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Abstract: Insulin delivery to diabetic patient using manual methods is a tedious job and requires significant efforts
clinically. It doesn’t ensure optimal performance and causes noncompliance to the prescribed drug and results in several
medical complications. The insulin delivery system, often called as artificial pancreas, is a portable insulin delivery pump
used to control blood glucose concentrations. An insulin pump is design and developed to deliver insulin in precise and
accurate amount to the diabetic patient, in order to regulate the blood glucose concentrations. In this paper, theoretical
analysis has been performed to regulate the blood glucose-insulin concentration on the basis of some mathematical
models. These models includes an open loop control of insulin delivery, based on mathematical model of insulin curve
and closed loop control based on modified Stolwijk and Hardy’s dynamic model. These models are implemented and
analyzed using MATLAB. Moreover some experiments have been carried out and the results are analyzed based on
medical parameters. This paper elaborates the insulin delivery mechanism and developments which are discussed will
enhance the quality of life of the diabetic.

Keywords: Biological system modeling, artificial biological organs, artificial pancreas, drug delivery system, insulin,
glucose control.

1. Introduction

Diabetic patient suffer with a metabolic disorder and loses the ability to produce insulin
sufficiently or it can’t perform its functions properly. Insulin is a hormone, produced by pancreas,
regulates the metabolism of carbohydrate and fat. It is an incurable disease affecting approximately
177 million peoples throughout the world and expectedly it will increase to 300 million by 2025 [1].
On average one out of five individual is on the risk of developing diabetes [2]. Current research is
focusing on developing new techniques and providing wearable solutions to improve the lifestyle
of the patient. As the pancreas is not producing sufficient amount of insulin, the patient is
dependent on external source of insulin to regulate the blood glucose level in body. The optimal
blood glucose concentration ranges from 60-120 mg/dL [1].

Blood glucose concentrations are regulated by two hormones released by pancreas, insulin and
glucagon, which affect the glucose levels inversely. Insulin suppresses the glucose concentration
whereas glucagon boosts it. The absorption of glucose and carbohydrates through the
gastrointestinal tract results in an increase of glucose concentration into the bloodstream. The
increase in glucose results in release of insulin from pancreas to prevent substantial increase in
glucose level. This is accomplished by utilization of glucose by muscles and storage into liver and
muscles in the form of glycogen. In contrary, during sleep or longer gap between meals results in
fall of glucose level which is prevented by the release of glucagon. Glucagon increases the glucose
level through the breakdown of glycogen to prevent significant decrease in glucose in bloodstream.
Hence the blood glucose is regulated and managed through careful balance between glucose and
glucagon [1].

Most consequences of the disease are long term. The diabetic patient is at an increased risk of
blindness, kidney dieses, and gangrene and heart dieses. Continuous exposure to higher glucose
concentration causes ineffectiveness of immune system and nerve damage [4, 5]. The life
expectancy of diabetic is three times less than a normal healthy individual [3]. Proper regulation of
blood glucose concentration evidenced increased life span of a diabetic by 50%. Diabetic patient
follow a strict schedule of routines activities, diet and insulin infusion in order to better manage the
blood sugar level at and suitable level. Typically a diabetic has to take oral pills and infuse rapid
acting insulin at each mealtime to reduce the sudden increase in glucose level [6, 7].

Diabetics are classified in two major groups, Type-1 & Type-II, and both of these are observed
in all age groups [8]. Type-I diabetics are totally dependent on external source of insulin as the
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pancreas losses the ability to produce insulin, whereas Type-II diabetics are not completely dependent
on insulin. Type-I diabetic patients needs tight control of glucose concentration because the body is
completely dependent on external source of insulin. Diabetes therapy consists of infusion of insulin
through injections or insulin pump in order to replace the role of natural pancreas. An insulin pump is
usually an electromechanical device which delivers the insulin through long flexible tube into the
peritoneum. This pump releases a continuous amount of basal insulin and infuses bolus insulin at
meal time in order to maintain the glucose level in a safe range [1, 9].

The blood glucose level of a patient varies dynamically depending on his nutrition and physical
activity resulting in varied amount of insulin from time to time. Failure to provide the right amount
of insulin may result in a variety of life-threatening complications [8]. Hypoglycemia - a condition
which occurs when the glucose concentrations in bloodstream falls too low - can cause uneasiness
and seizures. It may result in brain damage or death in some exceptional cases. Hyperglycemia is
the condition when the blood glucose concentration exceeds 120 mg/dL. Patients facing
hyperglycemia over longer period of time may develop other health related complications such as
neuropathy, retinopathy, and damage to other tissue and organs [10].

According to American Diabetes Association [11] enhanced glucose regulation can result in
reduction of some long term complications. These findings were opposed by Siperstein et al. [12].
They believe the present findings don’t justify the idea of reduced complications with enhanced
control of glucose and the risk of hypoglycemia will increase with tight control of glucose level.
Availability of better method of blood glucose regulation can justify this point [13]. Pancreatic
transplant is available as an option to the problem but some short-term solutions to the insulin
therapy may be available. Continuous Glucose Monitoring (CGM) and insulin pump has
encouraged the research into closed-loop systems [14-18] for the delivery of insulin for better
glucose control and management.

If the patient’s blood glucose level falls below the normal range, they will take some
carbohydrates to bring it to normal level. Sticking to a strict schedule with regular monitoring and
insulin infusion is proved to be effective in improved glucose control [6]. It is practically infeasible
for a patient to accurately estimate the required amount of insulin to maintain normal glucose level.
Open-loop system is prescribed by some researchers to regulate the blood glucose level [19-23]. In
such systems blood glucose level is measured and entered manually with the approximate amount
of carbohydrates for a particular mealtime and then it deliver the essential amount of insulin to
manage glucose concentrations.

Blood glucose concentrations are regulated and managed by a number of algorithms and most
of these techniques deliver insulin based on measurement of glucose level at regular intervals.
Closed-loop (autonomous) and open-loop (semi-controlled) systems are the two fronts for the
development of insulin delivery systems [24].

2. Open Loop Method

Open-loop systems automatically deliver the basal insulin continuously and bolus insulin
manually at meal time. Carbohydrates contents are estimated and pre-meal blood glucose is
measured to calculate the amount of insulin necessary to cover the meal. The calculated insulin is
injected through insulin pump in subcutaneous tissues and the glucose level is measured after a
certain interval to test the glucose level which can be balanced by eating some more carbohydrates
or injecting some more insulin. The design of an electronic insulin delivery system is the first step
in simulating the behavior of pancreas. It can precisely deliver small amounts of insulin and its
electronic control allows shaping of insulin curve over time to match the insulin profile required for
a given scenario. Once a bolus has been delivered, the pump continuously delivers the basal insulin
according to the predicted insulin requirements for that user. One such open-loop block diagram is
shown in Figure 1.
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Figure 1. Open-Loop Control for Diabetic Patient

2.1 Design of a predictive open-loop insulin delivery system

To design an open-loop insulin delivery system a controller has to generate a derive signal for
insulin pump in such a way that the insulin delivery rate i(t) approximates the desired delivery rate
iD(t). Fig. 2 shows the glucose concentration and the required bolus insulin for one meal time.
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Figure 2. Glucose and required insulin concentration for one meal time.

Glucose concentrations are in mg/dL and Insulin concentrations are in p-units/mL and time is
taken in minutes and the insulin concentration will be maximum at t=60min or 3600s.

A function which can approximate this insulin concentration can be given by an exponential
ramp function.
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This is sketched in figure 3. Reception, three times a day, of the motor drive signal will provide
insulin delivery for periodic meals.
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Figure 3. Response of Insulin Delivery System.
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This voltage signal is applied to motor and resulting insulin output will have same shape as the
applied voltage signal.

num(s) | |
> >
den(s)
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Insulin Pump

Programmed Insulin Concentration

Motor Drive Signal
Figure 4. Simulink Model of Open-loop System.

This system is designed by calculating the transfer function of insulin pump and the
programmed voltage signal is given as its input.

3. Close-Loop Method

Closed-loop insulin delivery system requires three components for insulin therapy, an
implantable continuous glucose sensor (CGS), an effective control algorithm and a pump. A variety
of continuous glucose sensors, including extracorporeal, needless and needle type sensors, were
developed to be used in closed-loop insulin delivery systems. Well-developed insulin delivery
pumps are available and their performance is also studied well. The development of a tentative
closed-loop delivery algorithm is needed for proper glucose control. The closed-loop insulin
delivery method closely mimics the natural pancreas and it is more reliable for glucose control
[25,9].
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Figure 5. Control Model of Closed-loop System for Diabetics

Tight control of glucose is necessary in diabetic patients, especially in insulin dependent Type-I
diabetes. These patients have deficiency of insulin production so glucose metabolism is not
accomplished appropriately and glucose regulation by insulin infusion through external source is
mandatory. The patients undergoing insulin therapy uses external devices such as insulin pump or
syringes to deliver the insulin to mimics the pancreatic function. The insulin pump delivers the
insulin when the glucose levels goes high and deliver insulin through flexible tube ending near
abdomen preferably in peritoneum. The need to develop an artificial pancreas to deliver insulin in
closed-loop by continuous measurement of blood glucose is in urgent. It will help greatly in insulin
therapy and the patient will be free from a routine physical activity or diet. Furthermore the
complications caused by miscalculation and accidental excess delivery of insulin will also be
avoided [3].

3.1 Stolwijk and Hardy’s Model Based Methods

The main function of pancreas is to manage and regulate the glucose concentration in
bloodstream through the release of insulin and glucagon. A mathematical model is needed to
replace the functionality of the pancreas. Khoo et al [26] has presented a dynamic model based on
Stolwijk and Hardy’s design to regulate the blood glucose concentration. The model was modified
and used for critically ill patients by Nicolas et al [27] with the addition of exogenous insulin
infusion. The same model has been used by Jameel et al [9] for blood glucose-insulin regulation.
The glucose dynamics in this model are governed by the following equations [2].
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Glucose concentration in bloodstream is generated by continuous production from liver or
through absorption from food. The model described by equation-1 and equation-2 includes a
feedback loop and can be taken as a dynamic system with two inputs and two outputs as in Figure 6.

Thresheld for renal diecharse of glurese

U.(t) G(1)
Glucose-Insulin
Regulation

U (t
A8 Model 1)

Figure 6. Two-Input Two-Output Pancreatic Model
3.2 Design Parameters

Parameters mentioned in Table 1 can be used to successfully implement the model described in
equation-1 and equation-2. Therefore, interstitial fluid and plasma are represented in a single
compartment ( 2k = 8L in a normal adult). The concentration of blood glucose in this

g
compartment is % AT . Glucose enters in the bloodstream through absorption from gastrointestinal
T
tract or is produced by the liver at flow rate of Zedink . Glucose enters the cells for metabolism
or storage by leaving the extracellular space. The glucose utilization depends solely on extracellular
to intracellular glucose gradient in case of insulin independent tissues. In insulin dependent tissues,
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the intracellular concentration is ignored and glucose acceptance is facilitated by insulin
concentration ¥ . Consequently, the rate of insulin dependent glucose consumption is given as

Uty m vy

Rate of insulin production depends upon the plasma glucose level. Nevertheless, secretion of
insulin stops if the glucose level * decreases below a threshold. The enzyme insulinase involve
with the removal of insulin from plasma at a rate proportional to its concentration in bloodstream.
The insulin concentration ¥ in steady state is given as

ImQ Xm g
Imgfi—-gkiare

The simultaneous solution of these equations, under certain conditions, can give a prediction of
steady state concentration of insulin and glucose in the bloodstream. Moreover, the parameter
values given in Table 1 are used for pancreatic model [2]. Some of formulas used in the calculation
of the parameters used in the model are given below:

Fpaee

Glugsse Capacltanee (CG) m Extracellular de

Ingulin Capasitanee (CI) m Extracellular %ﬁ.

Extracellular Space w 13000mL

Extraesllular Insulin

Ferum Ingulin Level m Tneulin Capasbante

Extrazellular fpace
FerumGluegselevel m Clusois Cavaritancs ®x1000

Insulln Release Maghiitude = {0, %

Insulin Release Rate = {Insulln Release Magnitude) x Extracellular Glucese — Panereas Thresheld)
Panmeas Threshmld m F. 85

Table 1: Parameters for Pancreatic Model

Parameters Values

&) 2.5 mg/mL

i 7200 mL/h

A 2470 mL/h

v 139000 I/(mUh)
0] 0.51mg/mL

B 1430mUmL/(mgh)
a 7600mL/h

L 8400mg/h

Ca 150 dL

c, 150 dL

The pancreatic model of Figure 7 is designed, implemented and analyzed using Simulink based
on the parameters of Table 1. The model is based on feedback system approach to show the
function of pancreas.
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Figure 7. Simulink Model of glucose-insulin regulation control system.

4. Results

Conventional insulin therapy using manual dosing to regulate blood glucose depend on manual
measurement of glucose and subsequent infusion of insulin into bloodstream. It is difficult to
timely measure the glucose and correctly calculates the amount of insulin to be infused. The blood
glucose level, amount of insulin in the reservoir and the battery charge is automatically read and
transmitted wirelessly to a portable device. The programmed motor drive signal is generated on the
basis of current blood glucose level and amount of carbohydrates to be eaten for the meal. The
pump infuses the desired insulin in the bloodstream according to the programmed motor drive
signal to control the blood glucose concentration. Figure 8 shows the infused insulin rate into the
bloodstream.

Figure 8. Insulin concentration produced by the insulin pump for open-loop system

The simulation result shows that the open-loop insulin delivery system can meritoriously
manage the blood glucose concentration. It infuses the insulin into blood stream according to the
patients need. The problem with such type of system is that it is not fully automatic and need
patients input to work effectively. Every time the patient has to determine the total carbohydrates
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contents in the meal and check the blood glucose level after the meal to confirm the blood glucose
level adjustment. Such system can be effective if the patient can easily control the insulin delivery
system and the problem of malfunctioning of glucose sensors and some other flaws in the closed
loop systems can also be avoided. Such types of semi-automatic systems are in use and have
provided effective glucose control especially in the presence of an expert to operate the system.

The closed loop model used by [9] and [27] has been utilized to model the pancreatic function
for simulation according to the parameters stated in Table. 1. The model is implemented with a
careful approach using Simulink. A variety of input signals are used to test the behavior of model
in Figure 7.

g
Figure 9 shows the glucose concentrations in &L against the time scale taken in minutes. The
graph clearly indicates the sharp increase in glucose concentration and then returning to stable state
mé
after certain time period. Figure 10, shows the amount of insulin, in #f infused into the blood
stream against the time interval in minutes. Moreover, blood glucose control highly depends on the

parameters defined in Table 1. The success of the model depends on careful selection of Simulink
blocks.
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Figure 9. Blood Glucose Concentration
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Figure 80. Blood Insulin concentration

The simulation results of the closed-loop model shows that it mimics the behavior of a
pancreas. As the blood glucose level increases from steady state it infuses insulin into bloodstream
to regulate the glucose concentration. It is evident from the Figure 9 & Figure 10 that the insulin
levels increase as the glucose concentration approaches to peak which shows a proportional rate.
As the level of glucose returns to stable state, insulin infusion rate slows down till it comes to
steady state.
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Parameters Open-Loop System Implantable Closed-Loop System
Control Semi-automatic Automatic

Clinical Trials Successful Under investigation

Complexity Less complex More complex

Expenses Affordable More expensive

Risk of Infection Yes Yes

Reliability Conditionally Reliable | Reliability under investigation
Reprogramming Need reprogramming | No Need to reprogram

Security Risk of intruder No issue of security

Table 2. Comparison of open-loop and implantable closed-loop systems

Table 2 compares the open-loop and implantable closed-loop systems on the basis of some
evaluation parameters. The closed-loop system possesses the quality of better glucose regulation
and management and can provide better reliability. It offers and expensive solution freeing the
patient from all dietary regimen and worry free. Open-loop system needs to be reprogrammed
through a wireless channel so need regular maintenance and there is also risk of intruder. The
implantable closed-loop system offers a more reliable solution without all these restrictions but its
reliability has not been completed through clinical trials. It is still under investigation and some
studies suggest that tight control of glucose through close-loop system doesn’t guarantee the
stopover of complications. Tight glucose control prevents from earlier onset of complication but in
the long run it unfavorably affects the neurological process and reasons the loss of consciousness.

However, the implantable closed-loop insulin delivery system tracks the insulin requirements
of the patient by taking input from continuous blood glucose sensor so it frees the patients from
some aspects of dietary regimen and provide a better solution from diabetes management then all
the currently available insulin delivery systems.

5. Conclusion

Open-loop and closed-loop insulin delivery systems have been studied and two of them are
implemented using Matlab/Simulink. Both the models are simulated and different experiments are
performed to check the response of the system and its analysis has shown good results. Close-loop
systems are best suitable in the presence of an expert or if the patient stick to a specific diet plan.
There is very less possibility of malfunctioning as the system is semi-automatic and require user
input to infuse bolus insulin. However the closed-loop system gets its feedback directly from the
sensors and infuses insulin into the bloodstream. The closed-loop system provides a tighter control
of glucose concentration and is more robust. The closed-loop algorithm presented by Kahoo [26] is
an efficient algorithm to manage and regulate the blood glucose-insulin concentration.

REFERENCES

1. DUA, PINKY; DOYLE, FRANCIS J. I1l; PISTIKOPOULOS, EFSTRATIOS N.: Model-
Based Blood Glucose Control for Type-1 Diabetes via Parametric Programming. IEEE
Transactions on Biomedical Engineering, vol. 53, no. 8, august 2006.

2. ALBISSERAND, A. M.; SPENCER, W. J.: Electronics and the Diabetic. IEEE Transactions
on Biomedical Engineering, vol. BME-29, no. 4, April 1982, pp. 239-248.

3. Report of the National Commission on Diabetes to the Congress of the United States, U.S. Dep.
Health, Educ., Welfare, Public Health Service, Nat. Inst. of Health, DHEW Pub. No. (NIH) 76-
101-8.

46 Revista Roméana de Informatica si Automatica, vol. 23, nr. 1, 2013 http://www.rria.ici.ro



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

C.V. DORAN, J.G. CHASE, G.M. SHAW, K.T. MOORHEAD, AND N.H. HUDSON,"
Derivative weighted active insulin control modeling and clinical trials for ICU patients",
Medical Engineering & Physics 26(10) (2004) 855-866.

Group, Diabetes Control and Complications Research: “The effect of intensive treatment of
diabetes on the development and progression of long-term complications in insulin-dependent
diabetes mellitus*, New England Journal of Medicine, vol. 329, pp. 977-986.

TEDDY,S. D. C.; QUEK, E. M.-K. LAI; CINAR, A.: PSECMAC Intelligent Insulin
Schedule for Diabetic Blood Glucose Management Under Nonmeal Announcement. IEEE
Transactions on Neural Networks, Vol. 21, No. 3, Mar. 2010.

DIKONDWAR, SMITAR: Design and Development of Insulin Delivery System Prototype.
Department of Instrumentation and Control, College of Engineering Pune, Shivaji Nagar Pune,
India.

Medical Guidance for Diabetes Model And Practices: Consultant in Endocrinology, Pune
&Typel patient model.

AHMED, JAMEEL; ALVI, BILAL A.; KHAN, ZEESHAN A.: Blood Glucose-Insulin
Regulation and Management System Using MATLAB/SIMULINK. 2008 International
Conference on Emerging Technologies, IEEE-ICET 2008 Rawalpindi, Pakistan, 18-19 October,
2008.

JACOBS, PETER G.; EL YOUSSEF, JOSEPH; CASTLE, JESSICA R.; ENGLE,
JULIA M.; DEBORAH L.: Development Of a Fully Automated Closed Loop Artificial
Pancreas Control System With Dual Pump Delivery of Insulin and Glucagon. 33rd Annual
International Conference of the IEEE EMBS, Boston, Massachusetts USA, August 30 -
September 3, 2011, pp. 397-400.

CAHILL, G. F.; ETZWILER, JR., D. D.; FREINKEL, N.: Control and diabetes. New Eng.
J. Med., vol. 294, 1976, pp. 1004-1005.

SIPERSTEIN, M. D.; FOSTER, D. W.; KNOWLES, H. C.; LEVINE, JR., R.; MADISON,
L. L.; ROTH, J.: Control of blood glucose and diabetic vascular disease. New Eng. J. Med.,
vol. 296, 1977, pp. 1060- 1063.

SPENCER, W. J.: A Review of Programmed Insulin Delivery Systems. IEEE Transactions on
Biomedical Engineering, vol. BME-28, no. 3, March 1981, pp. 237-251.

HOVORKA, R.: Continuous Glucose Monitoring and Closed Loop Systems. Diabetic Med
2006; 23: 1-12.

STEIL, G.M.; REBRIN, K.: Closed-Loop Insulin Delivery — What Lies Between Where We
are and Where We are Going? Expert Opin Drug Deliv. 2005; 2: 353-62.

SHALITIN, S.; PHILLIP, M.: Closing the Loop: Combining Insulin Pumps and Glucose
Sensors in Children With Type 1 Diabetes Mellitus. Pediatr Diabetes 2006; 7: Suppl 4: 45-9.

RENARD, E.: COSTALAT, G.; CHEVASSUS, H. et al.: Artificial Betacell: Clinical
Experience Toward an Implantable Closed Loop Insulin Delivery System. Diabetes Metab
2006; 32: 497-502.

HOVORKA, R.; WILINSKA, M.E.; CHASSIN, L.J. et al.: Roadmap to the Artificial
Pancreas. Diabetes Res Clin Pract 2006; 74: Suppl 2: S178-S182.

CASTLE, J. R.; ENGLE, J. M.; EL YOUSSEF, J.; MASSOUD, R. G.; YUEN, K. C;
KAGAN, R.; WARD, W.K.: Novel Use of Glucagon in a Closed Loop System For Prevention
of Hypoglycemia in Type 1 Diabetes. Diabetes Care, Vol. 33, No. 6, pp. 1282-1287, March
2010.

EL-KHATIB, F. H.; RUSSELL, S. J.; NATHAN, D. M.; SUTHERLIN, R. G;
DAMIANO, E. R.: A Bi-Hormonal Closed-Loop Artificial Pancreas for Type 1 Diabetes. Sci
Transl Med., Vol. 2, No. 27, April 2010.

Revista Romana de Informatica si Automatica, vol. 23, nr. 1, 2013 http://www.rria.ici.ro 47



21.

22.

23.

24.

25.

26.
27.

48

EL-KHATIB, F. H.; JIANG, J.; DAMIANO, E. R.: Adaptive Closed-Loop Control
Provides Blood-Glucose Regulation Using Dual Subcutaneous Insulin and Glucagon Infusion
in Diabetic Swine. J. Diabetes Sci. Technol, Vol. 1, No. 2, pp. 181-92.

SHAHIAN, STEFFANI; SAVANT, HOSTETTER: Design of Feedback Control Systems.
4th Edition, Printed by OXFORD University Press.

BELLAZZI1, RICCARDO; NUCCI, GIANLUCA; COBELLI, CLAUDIO: The
Subcutaneous Route to Insulin-Dependent Diabetes Therapy - Closed-Loop and Partially
Closed-Loop Control Strategies for Insulin Delivery and Measuring Glucose Concentration.
IEEE Engineering in Medicine and Biology, Jan/Feb 2001, pp. 54-61.

TRAJANOSKI, ZLATKO; WACH, PAUL: Neural Predictive Controller for Insulin
Delivery Using the Subcutaneous Route. IEEE Transactions on Biomedical Engineering, Vol.
45, 1998, pp. 1122-1134.

CHEN, JIMING; KEJIE CAO; YOU XIAN SUN; YANG XIAO; XU (KEVIN) SU:
Continuous Drug Infusion for Diabetes Therapy: A Closed-Loop Control System Design.
Received 15 July 2007; Revised 25 November 2007; Accepted 5 December 2007.

KHOO MCK: “Physiological Control Systems”, no. 124-129; 1999 IEEE Press, pp. 55-58.

CHBAT, NICOLAS W.; ROY, TUHIN K.: Glycemic Control in Critically Ill Patients —
Effect of Delay in Insulin Administration. Proceedings of the 2005 IEEE Engineering in
Medicine and Biology 27th Annual Conference Shanghai, China, September 1-4, 2005,
pp. 2506-2510.

Revista Roméana de Informatica si Automatica, vol. 23, nr. 1, 2013 http://www.rria.ici.ro



