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pumping mechanisms. Physical design aspects also minimize 
stress and the combination of the physical design aspects and 
the intelligent operation of the system results in a lightweight 
and cost effective pump that may be used in a disposable 
fashion if desired. 
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VARIABLE VOLUME, SHAPE MEMORY 
ACTUATED INSULIN DISPENSING PUMP 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a continuation-in-part of 
US. application Ser. No. 10/683,659 ofBenj amin M. Rush et 
al., ?led on Oct. 9, 2003, Which is related to and claims 
priority based on US. Provisional Application No. 60/417, 
464, entitled “Disposable Pump for Drug Delivery System,” 
?led on Oct. 9, 2002, and US. Provisional Application No. 
60/424,613, entitled “Disposable Pump and Actuation Cir 
cuit for Drug Delivery System,” ?led on Nov. 6, 2002, each of 
Which is hereby incorporated by this reference in its entirety. 
The parent application, US. application Ser. No. 10/683,659, 
Was published as US. Patent Application Publication No. 
2004/0115067 A1. The present application is related to US. 
application Ser. No. , of Benjamin M. Rush, entitled 
“Fluid Delivery Device With Auto Calibration,” and US. 
application Ser. No. of Benjamin M. Rush, entitled 
“Devices And Methods For Use in Assessing a FloW Condi 
tion of a Fluid,” each of Which is ?led concurrently With the 
present application and is hereby incorporated herein, in its 
entirety, by this reference. 

FIELD OF THE INVENTION 

[0002] The present invention is generally related to por 
table insulin or other liquid delivery systems and more spe 
ci?cally related to a pump for use in such systems. 

BACKGROUND OF THE INVENTION 

[0003] Insulin pumps are Widely available and are used by 
diabetic people to automatically deliver insulin over extended 
periods of time. Many currently available insulin pumps 
employ a common pumping technology, the syringe pump. In 
a syringe pump, the plunger of the syringe is advanced by a 
lead screW that is turned by a precision stepper motor. As the 
plunger advances, ?uid is forced out of the syringe, through a 
catheter to the patient. The choice of the syringe pump as a 
pumping technology for insulin pumps is motivated by its 
ability to precisely deliver the relatively small volume of 
insulin required by a typical diabetic (about 0.1 to about 1.0 
cm3 per day) in a nearly continuous manner. The delivery rate 
of a syringe pump can also be readily adjusted through a large 
range to accommodate changing insulin requirements of an 
individual (e.g., basal rates and bolus doses) by adjusting the 
stepping rate of the motor. While the syringe pump is unpar 
alleled in its ability to precisely deliver a liquid over a Wide 
range of How rates and in a nearly continuous manner, such 
performance comes at a cost. Currently available insulin 
pumps are complicated and expensive pieces of equipment 
costing thousands of dollars. This high cost is due primarily to 
the complexity of the stepper motor and lead screW mecha 
nism. These components also contribute signi?cantly to the 
overall siZe and Weight of the insulin pump. Additionally, 
because of their cost, currently available insulin pumps have 
an intended period of use of up to tWo years, Which necessi 
tates routine maintenance of the device such as recharging the 
poWer supply and re?lling With insulin. These syringe type 
pumps, even if described as disposable, are simply too expen 
sive to be truly disposable, or are alternatively disposed at a 
very high cost to patients and insurance companies alike. 
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[0004] Shape memory alloys are a part ofa class of mate 
rials that change shape When poWer is applied to them but that 
return to their natural state When the poWer is removed. The 
materials can be used to form an actuator by harnessing this 
unique attribute of the materials. A pump can be made With a 
shape memory alloy actuator. HoWever, a shape memory 
alloy does not have the inherent accuracy and repeatability of 
the precision stepper motor used in a syringe pump. Although 
price is alWays important, precision is also essential in a pump 
used to deliver insulin or other drugs. It is therefore necessary 
to provide a system to precisely control and actuate a pump 
utiliZing a shape memory material as an actuator. 

SUMMARY OF INVENTION 

[0005] The present invention employs a cost effective yet 
precise pumping system and method to deliver insulin or 
other liquid to a user. Unique physical design aspects and an 
intelligent control system employed in the present invention 
alloW for a shape memory alloy to actuate a pumping mecha 
nism With excellent reliability and repeatability. 
[0006] The present invention alloWs for not only a cost 
effective pumping system, but also for a robust, precise, light 
Weight, and fault tolerant system. Although the pumping sys 
tem is precise, light Weight, and fault tolerant, in the medical 
applications Where the pump Will be most advantageous, 
numerous reasons may make it desirable to dispose of and 
replace portions of the pumping system relatively frequently. 
The loW cost of the pumping mechanism of the present inven 
tion alloWs for such disposable usage, While at the same time 
the pump is able to provide precision doses throughout the life 
of the pump. Stresses in the pump are minimiZed With the 
control system, and Warnings can be generated if the pump is 
not primed properly or if an occlusion is detected Within the 
pumping system. The reduction of stresses Within the pump 
provides for a smaller and lighter Weight pump With a longer 
lifetime, Which is of obvious bene?t to a user of the pump. 
Furthermore, the intelligent control system alloWs the pump 
to operate even if a fault is detected. For example, if the full 
stroke of the pump is unavailable for some reason, a lesser 
stroke can be utiliZed (at a higher frequency) and the pump 
can continue to provide the necessary dosage to the user. 

[0007] Additional aspects, advantages and features of the 
present invention are included in the folloWing description of 
exemplary examples thereof, Which description should be 
taken in conjunction With the accompanying ?gures, and 
Wherein like (and similar) numerals are used to describe the 
same feature throughout the ?gures. While the pre?x of a 
numbering element may change based upon the ?gure num 
ber, if the remainder of the numbering element is the same in 
the various embodiments, the component is the same or simi 
lar to that described regarding an earlier described embodi 
ment. For example, capacitor 304 of FIG. 3 is the same or 
similar to capacitor 504 of FIG. 5. When this is the case, the 
element Will not be described again, and reference should be 
made to the description of the earlier ?gure (FIG. 3 in this 
example). All patents, patent applications, articles and other 
publications referenced herein are hereby incorporated herein 
by this reference in their entirety for all purposes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIGS. 1A, 1B, and 1C illustrate pump 100 at various 
stages of operation. 
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[0009] FIGS. 1D is a block diagram of pumping system or 
“pump” 150. 
[0010] FIGS. 2A, 2B, and 2C illustrate pump 200 at various 
stages of operation. 
[0011] FIGS. 3A and 3B illustrate different embodiments 
of pump drive circuits for use With pump 200 or other pump 
embodiments. 
[0012] FIGS. 4A and 4B illustrate pump 400 at various 
stages of operation. 
[0013] FIG. 5 illustrates an embodiment of a pump drive 
circuit for use With pump 400 or other pump embodiments. 
[0014] FIGS. 6A and 6B illustrate pump 600 at various 
stages of operation. 
[0015] FIGS. 7A and 7B illustrate pump 700 at various 
stages of operation. 
[0016] FIG. 8 illustrates an embodiment of a pump drive 
circuit for use With pump 700 or other pump embodiments. 
[0017] FIGS. 9A and 9B illustrate pump 900 at various 
stages of operation. 
[0018] FIGS. 9C, 9D, and 9E illustrate different embodi 
ments of position encoding utiliZed for linear feedback. 
[0019] FIG. 10 illustrates an embodiment of a pump drive 
circuit for use With pump 900 or other pump embodiments. 
[0020] FIG. 11A is a graph of a pump operating in an 
unprimed state. 
[0021] FIG. 11B is a graph ofa pump operating in a primed 
state. 

[0022] FIG. 11C is a graph of occlusion detection Within a 
pump. 
[0023] FIGS. 12A and 12B are graphs of pump operation 
over time. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0024] The present invention employs a cost effective yet 
precise pumping system and method to deliver insulin or 
other liquid to a user. Unique physical design aspects and an 
intelligent control system employed in the present invention 
alloW for a shape memory alloy to actuate a pumping mecha 
nism With excellent reliability and repeatability. 
[0025] The present invention alloWs for not only a cost 
effective pumping system, but also for a robust, precise, light 
Weight, and fault tolerant system. Although the pumping sys 
tem is precise, light Weight, and fault tolerant, in the medical 
applications Where the pump Will be most advantageous, 
numerous reasons may make it desirable to dispose of and 
replace portions of the pumping system relatively frequently. 
The loW co st of the pumping mechanism of the present inven 
tion alloWs for such disposable usage, While at the same time 
the pump is able to provide precision doses throughout the life 
of the pump. Stresses in the pump are minimiZed With the 
control system, and Warnings can be generated if the pump is 
not primed properly or if an occlusion is detected Within the 
pumping system. The reduction of stresses Within the pump 
provides for a smaller and lighter Weight pump With a longer 
lifetime, Which is of obvious bene?t to a user of the pump. 
Furthermore, the intelligent control system alloWs the pump 
to operate even if a fault is detected. For example, if the full 
stroke of the pump is unavailable for some reason, a lesser 
stroke can be utiliZed (at a higher frequency) and the pump 
can continue to provide the necessary dosage to the user. 
[0026] As mentioned brie?y above, a shape memory alloy 
is used to actuate a pump made in accordance With the present 
invention. In the process of undergoing a dimensional 
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change, the shape memory material goes through a reversible 
phase transition or transformation, or a reversible structural 
phase transition, upon a change in temperature. Generally, 
such a transition represents a change in the material from one 
solid phase of the material to another, for example, by virtue 
of a change in the crystal structure of the material or by virtue 
of a reordering of the material at a molecular level. In the case 
of nitinol, for example, the superelastic alloy has a loW tem 
perature phase, or martensitic phase, and a high temperature 
phase, or austenitic phase. These phases can also be referred 
to in terms of a stiff phase and a soft and malleable phase, or 
responsive phase. The particular phase transition associated 
With a particular alloy material may vary. Shape memory 
materials are Well understood by those of ordinary skill in the 
art. 

[0027] Pump 100, an embodiment of a pump (or a portion 
thereof) of the present invention, is shoWn in the inactive state 
in FIG. 1A, the fully activated state in FIG. 1B, and the 
stress-loaded state in FIG. 1C. The pump body comprises a 
case 101, a top cap 102, and a plunger cap 103. Within the 
pump is a plunger 104 that is normally (in the inactive state) 
held against the plunger cap 103 by a plunger bias spring 105. 
Similarly, an overload piston 106 is normally (in inactive 
state) held against the top cap 102 by an overload piston 
spring 107 Which is stronger (has a higher spring constant k) 
than the plunger bias spring 105. The plunger 104 is con 
nected to the overload piston 106 by a shape memory alloy 
Wire 108 Which contracts When heated by a pulse or pulses of 
current ?oWing from the V+ 109 contact to theV- 110 contact 
through the shape memory alloy Wire 108 Where the V- 110 
contact may be the system ground (GND) reference. The 
poWer in each pulse is determined by the voltage applied to 
the shape memory alloy Wire 108 through the V+ 109 andV 
110 contacts. It is Worth noting that the case is made of an 
insulating material While the plunger 104 and overload piston 
106 are either made of a conductive material (eg metal) or 
are coated With an appropriately conductive material. The top 
cap 102 and plunger cap 103 may be made of insulating or 
conductive material as is best suited to a given design. 
[0028] FIG. 1A shoWs the pump in the inactive state Where 
the shape memory alloy Wire 108 is not contracted, the 
plunger 104 is held against the plunger cap 103 by the plunger 
bias spring 105 and the overload piston 106 is held against the 
top cap 102 by the overload piston spring 107. This is the state 
to Which the pump 100 returns after each activation or pump 
ing cycle. 
[0029] FIG. 1B shoWs the pump in the fully activated state 
Where the shape memory alloy Wire 108 has contracted 
enough to pull the plunger 104 up against a stop built into the 
case 101 Without moving, While overload piston 106 Which is 
held against the top cap 102 by the overloadpiston spring 107. 
This state realiZes a full stroke of the plunger 104. 

[0030] FIG. 1C shoWs the pump in the stress-loaded state 
Where the shape memory alloy Wire 108 has contracted suf 
?ciently to pull the overload piston 106 up against a second 
stop built into the case 101. In this state the case 101, plunger 
104, overload piston 106, and shape memory alloy Wire 108 
are under maximum stress. 

[0031] The design of the basic pump 100 is such that there 
is no feedback to the circuit driving the pump (open loop) and 
the action of the pump after the fully activated state shoWn in 
FIG. 1B is accommodated by the design margin to ensure that 
the pump reaches a fully activated state. If the pulse or pulses 
of current applied to the shape memory alloy Wire 108 are 
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reduced to the minimum value required to achieve the fully 
activated state under Worst case conditions, such as a cold 
Wire, then the action of the basic pump 100 under best case 
conditions, such as a Warm Wire, Will drive the pump toWard 
the stress-loaded state shoWn in FIG. 1C. The design of the 
pump 100, and the selection of the overload piston spring 107 
is driven by the differences betWeen the Worst-case and best 
case conditions. Under normal operating (non-fault) condi 
tions the pump alWays completes the full stroke (the fully 
activated state) as shoWn in FIG. 1B and operates reliably 
over the expected life of the pump because excess contraction 
and the resultant stress are minimiZed (as seen in the stress 
loaded state shoWn in FIG. 1C). Considerations for the Worst 
case and best-case conditions include operating temperature 
range, the minimum pumping rate (eg the minimum basal 
delivery rate), and the maximum pumping rate (e. g. the maxi 
mum bolus rate). 

[0032] It is important to note that the open-loop design of 
pump 100 lacks feedback and thus cannot adaptively accom 
modate faults as they are not sensed. For example, a pump 
failure such as a jammed plunger 104 could cause a reduced 
or Zero insulin delivery output and the pump Would be 
assumed by the user (patient) to be operating correctly When 
an improper dose Was delivered. 

[0033] FIG. 1D is a block diagram that shoWs the overall 
system of Which the various pump embodiments are a part. 
The overall system 150 comprises a microprocessor 150A, 
drive circuitry 150B, and pump element 150C. All of these 
components can be considered to form the pump, even though 
pump element 150C alone is also sometimes referred to as the 
pump among those skilled in the art. Many different embodi 
ments of the pump 150C and of a portion of the drive circuitry 
150B are described in detail beloW, and throughout the appli 
cation. In an insulin delivery system 150, all of the compo 
nents (that are shoWn) may be packaged together or alterna 
tively they may be grouped separately. For example, it may be 
desirable to group the pump and drive circuitry together While 
remotely locating the pump element. Other components such 
as user input devices and a display are not shoWn, but are all 
controlled by the processor in conjunction With the pump and 
drive circuitry. 
[0034] Another embodiment is illustrated in FIG. 2. The 
design shoWn in FIG. 2 comprises feedback that indicates the 
completion of the fully activated state but is otherWise similar 
to the pump shoWn in FIG. 1. The pump 200 incorporates 
feedback from a sWitch (“PISTON_NC 211”) that indicates 
that the overload piston 206 is at the top of the pump or in 
contact With top cap 202. A sWitch, such as sWitch 211 (that 
provides feedback) may alternatively be referenced for the 
feedback it provides in the folloWing description. The pump 
With PISTON_NC 211 feedback shoWn in FIG. 2 is con 
structed and operates in a similar fashion to the basic pump 
100 shoWn in FIG. 1. The feedback comes from a normally 
closed (NC) sWitch that indicates the overload piston 206 is in 
contact With the top cap 202 as in FIG. 2A and FIG. 2B. When 
the pump 200 enters the overload state as shoWn in FIG. 2C 
then the sWitch opens and feedback is fed to the drive circuit. 
If the feedback is not received during the maximum pulse 
period used for pump 100 then an error has occurred and 
pump 200 operation can be discontinued. The PISTON_NC 
211 feedback is shoWn as connected directly to the top cap 
202 Which indicates that the top cap 202 is either made of a 
conductive material (eg metal) or is coated With an appro 
priately conductive material. If the design of a given pump 
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requires the top cap 202 to be made of an insulating material 
then the Pl STON_NC 211 feedback can be moved to the inner 
surface of the top cap 202 so that the PISTON_NC 211 
feedback is in direct contact With the overload piston 206 in 
the inactive state as shoWn in FIG. 2A. 

[0035] An advantage of pump 200 is fault detection based 
on the feedback from (normally closed) sWitch 211 (if the 
sWitch is not activated in the maximum pulse duration). The 
pump also saves energy because it terminates the activation 
pulse When full pump action is achieved. Minimizing energy 
consumption is extremely important for a portable insulin 
pump, as it maximiZes the time the pump can be used Without 
inconveniencing the user. 

[0036] FIG. 2C shoWs the pump in the stress-loaded state 
Where the shape memory alloy Wire 108 has contracted suf 
?ciently to pull the overload piston 206 doWn, but not up 
against a stop built into the case 201. In this state, the case 201, 
plunger 204, overload piston 206 and shape memory alloy 
Wire 208, are under stress. HoWever, that stress is limited to 
the spring constant (k) of the overload piston spring 207 and 
is thus reduced as compared to the stress-loaded state shoWn 
in FIG. 1C Where the overload piston 106 is against a hard 
stop of the case 101. The method used to further reduce the 
already minimiZed stress is the termination of the pulse or 
pulses of current that are ?oWing from the V+ 209 contact to 
the V- 210 contact through the shape memory alloy Wire 208. 
This causes the shape memory alloy Wire 208 to stop con 
tracting and thus reduces the stress on the pump 200. 

[0037] There are tWo primary methods to terminate the 
pulse or pulses to the shape memory alloy Wire 208 as shoWn 
in FIG. 3A and FIG. 3B. The actual drive circuits are identical 
and the only difference betWeen FIG. 3A and FIG. 3B is in the 
Voltage Output (Vout) and feedback connections as discussed 
beloW. Each drive circuit is connected to a poWer sourceVCC 
301 and to the system ground GND 302. Each has a pull-up 
resistor R 303 from the feedback to VCC 301 and an optional 
?ltering or “debounce” capacitor C 304 from the feedback to 
GND 302. The feedback is digital and detects a logic ‘0’ When 
approximately 0V or GND 302 is present (i.e. the sWitch is 
closed) and a logic ‘ l ’ When a voltage approximately equal to 
the supply voltage or VCC 301 is present (i.e. through the 
function of the pull-up resistor R 303 When the sWitch is 
opened). If the optional ?ltering or “debounce” capacitor C 
304 is not present then the feedback may oscillate brie?y 
When the sWitch opens or closes due to mechanical vibration 
related to the sWitch contact. If the optional ?ltering or 
“debounce” capacitor C 304 is present then the feedback 
actually detects the voltage on the capacitor C 304 Which can 
not change instantaneously. When the sWitch closes the 
capacitor C 304 Will be discharged quickly to approximately 
0V or GND 302; When the sWitch opens the capacitor Will be 
charged at a rate proportional to the values of the resistor R 
303 and the capacitor C 304 to approximately the supply 
voltage or VCC 301. For example, a resistor R 303 value of 
10,000 Ohms (10 k9) and a capacitor C 304 value of 100 pF 
Would have a time-constant of one microsecond (l usec) and 
the state of the feedback Would change from a logic ‘0’ to a 
logic ‘ l ’ in about tWo microseconds (2 usec) Without any 
oscillations (noise) on the feedback that could be acted upon 
by the drive circuit inappropriately. 
[0038] The ?rst method as shoWn in FIG. 3A is to connect 
the PISTON_NC 211 to the feedback to gate the drive signal 
Vout that is created by the drive circuit and Which is connected 
to the pump V+ 209 contact. When the drive circuit receives 










