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ABSTRACT

Conventional dosage methods such as capsules, gels etc. which are used traditionally have
severe side effects including rising of blood sugar level by dissolution of drug in blood
which can be overcome by replacing traditional drug delivery with specifically targeted
and regulated drug delivery system. The main concept of using magnetic levitation for drug
delivery purposes are when delivering the drug to a specific point via magnetic actuation,
magnetic material encoated in drug can rupture the artery by attracting towards externally
applied strong magnetic field. By taking magnetically levitated drug to the targeted area, it
will minimize the risk of rupturing of the artery. Another problem that will be minimized
is the dispersion of drug in the blood stream because the drug-coated core will be under the
influence of strongly applied electromagnetic field and drug can be released by the
alteration of electromagnetic fields In this study, the system uses one-dimensional force
system. Two forces counter each other i.e. the electromagnetic force and the gravitational
force. Addition of Ki to Kp and Kd though speeds up the motion when reaching to the
targeted set point, blob stays in levitated condition around the set point thus stability is
increased by the addition of Ki but oscillation are still present that hinders the stability of
the system. Addition of exponential function to smooth out the power. Power was too
much, to decrease the power of Kp, we added an exponential function, in result, it supplies
the power when the error is large, power gets zero when error is reduced to zero. In this
stable system, Kp and Kd gain are applied to minimize the oscillations and keep the blob

levitated at targeted set point.

Key Words: Electromagnet, Drug Delivery System, Magnetic Levitation, Liquid Medium,

Arduino Uno, Real-Time Image processing
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CHAPTER 1
INTRODUCTION

Conventional dosage methods such as capsules, gels etc. which are used traditionally have severe
side effects including rising of blood sugar level by dissolution of drug in blood (Sheweta P et
al.,), which can be overcome by replacing traditional drug delivery with specifically targeted and
regulated drug delivery system by using magnetic nanoparticles. Another difficulty is the
hindrance for the drug to reach the diseased site, as in case of cancer, where the hypoxic
environment and avascular nature of the tumor does not allow the drug to be delivered properly.
Studies and researches are being conducted to overcome these problems through nanotechnology.
Nanoparticles are being used for diagnosis, treatment and therapy of various diseases. (Gupta &
Gupta, 2005, Xie et al., 2006).

The main concept was originated in late 1970’s in which use of magnetic nanoparticles propose
that drug delivery can be done directly to the targeted area by using magnets, for therapeutic
purposes (Widder et al., 1978; Senyei et al., 1978; Mosbach and Schroder, 1979).

Among various Nano systems, magnetic nanoparticles (MNPs) are of special interest. Besides
clinical diagnosis and therapeutic techniques, application of MNPs which are widely studied are:
magnetically enhanced transfection, magnetically induced hyperthermia, magnetically assisted
gene therapy and magnetic force based tissue engineering (Corchero & Villaverde, 2009).As an
enhanced therapeutic approach, Nanotechnology has been used for the diagnosis of diseases. The
main advantage of using nanoparticles over conventional medication is their small size, which
covers larger surface area of diseased tissue, allows for maximum interaction with the
surroundings and more efficient release of the drug whereas the small size makes it easy for the
particle to reach areas that are otherwise inaccessible (Tari A et al., 1979, Perez JM et al., 2003).
This technique can be used to provide targeted therapeutic effects by regulating externally
controlled magnets (such as in deep tissues and tumors), this is considered as a magnetically
responsive procedure thus named as magnetic drug targeting (Lubbe AS et al., 1996). Magnetic
nanoparticles and micro-particles were advanced by Widders et al to which fusion of cytotoxic
drugs could be done (Widder et al., 1978; Senyei et al., 1978; Mosbach and Schroder, 1979).

1



1.1 Devices:

There are number of implantable devices that are being used for targeted drugdelivery and are in
the stages of production and clinical assessment. For alternate and continuous deleverage of drug,
drugs are being delivered at several quantities by these devices. As per patients need, these are
designed to release drug for both shorter (days) and longer (~1 year) period of time. On the basis of
designs, some of these can be refilled and some cannot. Number of factors comes under
consideration when working on these drug delivery approaches such as long-term use and
expenses. An intelligent feedback control system should be added as the devices are usually
designed by micromachining. The need of oral drug delivery can be replaced by the ingestible
devices that can be taken to the targeted tissue for the delivery of drug. There are multiple
combinations of polymers that are being made for the targeted drug delivery to the specific tissue
such as intestinal wall (Woodley, J. 2003).

1.2 Principle of Magnetic Targeting:

Drug Delivery System (DDS) is considered as a favorable technique for the delivery of drug, by
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Figure 1: Principle of Magnetic Drug Targeting (Amit Chandna et al., 2013)

using magnetic nanoparticles, it allows the targeted drug delivery and releases them to local



targeted site. The capability of concentration of MNPs will be dependent on the blood flow rate
and the strength of magnetic field (Widder KJ et al., 1983). There is higher chance of accumulation
of efficient drug in blood vessels having smaller area and low rate of blood flow than in central
vessels such as aorta which have high rate of blood flow. The drug, which is required to be given
to the diseased area, and magnetically active nano-components are developed in
pharmacologically stable environment. A huge range of polymeric carriers including poly (lactic
acid) and poly (glycolic acid) has been formulated for the controlled release of drug (Brannon and
Blanchette 2004). The main focused areas are polymer’s biodegradability and the mutual
compatibility of the polymer and drug.

This setup is designed to control and store real time data of movement of the drug. For this setup,
external camera is attached to get real time data and Arduino Uno is connected to electromagnet
and power supply to control the electromagnetic field of electromagnet.

The main concept of using magnetic levitation for drug delivery purposes are when delivering the
drug to a specific point via magnetic actuation, magnetic material encoated in drug can rupture the
artery by attracting towards externally applied strong magnetic field. By taking magnetically
levitated drug to the targeted area, it will minimize the risk of rupturing of the artery.

Another problem that will be minimized is the dispersion of drug in the blood stream because the
drug-coated core will be under the influence of strongly applied electromagnetic field and drug

can be released by the alteration of electromagnetic fields.



CHAPTER 2

LITERATURE REVIEW

Many techniques have been developed by which natural and synthetic particles are incorporated
with magnetic particles. The polymeric decomposed-able nanoparticles grasped the significant
attention as they are capable of evading the reticuloendothelial system (RES) though remain
engaged, which delays the circulation time in the blood and reduce the ability to effect the target
site by releasing the drug and decrease side effects (Lubbe AS et al., 2001). The injection of
drug/carrier complex was done by subjecting them intravenously into the body. Permanent rare
earth magnets were used for creating the high gradient electric field, which was provided
externally, which was used to concentrate the drug at the specific tumorigenic sites (Figure 1).
Therapeutic agent will be released once the magnetic carrier reached at the specific
diseased/tumorigenic site from the magnetic carrier via enzymatically induced activity or by
changing the physiological conditions such as pH, osmolality or temperature, such changes with
lead to the improved uptake of drugs by diseased area of the targeted site (Alexiou et al., 2000).
These principles have also been used in vivo for the delivery of gene for therapeutic purposes to
the specific targeted area (Mah et al., 2002)

2.1 History of Magnetic Drug Delivery System

In early 1940s, magnetic carriers were first introduced for the treatment of waste water as a novel
approach (Arias JL et al., 2001). The key focus on the drug targeting is dependent on the
magnetically targeted drug carriers which were prepared for delivery of drug by using Fe>O3 or
Fes04 as core of the magnetic particles which were coated then with biocompatible polymer (Hu
FX et al., 2006). In 1963, the evolution of drug delivery through magnetic carriers was explained
by Meyers et al., they managed to collect small iron particles which were injected into the dog’s
leg intravenously by using a large horseshoe magnet whose magnetic field was externally applied
(Meyers et al., 1963). In 1974, small magnets were engineered at the end of the catheters. The
main idea of having magnetic ends of catheters was to use them supposedly for the selective

embolism of arterio-venous irregularities (Hilalet al., 1974). In late 1970s, Albumin microspheres



were designed by coating Adriamycin, a chemotherapeutic agent, on magnetically susceptible
magnetite (Widderet al 1979). The therapeutic benefits of magnetic carriers, containing drug
adsorbed on their surface, was directed to the capillaries for deposition of drug, and was first
manifested in animals by Widder and his associates. This research was not carried forward because
of the limitation of magnetically targeted drug delivery to the surface tumors only. In the era of
1980s magnetic microspheres and microcapsules were industrialized for the delivery of different
drugs (Kato et al., 1984, Gupta et al., 1989). In 1994, for targeted radiotherapy, by combining
magnetite and b-emitter *°Y, biodegradable microspheres of poly(lactic acid) were manufactured

(Héfeliet al., 1994) which were effectively applied to subcutaneous tumors (Hafeli et al., 1995).
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Figure 2: Schematic representation of a magnetic nanoparticle-based drug delivery system. Figure redrawn after
Pankhurst et al. [2003].
These methodologies which were initially used were microsized. In animal models, magnetic

nanoparticles were first introduced by Libbeet al in 1996.The first clinical tried was carried out in
1996 where unsuccessfully pretreated cancer was injected with magnetic nanoparticles coated with
epirubicin (Lubbeet al 1996). More than 50% of the nanoparticles accumulated in liver after the

first phase of clinical testing.

2.2 Medical Applications of Functionalized Magnetic Nanoparticles

There is huge range of biomedical applications where magnetic nanoparticles can be used for
therapeutic purposes as shown in figure 6 (Pankhurst et al., 2003) that ranges from usage of

magnetic nanoparticles as contrast agent for magnetic resonance imaging (MRI) to the destruction



of tumor cells through hyperthermia treatment. The required therapeutic effect will be obtained by

précised and controlled interactions of magnetic nanoparticles and living tissues.

. . . Therapy
Figure 3: Biomedical

Hyperthermia

applications of  magnetic

nanoparticles.

Drug delivery

Diagnosis

Nanomedigine & Future Sclence Group (2009)

2.3 Site Specific Drug Delivery System
2.3.1 Magnetic delivery of cancer treatment:

Chemotherapy balanced between efficiency and toxicity of the cancerous cells and healthy tissues.
There are number of strategies that have been used to counter the toxicity of healthy tissues. In
chemotherapy, active agent is directed to the tumor, through regional artery, in concentrated form
while restricting its concentration systemically. This intravenous administration of
chemotherapeutic agent tries to reduce the side effects. Magnetic nanoparticles carrying drugs may
attain wide dispersal throughout the cancerous tissue when magnetic force is applied externally on
the magnetic carriers. Though this regional therapy via drug delivery will not be effective in the
treatment of distant tumor regions (Rudge et al., 2001).

2.3.2 Magnetic delivery to the lungs:

Delivery of drugs to lungs via magnetically targeted drug delivery system has already been studied
in literature (Gonda 2000). Various immunotoxins have been used for the localized treatment of
malignant tumors of lungs. By designing a targeted drug delivery system, the drug particles would
be directed towards the localized area of tumorous tissue of lungs by using the required magnetic

field. To cross the mucociliary barrier, magnetic field would have to be strong. To determine the
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pattern of aerosol particles, aerosol particles motion model in a magnetic field have also been
developed on numerical basis (Ally et al., 2005). This model showed promising results in the

delivery of chemotherapeutic agent which were magnetically aerosolized.

2.3.3 Topical magnetic delivery:

Magnetic nanoparticles have been used in delivering the drugs to the topical region including
stratum corneum, epidermis and dermis. The increased concentration of drug was observed in
stratum corneum, dermis and epidermis when given through magnetic nanoparticles. Since 1990s,
Photodynamic therapy has been used for the treatment of cancer, this therapy is dependent on
preservation of photosensitizers in tumor cells following the treatment of tumor cells with visible
light. Keen interest has been shown in using biocompatible magnetic fluid for biomedical
applications (Lacava et al., 2002). Improvement in an active nano-emulsion played an important
role in biomedical applications and they have been used in controlled targeted drug release with
efficient targeting. By entrapping photosensitized drugs in magnetic nanocarriers leads to a
magnetically modulated nano-drug delivery system that will act synergically by photodynamic
therapy (Primo et al., 2007).

2.3.4 Magnetic Fluid Hyperthermia:

One of the important approaches in treatment of cancer is hyperthermia. There are number of
factors that induce hyperthermia includes, hot water usage, inductive and capacitive heating etc
(Ikeda et al., 1994). Submicron magnetic particles have been developed to induce intracellular
hyperthermia (Wada et al., 2001). One of the unavoidable problem that has been faced in
hyperthermia procedure is the issue of heating the targeted tissue up to a temperature required for
a treatment without damaging the healthy tissues surrounding the tumors. This hindrance has been
overcome by the utilizing magnetic nanoparticles instead of providing heat treatment (Jordan et
al., 1993). During magnetic fluid hyperthermia, super-paramagnetic particles are introduced into
the tumor region, where magnetic nanoparticles are exposed to alternating magnetic field and heat
is generated by hysteresis loss. (Figure 7). Different physical mechanisms are involved in
generation of heat by transforming energy of alternating magnetic field. This transformation of
energy into heat is strongly dependent on frequency of the externally applied magnetic field and

the nature of particle in which surface modification and magnetism are included (Ma et al., 2004,



Hergta 2004). The application of FesO4 has gained attention in biomedical and biotechnology field

due to its strong magnetic properties and low toxicity.

2.3.5 Magnetic drug delivery to the musculoskeletal system:

In future, one of the important application of magnetic targeted drug delivery system will be
focused on musculoskeletal system in human and animals (Neuberger T, 2003). During disease or
infection, local inflammatory response usually occur in musculoskeletal system and generally
treated with non-steroidal anti-inflammatory drugs (NSAIDs) (Zavisova et al., 2007). These drugs
usually cause systemic side effects including gastric ulcers or bleeding and maintaining drug
concentration systemically may also be a problem. Magnetic nanoparticles can be used to serve
the purpose of delivering drug in appropriate concentration to the inflamed tissues that will result
in the supply of appropriate dosage and undesirable side effects will be reduced. Super-
paramagnetic iron oxide (SPIO) nanoparticles are used in combination with magnets to serve the
purpose of drug delivery carrier, this combination would allow the switching of magnetic field
from off to on thus magnetic field and strength would be controlled that would manage the time,
dosage and elimination of the drug.

Figure 4. Therapeutic
strategy using
magnetic particles.
Functionalized magnetic
nanoparticles

accumulate in the tumor
tissues via the DDS.
Magnetic nanoparticles
can be used as a tool for
cancer diagnosis by
MRI. Hyperthermia can
then be induced by
alternating magnetic
field exposure, thus,
magnetic nanoparticles
can be used for cancer

therapy at the same time




as diagnosis. DDS: Drug-delivery system; MI: Magneto-impedance. Adapted from (lto et al., 2005).

2.4 Limitations

There are number of disadvantages that are associated with magnetic drug delivery system.

The problem of toxicity may arise due to the smaller size of nanoparticles, nanoparticles
gets accumulated at the site of targeted area that leads to their irrepressible activity.

These nanoparticles can only be inserted in the body only after being characterized with

specific cell receptor when using as regenerative medicine.

Therapy effectiveness decreases with the continuous use of magnetic nanoparticles for

delivery due to degradation of drug transporters.

The accumulation of nanoparticles produces toxicity that disturbs the metabolic system

thus reduces the effectiveness.

Immunological responses arise due to toxicity and accumulation of nanoparticles, may lead

to dysfunctionality of organs and detrimental consequences. (H. Markides et al., 2012).



CHAPTER 3

METHODOLOGY

3.1 Proof of Concept

In given images, following tests were performed in the lab to prove the concept of movement of

material in a liquid medium under the influence of electromagnetic field.

Silicone Oil: Denser Glycerin: Sticky Final testing system.
Curved surface: S*lrentg’fh of ; Mineral oil: Non
disturbed image SIBEROMAaghesvas Sticky.

: affected due fo .
quality height of box Height Reduced

In figure 5: a beaker, silicone oil, electromagnet and a nut was used to test the attractive forces of
electromagnet. In this setup, curved beaker was used but when acquiring the data, curved surface
distorted the images hence flawed data. Silicone oil was denser leading to difficulty in the
movement of nut.

In Figure 6: Acrylic box was used to that clear images were taken without distortion and glycerin
was used which was less dense as compared to silicone oil, but due to stickiness of glycerin to
acrylic sheets, movement of blob was hindered as it used to stick to the acrylic base.

In Figure 7: The area for the movement of blob was decreased by adding piles of acrylic sheets.
This helped in catering the electromagnetic range of electromagnet. Glycerin is replaced by
mineral oil as it was non-sticky towards acrylic box and the density was closer to blood.

10



3.2 Selection of Materials

i.  Selection of blob
ii.  Selection of electromagnet
iii.  Selection of the medium

3.2.1: Selection of Blob:

Blob is the driven circular material made up of ferritic stainless steel, which was responsive towards
electromagnetic waves. As seen in figure 8(i) and 8(ii), multiple sizes, dimensions and materials were
tested and their response was recorded towards electromagnet. Ferritic stainless steel response was

strong towards electromagnet. Right most material and shape is selected.

Figure 8(i), 8(ii): Multiple sizes and

dimensions of different materials. . - ‘ . e .

3.2.2: Selection of Electromagnet:

A round solenoid electromagnet is used for providing external magnetic field named- zyel-p49/21.
Its diameter is of 1.9 inches and height 0.8 inches. The mechanism is voltage driven, the optimal operating
requirement was found to be 12 Volts and 0.84 Amperes for the electromagnetic field generation.

This electromagnet provides the driving force to the blob.

Vg "
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e

3.2.3: Selection of Medium:

Mineral oil is used as a medium for the movement of blob. This is done to mimic the movement
of blob in blood, as the ultimate goal is to deliver the drug in liquid medium. Mineral oil is used

as its density is closer to blood. Density of mineral oil is 0.85g/mL and blood 1.08g/mL.

11



Acrylic box is used for the storage of medium and to control the movement of blob in the mineral
oil. Acrylic box was fabricated using CO2 laser, Laser cutting equipment Jinan Jingiang Laser
CNC JQ9060-was used. Laser cutting was carried out at a Power 40W and Speed 2 mms-

1.

Figure 9: Main setup used for navigation,
electromagnet provides driving force to drive the

blob in mineral oil.

3.3 Limitations

There are certain limitations in this setup which are as follows:

1. Electromagnet-heats up:

Heating of electromagnet by continuous flow of current due to which heat dissipation
occurs.

2. Image Threshold:

Difference of image threshold occurs due to movement of material under the influence
externally provided magnetic field.

3. Range of electromagnet:

Due to presence of medium, electromagnetic range was compromised to 2cm.
4. Camera adjustment:
Camera was needed to be adjusted at a specific height to get a leveled image so that

accurate data acquisition can be done.
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3.4 Main Setup

1.

Arduino Uno:

Electromagnetic field of electromagnet is controlled by PWM on an Arduino™ UNO®
Board, with the core Atmel™ Atmega328P microcontroller.

External Fan:

A basic direct current operated external fan is used to control the heating of electromagnet.
Lamp:

A lamp is used to fix the threshold of image and data acquisition.

Range of electromagnet:

To cater this problem, acrylic box which was of 4cm, blob movement area is restricted to
2cm by piling up acrylic layers in acrylic box.

Camera Adjustment:

To get accurate movement of blob and clear data acquisition, camera and medium-filled
acrylic box are adjusted at same level.

MATLAB Setup:

MATLB 2013b setup is used for data acquisition and real-time data processing acquired

from images.
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Image Acquisifion +

Arduino Levitation
Setup

Figure 10: Final assembled setup of magnetically controlled drug delivery setup.

Main setup as shown in figure 10 consists of an external camera, Arduino™ UNO® Board, with the core
Atmel™ Atmega328P microcontroller, external fan, a lamp, Laptop core i5 containing MATLAB and

Arduino software and a box containing acrylic box-medium-electromagnet setup.
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3.5 Parameters

Parameters of materials used for system setup are given in 3.5.1:

Parameters Values

Original Box Height 50mm

Original Box Width 40mm

Height for levitation 22mm

Blob Height 5mm

Blob Weight 0.174g

Material Ferritic Stainless Steel
Camera 10MP, Manual focus

3.6 System Setup Flow Diagram:

MATLAB

PID CONTROL
SYSTEM.

MATLAB camera &

LEVITATION
ACHIEVED at
targeted set

point
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A flow diagram in figure 11, is mentioned, that explains the whole procedure of controlled and
real time position tracking of the blob in liquid medium. Real time data acquisition is performed
in MATLAB on the images captured by external camera, according to the position specific Pulse-
width modulation (PWM) is applied to control the electromagnetic strength applied on to levitated
blob and then Proportional-integrational-derivative is applied to control the movement of blob and

to levitate it at set-point.

3.7 Image Acquisition & Processing — MATLAB

N\ 4 N\ 4

External camera is Regionprop(bounding Coordinates
attached box) calculations
J \, J \,
N\ 4 N\ 4
Fonverted to The centroid is
Images taken binarylmage by calculated and sent to
(YUY2_640x480) applying Arduino
threshold(0.45)
J \, J \,
“ e “

Converted images to

400 images(step(cam)) arayscale(rgb2gray)

Data acquisition, image processing and data extraction is performed in MATLAB. External
camera, attached to laptop via usb cable, is placed in front of the acrylic box containing mineral
oil medium and blob. Images are taken when MATLB algorithm is run, these images are taken at
the resolution of YUY?2_640x480. Number of images taken are 400 by using the command of
(step(cam)) which was fastest to capture real time images, images taken are then converted to
grayscale by using command grayscale(rgb2gray), these images are then converted to binary
images by applying a fixed threshold of 0.45. To extract the properties of region of moving blob
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under the influence of magnetic field, Region prop (bounding box) command is used, this
command helps in calculating the coordinates of specific region from an image. Form extracted
coordinates, centroid value of the bounding box region is calculated which is then sent to Arduino
to control electromagnetic field according to the set point of the blob where it is supposed to be
levitated. MATLAB code is given below in figure 12 (i, i, iii).

Figure 12 (i, ii, iii): MATLAB code for Image acquisition and data extraction

clear all
close all
arduino=serial ('CCM7"', 'BaudRacte',115200);
fopen(arduino):
cam = imaq.VideoDevice ('winvideo', 2, 'YUY2 640x480'");
prevx=0;
sp=128;
Kp=1.0828;
Kd=0.0028;
Ki=0.01;
lasterror=0;
error=0;
sumerror=0;
a=ones(2,400);
Flfor i=1:400

pics{i} = step(cam);
g=rgb2gray(pics{i}):;

$THRESHOLD

thresholdValue=0.46;
binaryImage=g<thresholdValue;

binaryImage = bwareaopen(binaryImage, 30);

[Ilabel, num]=bwlabel (binaryImage, 8);
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$ // Calculate bottom right corner
bottomRightCoords = [topLeftCoords(:,1l) + bboxCoords(:,3)
topLeftCoords(:,2) + bboxCoords(:,4)];

:$ // Calculating the minimum and maximum X and ¥ values

finalCoords = [topLeftCoords; topRightCoords; bottomLeftCoords; bottomRightCoords];
minX = min(finalCooxrds(:,1));

maxX = max(finalCoords(:,1)):

minY = min(finalCoords(:,2)):
maxY¥ = max(finalCoords(:,2)):
minY=min¥+20

if isempty (minY)==0

% X = Kp*error(i) + Kd*(lasterror — error{i)) + Ki*sumerror;
X = Kp*error(i)+ 0.01*exp(0.l1*error(i)):

Figure 12 (ii)

if isempty (minY)==0
error = minY-sp;
X = Kp¥*error + Kd¥*(lasterror - error) + Ki*sumerror;

if (x >100)

x = 100;

end

if (x <0)

g =207

end

a(l,i)=min¥;
a(2,i)=error;

lasterror = error;
sSumerror = sSumerror + erroxr;
fwrite (arduino,x , "'char')

pause (0.0471)

else
break;

end

end

delete (arduino)
imagreset
plot(a(l,:))

Figure 12 (iii)
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3.8 Arduino UNO Micro-controller

Arduino Uno AT328 connected to electromagnet, this mechanism is ampere driven, the optimal operating

requirement was found to be 0.84A. The flowchart of processes going on in Arduino are given below in figure 8:

Figure 8: Flow chart of processes going on in Arduino-UNO.

Arduino-UNO microcontroller is powered by usb cable from Laptop and PWM pin 11 is connected

(- )

Receives data from
MATLAB (fwrite),
serial communication

\_ J

é )

Processing of data

. J

\_

- p
Turns on the
electromagnet on a
specific ampere
. y
- p

Apply specific pwm

Pwm(int dutycycle, int
numpulses)

J

to electromagnet that provides power to electromagnet to turns on and off. Arduino receives the

extracted data from MATLAB via serial communication by using command of fwrite, at the baud

rate of 115200. The received data is processed in Arduino, required PWM is applied according to

the data obtained from MATLAB image acquisition and data processing, For PWM, pwm (int

dutycyle, int numpulses) command is used in Arduino to apply required power to electromagnet

connected to it. The applied PWM turns on the electromagnet by providing required ampere to

move blob at certain height.

Algorithm used in Arduino for controlling pwm applied to electromagnet is given below in figure

13.
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Figure 13: Algorithms used in Arduino.

int outPin = 11;
//int matlabDatar
int temp:;

int dutycycle;

veid pwm{int dutycycle, int numpulse)

{
int i,a,b;>

=100*dutycycle; //on time for 5kH=z
b=100* {(100-dutycycle); //off time fcr 5kH=z

for{i=l1l;i<=numpulse;i++)
{
digitalWritce (outPin, LOW):
delayMicraoseconds (a):
digitalWrits (outPin, HIGH);
delayMicroseconds {(b).;
}
}
veid setup()
{
// matlabData = 0;
temp = 0O;
Serial.b=gin(115200);

veid sertup ()

{

// matliazbData = 0;
temp = 07
Serial.begin{(ll15200);

pinMode (ouctPin, GUTITPUT)
digitalWrit=(outPin, HIGH)

AL

}
wveid loop ()

{

while(!Serial.aveilzsbie())

temp = Serial.rsasd():

S/Serial . princtlin{(temp) ;>
pwm{(temp, 3); //50 duty cyvcle £coxr 100

ALl
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3.9 Feedback control loop system

To control the position of the blob at the set point, a feedback system is required to take the blob

at set-point. For that Proportional-integration-derivative — PID control system is used that will

provide feedback from the images taken by camera and processed in MATLAB, that’s when PID

will be applied so that specific PWM is applied to keep blob levitated at required point. This is

applied on real-time data acquisition, processing and on extracted centroid data to keep the blob

levitated. In figure 14, flowsheet diagram is given based on control feedback loop system. In this

flow sheet diagram, it is explained that images are taken and position is calculated in MATLAB,

PID is implemented on the error of position received from images, data is sent to Arduino where

PWM is applied to turn on and off the electromagnet to achieve the desired levitated position.

Figure 14: Flow diagram of control feedback loop system.

-

Acquiring images
and calculating

~N

position
/ - y, \
1 Levitation and ) PID is implemented\
desired position is on the error Ofd
achieved pOfSltlon. recelve
\ ) | fromimages
( ™ 4 ~
PWM is applied to _
turn On zﬁd Off Sending c_:lata to
the electromagnet Arduino
\- J S\ Y,
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CHAPTER 4

RESULTS AND DISCUSSION

Testing of the system consists of two phases. In one phase PID — all 3 coefficients are applied to
test the response of the system, and in testing phase 11, combinations of P, | and D are applied to

check the response of minimizing the error.

4.1 Testing Phase — |

In testing phase I, first thing to do was to specify the range of Proportional, Integration and
Derivative independently to record the response towards minimizing the error in reaching to the
set point or desired position.

In phase I, all three graphs of Kp, Kd and Ki are generated on MATLAB by running the algorithm
for 100 images to test the range from 0.1 to 1.1 with the increment of 0.005.

4.1.1 Proportional Co-efficient Kp:

In figure 15, a graph is shown, generated on MATLAB by having serial communication with
Arduino. This graph is calculated to identify the range of optimal value of proportional gain Kp
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for minimizing the error of reaching to set point. On x-axis, Kp value range is given and on y-axis
mean error is calculated. Total number of loops are 201 and in each loop, 100 images are taken to
calculate the mean error at certain Kp value. In this graph, 1.085 is calculated as optimal value
where calculated mean error is -0.29 which is closest to zero which depicts that at this value of

Kp, error was very close to zero.

4.1.2 Integration Co-efficient Ki:

In figure 16, a graph is shown, generated on MATLAB by having serial communication with
Arduino. This graph is calculated to identify the range of optimal value of integration gain Ki for
minimizing the error of reaching to set point. On x-axis, Ki value range is given and on y-axis
mean error is calculated. Total number of loops are 201 and in each loop, 100 images are taken to
calculate the mean error at certain Ki value. In this graph, 0.96 is calculated as optimal value where
calculated mean error is 0.01 which is closest to zero which depicts that at this value of Ki, error

was Very close to zero.
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Figure 16: Optimal range of Ki value is calculated on x-axis.
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4.1.3 Derivative Coefficient Kd:

In figure 17, a graph is shown, generated on MATLAB by having serial communication with
Arduino. This graph is calculated to identify the range of optimal value of derivative gain Kd for
minimizing the error of reaching to set point. On x-axis, Kd value range is given and on y-axis
mean error is calculated. Total number of loops are 201 and in each loop, 100 images are taken to
calculate the mean error at certain di value. In this graph, 0.43 is calculated as optimal value where
calculated mean error is -6.225 which is closest to zero which depicts that at this value of Kd, error

was Vvery close to zero.
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Figure 17: Optimal range of Kd value is calculated on x-axis.

24




4.2 Testing of the device

Testing of the device is done by applying Kp gain first, then Kp and Kd gain together and then all
Kp, Kd and Ki gain are applied together to know its effect on the system and its ability to minimize
the error and stability of the system by combined effect of Kp, Kd and Ki.

Test is performed on 400 images and executed in total time of 18.2secs.

-
Y |

Number of Images

Figure 18: Kp value graph of minimizing the error.

In figure 18, a graph is presented, on x-axis number of images are given. 128 is the set point, shown
by green line, blue waves exhibit the movement of the blob around the set point and red waves
show the error in reaching to the set point. The blob remains levitated around the set point. Kp
testing started from 1.005. This graph is calculated at Kp value of 1.0828 at which error in reaching

to the set point 128 is closer to zero.
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In figure 19, a graph is presented, on x-axis number of images are given. 128 is the set point, shown
by green line, blue waves exhibit the movement of the blob around the set point and red waves
show the error in reaching to the set point. The blob remains levitated around the set point. This
graph calculated the combination of proportional gain Kp with addition of derivative gain Kd. Addition of
Kd started from 0.0005 because addition of Kd damps the movement of blob in liquid medium in
order to reach the set point. Addition of Kd to Kp though dampens the motion but when reaching
to the targeted set point, power given to blob overshoots to keep it levitated but in overshooting,

blob stayed in oscillated position around the set point thus not stabilized.
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Figure 19: Kp and Kd values graph of minimizing the error.
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In figure 20, a graph is presented, on x-axis number of images are given. 128 is the set point, shown
by green line, blue waves exhibit the movement of the blob around the set point and red waves
show the error in reaching to the set point. The blob remains levitated around the set point. This
graph calculated the combination of proportional gain Kp with addition of derivative gain Kd and proportional
gain Ki. Addition of Ki started from 0.0001 because addition of Ki calculates all the previous errors
the movement of blob in liquid medium in reaching the set point. This graph is calculated at the
Ki value of 0.0004. Addition of Ki to Kp and Kd though speeds up the motion when reaching to
the targeted set point, blob stays in levitated condition around the set point thus stability is

increased by the addition of Ki.
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Figure 20: Kp , Kd and Ki values graph of minimizing the error.
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4.3 Testing Phase — 11

In testing phase 11, first thing to do was to specify the range of Proportional gain independently to

record the response towards minimizing the error in reaching to the set point or desired position.

4.3.1 Range Testing:

In phase 11, A graph of Kp is generated on MATLAB by running the algorithm for 100 images to
test the range from 1.1 to 1.3 with the increment of 0.005. This graph was generated to access the
value of Kp where the error is minimized to zero and blob levitate at the targeted set point. In
figure 21, at x-axis, minY, the position is mentioned and on y-axis Kp value is given. Blob reached
the targeted set point 128 at Kp value of 1.15. Hence zero error achieved at Kp value of 1.15. As
Kp value is increased, oscillations are increased, blob oscillates around the set point in levitated
state.
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Figure 21: Range testing of Kp value to achieve the targeted set point and zero error.
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4.3.2 Exponential Power:

Electromagnetic waves were too strong and pulling blob towards the electromagnet when reaching
the targeted point because of increased Kp gain, to decrease the power of Kp gain, we added an
exponential function. It supplies the power when the error is large, power gets zero when error is
low.

In figure 22, on x-axis, error is given and on y-axis PWM is mentioned. Exponential value is added to
add up more power to lift the blob from base. This graph shows that exponential value decreased when error reaches
towards zero and exponential value increased with increase in error. Same is the case with PWM, with increased error,

PWM is high to lift blob from base and PWM reduces to zero when blob reaches the targeted set point where error is

Zero.
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Figure 22: Addition of exponential power to decrease the error
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4.3 3 Implementation of exponential function:

Exponential function is implemented on real time error data.
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Figure 23: exponential function is applied to make the system stabilized.
In figure 23, a graph is presented in which position is mentioned on y-axis and total number of
images taken are mentioned on x-axis. Blob was placed at base i:e 210. With Kp gain of 1.13, Kd
gain of 0.01, exponential function is also applied to minimize to error when reaching the set point.
The blob kept oscillating around the set point of 128 but oscillations are strong and system is not
stabilized. When error is large, exponential function adds up more power to blob till it reaches near

the required point and when error decreased, exponential function reduces its power to zero.
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Figure 24: Kp tuning after the implementation of exponential function.

In figure 24, a graph is presented in which position is mentioned on y-axis and total number of

images taken are mentioned on x-axis. Blob was placed at base i:e 210. With Kp gain is adjusted

at 0.92 along with Kd gain of 0.01, exponential function is also applied to minimize to error when

reaching the set point. The blob kept oscillating around the set point of 128, oscillations are damped

and system is close to stabilizations. Kp tuning is done to get closer to the desired set point to take

system towards stability
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Figure 25: System stability after Kp tuning after the implementation of exponential function.

In figure 25, a graph is presented in which position is mentioned on y-axis and total number of
images taken are mentioned on x-axis. Blob was placed at base i:e 210. With Kp gain is adjusted
at 0.85 along with Kd gain of 0.01, exponential function is also applied to minimize to error when
reaching the set point. The blob kept oscillating around the set point of 175, oscillations are damped
and system is close to stabilizations. Kp tuning is done to get closer to the desired set point. This
graph shows stability of the system, the strong wave in graph shows external disturbance was
caused purposefully to examine the stability of the system.

In this stable system, Kp and Kd gain are applied to minimize the oscillations and keep the blob

levitated at targeted set point.
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4.4 Final Levitated-Stabilized State

ELECTROMAGNET

Figure 26: Levitated state of blob by balancing out gravitational and electromagnetic forces.
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CHAPTER 5
CONCLUSION

The system uses one-dimensional force system. Two forces counter each other i.e. the
electromagnetic force and the gravitational force. Addition of Ki to Kp and Kd though
speeds up the motion when reaching to the targeted set point, blob stays in levitated
condition around the set point thus stability is increased by the addition of Ki but oscillation
are still present that hinders the stability of the system. The blob crosses the set point in
momentum under proportional gain value and then falls back in free fall until it is again
below the required height. Addition of exponential function to smooth out the power.
Power was too much, to decrease the power of Kp, we added an exponential function, in
result, it supplies the power when the error is large, power gets zero when error is reduced
to zero. The exponential function adds additional power to the blob when it is at rest, when
the error is reduced, this extra exponential power decreases.

In this stable system, Kp and Kd gain are applied to minimize the oscillations and keep the
blob levitated at targeted set point.

The apparatus models the targeted drug delivery system. Levitation and position control
has been successfully achieved by using real time data processing and imaging technology.
The system fine tunes to a very minute error.

5.1 Future Perspective

This system can be controlled and more stabilized in 2D and 3D by using more magnets to
design a more stable setup for drug delivery. The system can be more stable by using more
magnets and by increasing the number of images and time to increase the stability of

system.
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