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THE DESIGN OF AN INSULIN PUMP - CONCEPT OF CLOSING THE LooP
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Abstract:

This paper explains what insulin pump is and outlines
basic requirements for such device. The material presented
in this paper is an attempt to collect actual knowledge
about closed loop insulin delivery systems. From scientific
point of view we are going to propose the closed loop
insulin-dispensing device with control built on the base of
predictive neural network system. The blocks of such
systems are listed, and main problems to overcome are
defined.
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1. Introduction

An insulin pump is a device used for continuous
dosage of insulin at a selected rate. An ordinary insulin
pump is automatic drug-dispensing device that works in
open loop mode. This means it exactly follows
programmed drug dispending instructions with no any
feedback form the patient body. Even with such easy job
to do this device significantly facilitates treatment and
improves the lives of diabetic patients.

In conventional insulin therapy [1], two types of

insulin are needed: long-term and short-term insulin.
Long-term type is used for daily insulin demand. Short-
term type is fast acting insulin that is needed to reduce
postprandial blood glucose (BG) level and its dose mainly
depends on carbohydrates contents in meals.
An insulin pump uses only short-term insulin, which is
distributed evenly during the day, so it works on a long-
term basis (called basal), and a dose to counteract food
(called bolus) that works on a short-term basis.

This small mechatronics device makes the life of
patients more normal. It is important especially in the
case of children. Unfortunately, insulin pumps are not
easily affordable because of their price, as high as several
monthly incomes of an average family in Poland. There is
no manufacturer of such pumpsin Poland, which is one of
the reasons of their high price. Starting production in
Poland would lower the price and make the device more
affordable, which is one of the reasons why we started
our design.

2. Ordinary insulin pumps

There are three types of such devices (a) hospital
insulin pump, (b) personalinsulin pump, (c) implantable
insulin pump. This paper regards insulin pump of
personal type, which is an iPod-size unit. The whole unit
and each of its blocks must fulfil clinical, technical and
user requirements

Treatment requires that the person be connected to
the insulin pump for nearly 24 hours a day, 7 days a week.
Thus patient carries the pump with himself/herself
mostly all the time and the pump acts almost like a part of
his/her body. This indicates the importance of a well-
thought out design.

Insulin pump is compact mechatronics device, which
may be split into functional blocks as show in Fig. 1. The
link between the human body and the insulin pumpis The
Infusion Set. It consists of a needle or cannula and thin
tubing connected to a reservoir forinsulin (Cartridge).
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Fig. 1. Functional diagram of an insulin pump.

The Pump Module controlled by Processing Module
doses a precise amount of medicine through Infusion Set
into the patient's body. There are also other blocks, as
Control Module that let user to communicate with device,
or Power Supply Unit (PSU), which controls battery level
and provides power to whole units. The Monitoring Modu-
le may be a function of the Processing Module instead of
being a device by itself. It has to monitor proper work of
all blocks of the pump. It must detect any malfunction of
the whole unit and also has to inform the user about it,
e.g. about a disconnected infusion set.

Blocks in dashed line are external and optional part of
theinsulin pump. These modules are planned in a version
with closed-loop operation. The Continuous Glucose Mo-
nitoring (CGM) Module and a Sensor are devices for mea-
suring level of blood glucose. Our plan is that the glucose
sensor would allow creating a closed loop control of in-
sulin dosage making the insulin pump work almost like an
artificial pancreas.
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2.1. Basic requirements.

Giving priority to the functional specifications is
mandatory requirement for reliable and safe operation.
The device must have a monitoring system that ensures
safe operation in case of hardware failure or improper
usage. Not only electrical and mechanical components
have to be reliable but working algorithm has to be safe,
too. Some other requirements are: miniaturization, ener-
gy-efficient design or basal range, duration and fre-
quency, or types (shape) of bolus.

2.2. Patient wish list

Some users would like to have some extra features/
functions in their pumps [2] amongst them the remote
control is mentioned often. Pumps are quite often hidden
under clothing, so using a remote control would help to
take a bolus or check an alarm when in public. Remote
control in the form of a hand watch is a solution sug-
gested by some of them.

Another feature/function that users of the insulin
pumps would like to have is the possibility of scanning
meal for contents of carbohydrates leading to the auto-
matic insulin dosage. Unfortunately, this feature/func-
tion looks sci-fi idea, however, we can create a user-edi-
ted library with meals and their contents of carbohydra-
tes and knowing approximate body response to insulin
and carbohydrates than calculate the insulin bolus.

3. Closing the loop

Just an ordinary insulin pump is a “dumb machine”
that does exactly what its wearer says. But we can ima-
gine device that will automatically choose appropriate
dose of medicine to correct BG level. In this case we could
treat it as an artificial pancreas. But term artificial pan-
creas popularly used for such devices may be seemed not
fully adequate even if we are interested in glycemic con-
trol only. There are more functions of pancreas and glyce-
mic control is more complex. The real healthy pancreas
produces amylin (IAPP) and glucagons (GCG) along with
insulin (INS) to stabilize BG level. Action of glucagon is
opposite to that of insulin, which instructs liver cells to
take in glucose from blood. Effect of amylin is to slow
down rate at which glucose appears in blood, by slowing
down digestion. Use of synthetic amylin that is called
symlin in treatment of diabetics type 1 may reduce
amount of needed insulin even by 50% [3]. Furthermore
there are many other factors affecting natural physio-
logical glucose level control, for example neural signals.

The function of closed-loop BG level control system
based solely on insulin delivery is closer to just eta-Cell
working itself than the whole pancreas. Idea of such
device is shown in Fig. 2.

A healthy pancreas begins secreting insulin when
a person smells or thinks about food [4], but its artificial
counterpart does it when senses that BG level is rising.
The consequence of this approach is that we will be always
a step behind the right glucose level, but even if we only
manage to reduce events of hyper and hypoglycemia it be
asuccess.

The problem is complex but preliminary tests shows
that this kind of treatment improves diabetes control [5].
A closed-loop insulin delivery system consists of a three
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blocks, which are: (i) IDD Insulin Dispensing Device, (ii)
CGM Continuous Glucose Monitoring, (iii) Algorithm.
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Fig. 2. The closed-loop insulin delivery system diagram.

Closed-loop insulin delivery system

3.1. Insulin Dispensing Device

Insulin Dispensing Device (IDD) dose insulin into pa-
tients' blood. It may be a standard insulin pump that is
described in sections above. There are no technical pro-
blems to overcome with the insulin pump itself, but there
is an issue about subcutaneous insulin delivery, which
causes delays in absorption.

3.2. Continuous Glucose Monitoring

CGM that stands for Continuous Glucose Monitoring is
responsible for continuous measuring BG levels, however
it may deliver results with short intervals instead of con-
tinuous reading. Most of the glucose sensors are placed in
the tissue just beneath the skin (minimal invasion sensor)
and they measure glucose level not in the blood but in the
interstitial fluid and there are some consequences of this
approach.

First and foremost is that, there is a lag time between
change of glucose level in blood and in interstitial fluid.
This is not a significant problem when glucose level is not
changing rapidly, but it becomes significant after meals
when such situation occurs. For example delay for the
microdialysis sensor is 7.1 + 5.5 min. [6] or for the sub-
cutaneous glucose sensor the half-time response was esti-
mated to be 4.0 + 1.0 min. [7]. But some users report that
they experience delay between 10.15 min. This imposes
that in case of rapid changes of BG level the event of hy-
perglycemia or hypoglycemia may be read as euglycemia.

Second fact is that CGM has to be calibrated with tra-
ditional BG measurement, so there is a need for use both
CGM system and from time to time use of traditional glu-
cose meter.

Next problem with sensors is that their accuracy drops
when measuring low BG levels. “CGM sensors experienced
periods of transient loss of sensitivity, particularly during
hypoglycemia, identified as sensor readings holding stea-
dy at a very low glucose value” [8].

Another point to improve glucose sensor is to make it
non-invasive or implantable for long term, because pa-
tients are not satisfied with inserting another needle type
device in their body. This shows that sensor design needs
improvement.

3.3. Algorithm

Algorithm is a link between IDD and CGM. An idea is
that it will take measurement of BG from CGM and will
respond with an appropriate insulin dosing instructions
for IDD. Unfortunately, this is not a trivial task.
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The basal and bolus amount and timing needs to be set
basing on BG level, but as mentioned before there is a lag
time between the insulin delivery and moment when it
reaches blood system and starts working, plus another lag
time between change of BG level and response from CGM
sensor. Algorithm has to cope with these lags. that's the
main problem to overcome. Some of the researchers sug-
gest step back from fully automated closed-loop insulin
delivery to the hybrid approach with manual insulin deli-
very before meal. The result shows that it improves post-
prandial glycemic excursions [9].

There are two main concepts for glycemic control in
the treatment of type 1 diabetes: the Proportional-Inte-
gral-Derivative (PID) system and the Model Predictive
Control (MPC) system [10].

PID system is known from the industrial sector and it
utilizes formula that calculates the insulin dose by pro-
portional, integral and derivative parts of glucose error
signal, where error signal is difference between actual and
desired BG level.

“Model Predictive Control (MPC) systems are highly
adaptive methods that utilize mathematical models based
on observations of biological behaviour patterns using
system identification...” [10]. MPC is also referred as
receding horizon control. An idea of algorithm is to solve
finite horizon optimal control problem in a current state
and over a fixed future interval. For calculation it takes
into account current state as an initial state and also fu-
ture constrains. It applies controls only for next sampling
time and again recalculates controls.

In effect it provides a solution for each sampling time
instead of single solution for all points along the time-
line. This allows for parameter optimisation while algo-
rithm is running. “In sillico study effectively highlighted
the fact that MPC systems improved glucose regulation
over classical PID systems in limiting the oscillation of
glucose levels.” [10]

“The application of further mathematical models, such
as fuzzy control and artificial neural networks, are also
promising, but are largely clinically untested.” [10]

We have some experience in using neural networks of
different kind for computer aided of the medical (cardio-
logical) diagnosis and, what's more important, for predic-
tionindividualinsulin dosing for diabetics patient [11].

As mentioned before, BG level depends on many
factors thus it may be worth to take into account some
other parameters than BG level itself. For example, we
know that body glucose demand depends (somehow) on
physical activity. Physical activity itself is hard to mea-
sure, however blood pressure, heart rate and body tempe-
rature are easily measurable, and they give some informa-
tion about physical activity.

Neural network control is suitable for control of BG le-
vel because it can be highly individualised and trained
when running. Neural networks can be tuned to person's
metabolism and typical day activity by continuous body
monitoring.

4. Conclusion

All requirements specified above will make possible to
design an insulin pump with all necessary functions. We
hope that this work will result in working out a model of

an insulin pump and control algorithm that fully or semi
automatically will choose an insulin dose.

The concept of closed loop insulin delivery system is
promising treatment method for persons with diabetes
because it has to reduce chronic complication of diabetes
mellitus potentially. But before technology will be avail-
able to utilization there is a place forimprovement in sta-
bility and accuracy of CGM sensors. Problems and limita-
tions with delayed action and BG sensing due to subcuta-
neous insulin delivery/glucose sensing also needs to be
overcome.

There is a need for reliable and safe control algorithm
for a device working in closed-loop mode. We need to
trace improvement of CGMs and work done to the closed-
loop systems. We believe that our work on control algo-
rithm with artificial neural network will bring new infor-
mation to overall design of such medical device.

We have already started consultations with medical
specialists to meet medical requirements of an insulin
pump. From the scientific point of view, our design will
enable us to inter-compare typical insulin treatments to
meet individual requirements using a closed loop insulin
control based on a glucose sensor and a neural network
system.
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