevents leakage of the therapeutic product at the interface of
the flexible tube 40 and the rigid tube 43. The bore 47 of the rigid tube 43 is similarly
completely closed at the end 44 that is inside the flexible tube 43 as shown in Fig. 4A.

A hole 45 is formed in the sidewall of the rigid tube 43, as further illustrated in Fig. 10
which shows a cross section of the rigid tube 43 at the location of the hole 46.

Thus, a flow path in fluid communication with the reservoir 2 is formed through the
bore 41 of the flexible tube 40 and the bore 47 of the rigid tube 43, through the hole 45. An
orifice 46 is formed in the flow path and within the flexible tube 40. Specifically, the
orifice 46 comprises the hole 45 in the rigid tube 43 and the space between the flexible tube
40 and the rigid tube 43 near the hole 45. The therapeutic product may flow through the
orifice 46 from the reservoir 2. The size of the orifice 46 varies in dependence on the
deformation of the flexible wall 40 towards the hole 45, thereby varying the flow rate of the
therapeutic product.

The variable valve 5 also comprises an actuator 15 arranged as follows.

The actuator 15 comprises a compressive spring 17 and an SMA wire 18 that are
both connected to a fixed body 16 and to an actuated body 19. The actuated body 19 is
restricted to move in the vertical direction only as shown by arrow A. The actuated body 19
is aligned with the hole 45, so that actuated body 19 locally compresses the flexible tube 40
and changes the size of the orifice 46, thereby varying the flow rate of the therapeutic
portion therethrough.

The SMA wire 18 contracts when heated by a drive signal supplied thereto, moving
the actuated body 19 in a direction that is upwards in Figs. 8 and 9 which increases the size
of the orifice 46. Fig. 8 shows the SMA wire 18 in the fully actuated position such that the
actuated body 19 does not deflect the flexible tube 40 and the flow rate of the therapeutic
product is at a maximum flow rate. The maximum flow rate through the valve 5 in this
state can be calibrated to provide a maximum required bolus rate of the therapeutic product.

The spring 17 is compressive and so acts as a biasing element that resiliently biases
the SMA wire 18 so as to change the deflection of the flexible tube 40 in an opposite sense
from the SMA wire 18. The spring 17 may be any resilient element that performs this
function, including a coiled spring or a resilient element formed in some other manner, for
example as a block of resilient material or a flexure. Fig. 9 shows the SMA wire 18 in the
initial position before actuation. The spring 17 exerts a force on the actuated body 19 such

that the flexible tube 40 is deflected to completely close the orifice 46 by sealing the hole
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45 in the rigid tube 43, so that the flow of the therapeutic product is stopped.

As an alternative, the orifice 46 could remain open when at its minimum size to
provide a minimum flow rate of the therapeutic product. The minimum flow rate through
the compressed tube 20 in this state can be calibrated to provide a minimum required basal
rate of the therapeutic product.

The actuated body can be placed by the SMA wire 18 at various positions to control
the flow rate of the insulin by varying the orifice size.

In each of the above forms of the valve 5, it is understood that the length of the
SMA wire 18 can be varied by varying the temperature of the wire and the force produced
by the SMA wire 18 is enough to overcome any other forces (such as the force of the
compressive spring 17 and fluid pressures) so that the SMA wire 18 can actuate the
actuated body 19. The SMA wire 18 resets to its original length at ambient temperature
under the action of the compression spring 17.

In each of the above forms of the valve 5, the actuator 15 is configured to change
the size of the respective orifice within a range. The range may be of at least two orders of
magnitude, preferably at least three orders of magnitude, which may accommodate the
desired range for a given therapeutic product. In the case of insulin, the range may be from
a lower limit at or below 0.05 U/hour to an upper limit at or above 20 U/hour,
corresponding to a lower limit at or below 1.735 pg/hour to an upper limit at or above 714
ug /hour.

In general in any form of the valve 5, the range may extend to the orifice being
entirely closed so that the minimum flow rate of the therapeutic product is zero, or the
range may extent within a range in which the orifice is always open so that the minimum
flow rate of the therapeutic product is greater than zero.

The actuator 15 described above comprises an SMA wire 18 that is used to move
the actuated body 19 and thereby change the size of the respective orifice in each form of
the valve 15. However, the actuator 15 may be configured in other ways. By way of non-
limitative example, Figs. 11 and 12 show alternative forms of the actuator 15 which may be
employed in any of the above forms of the valve 5.

In the alternative form of the actuator 15 shown in Fig. 11, the SMA wire 18 is
configured to apply a force to the actuated body 19 in the opposite direction, i.e. to
minimise the size of the orifice when the SMA wire 18 is fully actuated. In this case, the
spring 17 is in tension so that it resiliently biases the SMA wire 18 so as to change the size

of the orifice in an opposite sense from the SMA wire 18.
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In the alternative form shown in Fig. 12, the actuator 15 comprises an additional
SMA wire 50 also connected between the fixed body 16 and the actuated body 19 but
configured to change the size of the orifice in an opposite sense from the SMA wire 18 in
the actuator 15 described above. This is therefore an arrangement in which the SMA wires
18 and 50 are opposed.

The actuator 15 described above uses an SMA wire 18 is a form of electrically
driven actuator. However, the use of SMA is not essential. Alternatively, the actuator 15
could be an alternative form of electrically driven actuator configured to change the size of
the orifice.

Fig. 13 illustrates the control system 60 of the therapeutic product delivery device 1.
The control system 60 is connected to the SMA wire 18 and supplies a drive signal to the
SMA wire 18 that electrically drives the actuator 15. The control system 60 may be
implemented in any suitable manner, for example in an integrated circuit chip. The control
system 60 may include a drive circuit 61 arranged to generate the drive signal, and a
control unit 62 that is arranged to control the drive circuit 61. The drive circuit 61 may be
implemented by suitable electronic components. The control unit 62 may be implemented
by a processor executing an appropriate program. The control unit 62 controls the power of
the drive signal supplied by the circuit 61. For example, the drive signal may be a
pulse-width modulated signal whose pulse-width is controlled by the control unit 61 to vary
the power of the drive signal and thereby control the actuator 15.

The control system 60 may further include a resistance measurement circuit 63 that
is connected to the SMA wire 18 and measure the resistance thereof. In that case, a
measure of the resistance of the SMA wire 18 output from the resistance measurement
circuit 63 is supplied to control unit 62 which uses it as a feedback signal to control the
power of the drive signal, for example to cause the actuator 15 and hence the valve 5 to
deliver a controlled flow rate of the therapeutic product.

The control system 60 may control the flow rate in whatever manner is desired for
the therapeutic product. In cases where the therapeutic product is desired to be variably
delivered at a basal rate and at times at an increased bolus rate, for example where the
therapeutic product is insulin, the control system 60 may drive the actuator 15 to cause the
valve 5 to deliver a flow rate of the therapeutic product that varies between the basal rate

and the bolus rate.
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Claims

1. A therapeutic product delivery device for delivering metered volumes of a
therapeutic product, the device comprising:

a pressurised reservoir containing the therapeutic product, the therapeutic product
being a fluid;

a variable-sized orifice in fluid communication with the reservoir for flow of the
therapeutic product through the orifice; and

an electrically driven actuator configured to change the size of the orifice to vary

the flow rate of the therapeutic product.

2. A therapeutic product delivery device according to claim 1, wherein the actuator

comprises a shape memory alloy wire.

3. A therapeutic product delivery device according to claim 2, further comprising an
additional shape memory alloy wire configured to change the size of the orifice in an

opposite sense from the first mentioned shape memory alloy wire.

4. A therapeutic product delivery device according to claim 2, further comprising a
biasing spring, configured to resiliently bias the shape memory alloy wire so as to change

the size of the orifice in an opposite sense from the shape memory alloy wire.

5. A therapeutic product delivery device according to any one of the preceding claims,
comprising a flexible tube, the variable-sized orifice being formed inside the flexible tube,
and the actuator being configured to locally compress the flexible tube so as to change the

size of the orifice to vary the flow rate of the therapeutic product.

6. A therapeutic product delivery device according to claim 5, wherein the orifice is a
portion of a bore of the flexible tube, the actuator being configured to locally compress the
flexible tube so as to change the size of the orifice to vary the the flow rate of the

therapeutic product.

7. A therapeutic product delivery device according to claim 6, wherein the actuator is

configured to locally compress the flexible tube to change the size of the orifice by varying

10
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the length of the portion of the bore of the flexible tube that is compressed.

8. A therapeutic product delivery device according to claim 5, further comprising a
rigid tube with which the flexible tube is concentric, the rigid tube having a hole, the orifice

being formed between the flexible tube and the hole in the rigid tube.

9. A therapeutic product delivery device according to any one claims 1 to 4, further
comprising a valve body defining a flow path in fluid communication with the reservoir,
and a diaphragm fixed to the valve body along the flow path, the orifice being adjacent the
diaphragm and the actuator being configured to deform the diaphragm so as to change the

size of the orifice.

10. A therapeutic product delivery device according to any one of the preceding claims,
wherein the actuator is configured to change the size of the orifice within a range extending

to the orifice being entirely closed.

11. A therapeutic product delivery device according to any one of the preceding claims,
wherein the actuator is configured to change the size of the orifice within a range in which

the orifice is always open.

12. A therapeutic product delivery device according to any one of the preceding claims,
further comprising an additional valve configured to close the flow of the therapeutic

product from the reservoir.

13. A therapeutic product delivery device according to any one of the preceding claims,
wherein the pressurised reservoir comprises a syringe comprising a plunger and a spring

pushing on the plunger.

14. A therapeutic product delivery device according to any one of claims 1 to 13,
wherein the pressurised reservoir comprises a container having a flexible wall, and a spring

pushing against the flexible wall.

15. A therapeutic product delivery device according to any one of the preceding claims,

wherein the therapeutic product is a liquid.

11
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16. A therapeutic product delivery device according to any one of the preceding claims,

wherein the therapeutic product comprises insulin.

17. A therapeutic product delivery device according to claim 16, wherein the actuator is
arranged to change the size of the orifice to vary the flow rate across a range from a lower

limit at or below 1.735 pg/hour to an upper limit at or above 714 ug /hour.

18. A therapeutic product delivery device according to any one of the preceding claims,
wherein the actuator is arranged to change the size of the orifice to vary the flow rate across

a range of at least two orders of magnitude, preferably at least three orders of magnitude.

19. A therapeutic product delivery device according to any one of the preceding claims,

further comprising a control system configured to electrically drive the actuator.

20. A therapeutic product delivery device according to claim 19, wherein the actuator
comprises an SMA wire, and the control system is configured to measure the resistance of
the shape memory alloy wire and to electrically drive the shape memory alloy wire using
feedback of the measured resistance to deliver a controlled flow rate of the therapeutic

product.

21. A therapeutic product delivery device according to claim 19 or 20, wherein the
control system is configured to electrically drive the actuator to deliver a flow rate of the
therapeutic product that varies between a basal rate of the therapeutic product and an

increased bolus rate of the therapeutic product.

12
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