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Preface

In these days, it is impossible to think an area of knowledge that can keep on
developing without the make a collaboration in interdisiplinary fields.

Biomedcal Engineering is an interdisiplinary field that advances knowledge in
engineering, biology and medicine, and enhances people health through cross-
disciplinary actions that merge the all of the engineering disiplines with the
biomedical branch and clinical practice.

Most of Biomedical engineers have been training in physiology, and medicine, in
addition to in engineering. Today thousands of medical instruments have taken part in
the hospitals and little care centers. These modern devices facilitate the diagnosis and
treatment of diseases of the patient’s condition.

In nineteenth century a lot of important developments occur in biomedical
engineering. Researches in the biomedical Engineering have very significant share in
the development of the medicine. Increasing of the human beings life span by the
improvements provided in this area is the biggest profit in the 20th century. In some
country before the 17th century, while average of the life span of human beings is not
exceed, today in the a lot of country people hope for 80 or 90 years life. Biggest factor
for increasing of the human beings life span is struggling towards the contagion. In
1665, for example, in London, 93% patient suffer from contagion is pass away.
Nowadays this proportion is regressed to 4%. Appearing of the antibiotic such as
Penicillin, Erythromycin was prevented to disperse the contagion. After the
technological improvement implemented by the biomedical engineers, very expensive
medicines were manufactured in case of mass production very cheaply. But at the
present time, cancer act a part deathly. Industrialization changed environment we
lived. In 1600 years cancer was defined, today cancer can be diagnosed with
sophisticated visualization devices and determined phase of illness and pursued
disease process. Nowadays in developed country cardiovascular diseases one of the
common reason of death. Some factors like obesity, inactivity, stres are carrying the
people to the fatal disorder like infarct.These illnesses are diagnosed using ECG,
ultrasonic Doppler devices etc and treatment and operated on using some
sophisticated devices like angiography, heart-Lung machine. With each year,
reserachers in the biomedical engineering field make new progresses in the medical
technology.
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This book presents some theoretical issues and a variety of Biomedical Engineering
applications. In conclusion, the main objective of this book was to present a beginning
application studies as well as theoretical contributions in the field of Biomedical
Engineering.

As the editor, I would like to thank the whole of the authors of this book, reviewers
and the editorial staff of Intech Open Access Publisher this ambitious objective has
been successfully accomplished. Without thier cotisations, it would be impossible to
have a quality book and help in the development of this issue.
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Rehabilitation Technologies:
Biomechatronics Point of View

Erhan Akdogan and M. Hakan Demir
Yildiz Technical University
Turkey

1. Introduction

Rehabilitation aims to bring back the patient’s physical, sensory, and mental capabilities that
were lost due to injury, illness, and disease, and to support the patient to compensate for
deficits that cannot be treated medically (http://www.ehendrick.org/healthy, June 2010).
After the Spinal Cord Injury (SCI), stroke, muscle disorder, and surgical operation such as
knee artroplasticy, patients need rehabilitation to recover their movement capability
(mobilization) (Bradly et al., 2000; Inal, 2000; Metrailler et al., 2007; Okada et al., 2000;
Reinkensmeyer, 2003 and http:/ /www.manchesterneurophysio.co.uk, November 2010). The
number of those who need rehabilitation is steadily increasing everyday. Parallel to this,
equipment and techniques used in the field of rehabilitation are becoming more advanced
and sophisticated.

On the other hand, mechatronics, an interdisciplinary science, is a combination of
machinery, electric-electronics and computer sciences plays an important role in
rehabilitation technologies. In particular mechatronics systems provide important benefits
for movements that are related to physical exercises in rehabilitation process.

Biomechatronics is a sub-discipline of mechatronics. It is related to develop mechatronics
systems which assist or restore to human body. A biomechatronic system has four units:
Biosensors, Mechanical Sensors, Controller, and Actuator. Biosensors detect intentions of
human using biological reactions coming from nervous or muscle system. The controller
acts as a translator between biological and electronic systems, and also monitors the
movements of the biomechatronic device. Mechanical sensors measure information about
the biomechatronic device and relay to the biosensor or controller. The actuator is an
artificial muscle (robot mechanism) that produces force or movement to aid or replace
native human body function (http://www.ece.ncsu.edu/research/bee/biomd, ND).
Typical usage area of biomechatonics is orthotics, prosthesis, exoskeletal and rehabilitation
robots, neuroprosthesis. In this chapter, rehabilitation robots will be discussed in terms of
bio-mechatronics systems.

Especially in the last ten years, the number of studies about robots in the rehabilitation area
has increased due to developments in actuator, sensors, computer and signal processing
technologies. Some important reasons for the utilization of robots in rehabilitation can be
listed as follows (Krebs, 2006):
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¢ Robots easily fulfill the requirements of cyclic movements in rehabilitation;
¢  Robots have better control over introduced forces;

e They can accurately reproduce required forces in repetitive exercises;

e  Robots can be more precise regarding required therapy conditions.

Rehabilitation robots can be classified into four groups:

e To assist disabled people in special need with their daily life activities,

¢ To support mobility,

e To assist social rehabilitation (Cognitive robotics)

e To assist therapists performing repetitive exercises with their patients (therapeutic
exercise robot).

In this chapter, rehabilitation robots are introduced and explained in terms of functionality,
control methods and equipment technology. The theory and terminology is given in Section
II, first devices and tools are explained in Section III, rehabilitation robots are explained in
terms of mechatronics in Section IV, types of rehabilitation robots are described in Section V.

2. Terminology of rehabilitation
2.1 The exercise movements in physical therapy and rehabilitation

There are five basic movements in Physical Therapy and Rehabilitation (Griffith, 2000). They
are:

e Extension: The act of straightening or extending a limb.

e  Flexion: The act of bending a joint or limb in the body by the action of flexors.
e Abduction: Abducting of a limb from middle line of body

e Adduction: Adducting of a limb to middle line of body

e  Rotating: Rotating of a limb

2.2 Exercise types in physical therapy and rehabilitation: (Kayhan, 1995)

Passive Exercise: This exercise is performed for the patient by another person (nurse or
therapist) or by an exercises device (robotic device or CPM). It is usually applied to patients
who do not have muscle strength.

Active Assistive Exercise: As the patient develops the ability to produce some active
movement, active exercise begins. Assistance can be provided manually by a therapist, by
counterbalancing with weights or by gravity. This exercise is helpful in increasing the
strength of the patient.

Active Exercises: These are the purposeful voluntary motions that are performed by the
person himself, without resistance and with or without the aid of gravity. Active exercises
can be resistive such as isotonic, isometric and isokinetic. They are called resistive exercises, as
well. Isometric exercise involves the application of constant resistance to the patient on the
range of motion (limb angle does not change). Isotonic exercise is applied to strengthen
patients who suffer muscle contractions. Unlike isometric exercise, a constant resistance
force is applied to the patient for the duration of the movement. Isokinetic exercises refer to
resistance exercise performed at a constant preset speed. The speed is kept constant by
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resisting accommodating to muscle effort (torque). Isokinetic exercise should be applied by
a machine. There some isokinetic machines such as BIODEX, CYBEX, Kin COM etc.

Manual exercise: These kinds of exercises are applied by physiotherapist. Physiotherapist
decides that which type of exercise should be applied to patient. At this point, expertise of
PT has a significant importance.

3. Conventional tools and devices in rehabilitation

In physical therapy and rehabilitation, some tools such as dumbbell, elastic band, rope and
some mechanism in order to perform range of motion and strength exercise have been used
for long time. At the end of 1970's, a significant development occurred. First
electromechanical device in rehabilitation named as continuous passive motions (CPM) was
developed and used (Fig 1). CPM gained a new momentum about usage of new
technologies in rehabilitation. It was able to perform repetitive exercise motion on desired
velocity and duration.

Fig. 1. Continuous Passive Motion Device (http:/ /www.arthroscopy.com/sp06001.htm,
October 2011)

The first clinical results about CPM's treatment effect were released by Salter and Simmonds
in 1980. (Salter & Simmonds, 1980)

Then the computer controlled isokinetic machines which can also perform passive, isotonic
and isometric exercises were developed. These machines were able to record exercise
results. They are very important in order to follow rehabilitation period. The best known
isokinetic machines are BIODEX (Fig.2), CYBEX and KinCOM. In this machine, a motor is
used to generate resistance to movement. In previous models generated torque value was
obtained via calculations. However modern isokinetic machines have load cell or force
sensor to this regard. Today, they are being used in many medical centers.

At the middle of 1980's, some studies which were related to rehabilitation robotic were
started to realize. For instance, Khalili & Zomlefer developed a robotic system for
rehabilitation of joints and estimation of body segment parameters (Khalili & Zomlefer,
1988). Howell et al. used a robotic manipulator in order to rehabilitate the children (Howell
et al., 1989). Kristy and et al. developed a smart exercise system which allows that the
patient can perform some rehabilitative tasks with robot and computer. (Kristy et al., 1989)
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Fig. 2. BIODEX Isokinetic Machine (http:/ /www.biodex.com, October 2011)

They were the first research studies on rehabilitation robotic. Detailed information about
them is given in following sections.

4. Rehabilitation robotics in terms of mechatronics
4.1 What is mechatronics?

The definition of mechatronics has evolved since the original definition by the Yaskawa
Electric Company. In trademark application documents, Yaskawa defined mechatronics in
this way (Kyura & Oho, 1996; Mori, 1969)

“The word, mechatronics, is composed of “mecha” from mechanism and the “tronics” from
electronics. In other words, technologies and developed products will be incorporating electronics
more and more into mechanisms, intimately and organically, and making it impossible to tell where
one ends and the other begins.”

At recent year another definition suggested by W. Bolton (Bolton, 1999);

“A mechatronic system is not just a marriage of electrical and mechanical systems and is
more than just a control system; it is a complete integration of all of them.”

The interaction of the other areas and place of the Mechatronics system design are shown
below clearly. (Craig, 2010)

Electro- \ Electrical-
Mechanics \Electronics
Engineer

Sensors
Actuators

Computer|\ Embedded/ Controls
Systems Control /' Engineer
Engineer

. Mechatronic System Design

Fig. 3. Mechatronics System Design
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As it is shown at the figure, Mechatronics is located at the middle of the clusters.
Mechatronics system design involves Mechanical Eng., Electric-Electronic Eng., Control
Eng. and Computer Eng. The study of Mechatronics systems can be classified as follows.
(Bishop, 2002)

e  Physical Systems Modeling

e  Sensors and Actuators

e  Signals and Systems

e  Computers and Logic Systems
e  Software and Data Acquisition

Robotics, motion control and conventional mechatronics, intelligent mechatronics, Human
supported/based mechatronics, IT based mechatronics, micro and nano mechatronics and
biomechatronics are application areas of mechatronics. (Akdogan, 2004)

Biomechatronics and biomedical applications of mechatronics are emphasized in this
chapter. Bio-industry requires mechatronics systems which have high quality and high
precision. At Bio-Industry mechatronic systems are used for surgery, rehabilitation and
prosthesis applications. Some biomechatronics systems are designed for these purposes are
shown below.

a. Da Vinci Surgery Robot (http:/ /www.roswellpark.org/robotics/about/da-vinci-surgical-
system, December 2011)

b. Bionic Hand (http:/ /www.BeBionic.com, December 2011)
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Fig. 4. Biomechatronics Systems

Biomechatronics refers to a subset of mechatronics where aspects of the disciplines of
biology, mechanics, electronics and computing are involved in the design and engineering
of complex systems to mimic biological systems. Other definition of biomechatronics is
suggested as follows:

“Biomechatronics is an applied interdisciplinary science that aims to integrate mechanical
elements, electronics and parts of biological organisms. Biomechatronics includes the aspects of
biology, mechanics, and electronics. It also encompasses the fields of robotics and neuroscience.
(http:/ / www.wikipedia.com/biomechatronics, 2011)

Another definition of biomechatronics is suggested by H. Witte (Witte et al., 2005)

“Biomechatronics is the development and optimization of mechatronic systems using
biological and medical knowledge. This strategy may be exemplified by bionically inspired robotics:
identification of biological principles and their ~ transfer into technical solutions extends the
engineer’s toolbox.

4.2 Actuators

In many mechatronics systems, movements or reactions to a situation are available. These
movements and reactions are provided by system elements which produce force and torque.
The displacement and acceleration are provided in the moving parts by these produced
torque and force. Actuators are the elements in the systems that produce these torque and
force. Electrical Motors, Hydraulic-Pneumatic actuators and their applications in
rehabilitation robotics are mentioned in this chapter.

4.2.1 Electrical motors

Electromechanical actuators convert electrical energy into mechanical energy.
Electromechanical actuators are divided into varieties between their energy converter
mechanism such as electromechanical, electromagnetic, electrostatic and piezoelectric. The
differences in electric motors are mainly in the rotor design and the method of generating the
magnetic field. Some common terminologies for electric motors are: (George & Chiu, 2002)
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The components of electric motors;

e  Stator: It generates the appropriate stator magnetic field. It can be made of permanent
magnets or copper windings. Magnetic field is created with these magnets and copper
windings in the motor. Stator can be found inside or outside of the motor.

e Rotor: is the rotating part of the motor. Depending on the construction, it can be a
permanent magnet or a ferromagnetic core with coil windings (armature) to provide the
appropriate armature field to interact with the stator field to create the torque.

e Armature: is the rotor winding that carries current and induces a rotor magnetic field.

e  Air Gap: It is the small gap between the rotor and the stator, where the two magnetic
fields interact and generate the output torque.

e Brush is the part of a DC motor through which the current is supplied to the armature
(rotor). For synchronous AC motors, this is done by slip rings.

e Commutator is the part of the DC motor rotor that is in contact with the brushes and is
used for controlling the armature current direction.

Electrical motors are classified two major types as DC Motors and AC Motors. Because of
the industrial requirements, there are many types of motors outside of three two major
types such as stepper motors, linear motors and servo motors. These five major electric
motor types are used in rehabilitation systems generally.

4.2.1.1 DC motors

DC motor is an electric motor that it converts direct current electrical energy into mechanical
energy. Rotary movements of dc motor are smooth, precise and powerful. Speed of motor is
in directly proportional to applied voltage. Output torque of the motor is directly
proportional to armature's windings current strength. Structure of the dc motor is shown
below.

- Stator
End bracket
\ - Commutator
_- Brush
assembly
Shz\:ﬂ -
N '
\ Il
/
Bearings Armature

Fig. 5. Major Components of DC Motor (Petruzella, 2010)

As it is shown in the figure, dc motor contains electrical and mechanical components such as
stator, armature, commutator, brushes, body and shaft.

DC motors are classified as brushed and brushless based on the presence of brushes in their
structure. The induced current to the motor is transferred to the armature in two ways such
as using brush and commutator or using electrical circuits. Brushed DC motor is a dc motor
that it realizes commutation process with brushes and collectors. Brushed dc motors are
classified as permanent magnet dc motors and electromagnet dc motors based on the source
of the using magnetic field in their body. Permanent magnet dc motor use permanent
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magnets to produce stator's major magnetic field flux and use electro-magnets to produce
armature's flux. Movement of the armature's magnetic field is obtained by the switching
currents which flow in the armature's windings. Brushless DC motor hasn't collectors and
brushes. Rotary parts of the motor consist of permanent magnets and stationary parts
consist of miniature windings. The currents flow on the windings is controlled by the optical
or magnetic sensors. This type of motor produces high torque.

DC motors are classified three types such as serial dc motors, shunt dc motors and
compound dc motors based on the methods of excitation.

DC Motor is often use in rehabilitation robotics. It is used in applications not requiring high
precision. For example LOKOMAT is a rehabilitation robot that it has four rotary joints.
Stretching and expansion movements of the hip and knee are generated with these rotary
joints. These movements of rotary joints are generated by dc motors. (Bernard et al., 2005)

MIME is a rehabilitation robot which uses PUMA 560 robot manipulator system to treat
upper limbs of the patients. MIME use dc motors and gearboxes for positioning and
orientation of end effector (gripper) of the robot (Lum et al., 1995, 1997).

4.2.1.2 AC motors

Ac motor is an electrical motor that converts alternative current electrical energy into
mechanical energy. It is classified two major types such as induction motor and
synchronous motor. Basic principle of these motors is that a mass is manufactured with
magnetic plate is draft by rotary electromagnetic field.

Induction motor is preferred much than DC motor because of its cheapness and less
maintenance requirement. Induction motor has stator, armature, body, supports and
propeller. Armature windings are too much and stator's magnetic field induces current to
armature. Armature doesn’t connect any other energy supply. Rotation speed of the
induction motor is changed slightly by load and rotation speed is regulated step by step.
Speed of armature is always less than speed of stator's magnetic field because of the load on
the motor. Induction motors are divided two types accoording to count of phase such as
single-phase and three-phase induction motors and are divided two types according to their
structure such as squirrel-cage induction motors and wound-rotor induction motors.

Synchronous motor is an alternative current electrical machine which rotates constant speed
in proportion to frequency and pole numbers. Magnetic field is generated by current which
is supplied in armature windings. This magnetic field is constant. Thus rotary field speed
and speed of armature are same for this motor. This motor is used for applications requiring
high power. As a result of synchronous rotation of the motor, sliding doesn’t occur.
Synchronous motors are classified two types based on the structure of armature such as
salient pole synchronous motors and roundly pole synchronous motors.

4.2.1.3 Servo motors

Servo motors are used very effectively in velocity and displacement control of electro
mechanical applications. Servo motors (Fig 6.b) have continuous motion and used feedback
signals for velocity and displacement control. In servo motors the position of rotor is
feedback to the controller (Fig 6.a) so the position error is minimized. (Petruzella, 2010)
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i

Motor/controller

Controller

!

Position
feedback

Servo ||
motor

Feedback
device

Tachometer: speed
Encoder: position

a. Closed loop systems of Servo motors b. Servo Motor

Fig. 6. Closed loop systems of servo motors and servo motor (Petruzella, 2010)

In close loop servo-mechanism system as illustrated above position and velocity of motor
measured with encoder and tachometer respectively and feedback to the controller and
servo amplifier. Servo motors, unlike to the step motors, can be driven both AC and DC.
Generally DC servo motors, AC servo motors and Brushless AC or DC motors are used in
applications. DC servo motor design is similar to conventional DC motor design. A strong
magnetic field is generated on DC servo motors to obtain high torque and excessive
loadability. General properties of servo motors are; they need less energy according to
conventional motors, they have small motor diameters with respect to standard DC motors,
generated torque is proportional to rotor diameter and they have small inertia moments. DC
servo motors are generally used in robotic applications that need high power. AC
servomotors are of the two-phase squirrel-cage induction type motors. Main advantages of
this type motors are, high safety, need less maintenance and not include commutators and
disadvantages are; low efficiency, high heat dissipation and the requirement of AC square
wave power source. In brushless DC servo motors rotor and stator is replaced. As a result of
this brush and collector systems are cancelled and electro mechanical dissipations, which
are based on friction and resistance between brush/collector systems, are disappearing. It is
possible to obtain high torque from these motors. But the main disadvantage is a circuit
must replace with collector, means that extra hardware requirement. Due to the precision of
servo motor, they find spread place in robotic applications. Applications of servo motor in
rehabilitation robots are explained in examples illustrated below.

Kikuchi et al.,, developed a rehabilitation system named Hybrid-PLEMO for it can be
switched between active type and passive type and used with ER clutch/brake tool. They
used AC servo motor and obtained two directional rotations with slow motions. They
distribute these rotations on two ER tool. ER tool 1 is controlled the clockwise rotations and
ER tool 2 is controlled the anti-clockwise rotations. (Kukichi & Furusho, 2009)

4.2.1.4 Stepper motors

A stepper motor (Fig. 7) converts electronic pulse into proportionate mechanical movement.
Stepping motors are attractive because they can be controlled directly by computers or
microcontrollers. Motor's shaft rotation quantity is in direct proportional to pulse number
and speed of the motor is in direct proportional to frequency of this pulse. Rotate angle of
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the motor per each pulse determine the resolution of the motor. Stepper motor is used for
open loop control systems generally. Produced movement for each pulse is precise and
repeatable. Thus stepper motor is used for load positioning systems effectively. Step motor
produces less power than 1 hp.

Fig. 7. Stepper Motor (Petruzella, 2010)

Advantages of stepper motor are that it doesn't need feedback, any positioning error doesn’t
occur during the motor movement and it doesn’t need maintenance because of its simple
structure. Disadvantages of this motor are that its movement is not continuous, it is less
powerful than other motors and it may cause positioning errors in open loop control of
friction based load applications. Stepper motors are classified three types such as variable-
reluctance stepper motors, permanent magnet stepper motors and hybrid stepper motors.

4.2.1.5 Linear motors

Linear actuator is an actuator that creates motion in straight line, as contrasted with circular
motion of a conventional electric motor (Boldea & Nasar, 1997). Linear actuators are
classified types such as mechanical linear actuators, hydraulic and pneumatic linear
actuators, piezoelectric linear actuators, electro-mechanics linear actuators and telescoping
linear actuators.

In industry linear motor is used for applications requiring long distance and high
sensitivity. Linear motor converts electrical energy into linear mechanical movement. Linear
motor has had its stator and rotor "unrolled" so that instead of producing a torque (rotation)
it produces a linear force along its length. Many designs have been put forward for linear
motors, falling into two major categories, low-acceleration and high-acceleration linear
motors. Low-acceleration linear motors are suitable for maglev trains and other ground-
based transportation applications. High-acceleration linear motors are normally rather
short, and are designed to accelerate an object to a very high speed, for example see
the railgun. The main advantages of any linear motor is that it totally eliminates the need
cost and limitations of mechanical rotation-to-translation mechanism. Thus the complexity
of the mechanical system is drastically reduced. (http://www.dynamicdevices.com,
December 2011). Its other advantages are that it works high speeds and high accurate, it
response faster than mechanical transmission and there is no mechanical linkage in linear
motor thus the stiffness of the motor increase. Disadvantages of this motor are that its
performance is are affected by the temperature directly, it need an interface unit to connect
the machine control component of the system.

Zhang use a linear motor in his rehabilitation robot in medical practice is to recover the
function of the motor system of the injured limbs and trunk. His motor system issues break
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into two distinct categories: one is related to biomechanical/biophysical applications and
the other to motor learning. Motion-speed and motion-range of a limb is limited by injury,
burns, or postoperative conditions in that skin, ligaments, and muscles are inelastic from
scar tissue. There are two modules in the Continuous Passive Motion Motion (CPM)
mechanism for index fingers: biomimetic finger module and biomimetic muscle module.
The two modules are linked by biomimetic muscle. The CPM mechanism can be driven
from long-distance with the biomimetic muscles. Thus the biomimetic muscle consists of
two pulleys, four spring bushings, two springs, a cord and a linear motor. The transmission
distance between the linear motor and the CPM mechanism is adjustable by regulating the
length of springs and cords. (Fuxiang, 2007)

4.2.2 Hydraulic and pneumatic actuators
4.2.2.1 Hydraulic actuators

Hydpraulic systems (Fig. 8) are designed for moving heavy loads with high pressurized fluid
in pipes and pistons which controlled with mechanical or electro mechanical valves. The
figure shown above illustrates a hydraulic system and its" the components. A hydraulic
system consist a tank, hydraulic pump, pressure regulator, valves and pistons. Tank is the
storage member of the hydraulic fluid. Hydraulic pumps are generally drived by electric
motors. At first, pressurized fluid is adjusted in pressure regulator for the hydraulic system.
Regularized fluid is canalized by valves and actuated the hydraulic piston by this way linear
motion is obtained. Most common hydraulic actuators are pistons and hydraulic motors.
There are two types of piston used, one is single acting and the other is double acting, and
hydraulic motors can be classified as gear motor, gerotor motor, and radial piston motor.
Hydraulic actuators have great advantages like; have large lifting capacity, can used with
servo control, have quick reaction capability, have self-cooling, have smooth motions at low
speeds. But hydraulic systems are expensive, not appropriate for circular motion at high
speeds and it is difficult diminish the extent of the system.

infrastructure motor i

ressure | |
pressure | control
flter regulator | valve

Jr— -
[ ] O—__F—°»
]
]

ey T

Fig. 8. Major Components of Hydraulic System

cylinder

4.2.2.2 Pneumatics actuators

Pneumatic systems are moved with high pressurized gas in pipes and pistons which
controlled with mechanical or electro mechanical valves. Pneumatic system consists of
compressor, air conditioner unit and reservoir for gas storage, valves and piston. Working
principle for pneumatic systems is similar to the hydraulic systems. One significant difference
is pneumatic systems used compressible gas. Most common pneumatic actuators are pistons.
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General advantages of pneumatic actuators are cheap, quick, and clean and safety on the
other hand, desensitisation because of the gas compression, noise pollution because of the
exhaust, gas leaks, needs extra drying and filtering and it is difficult to speed control. The
disadvantage of pneumatic systems is that control of the pneumatic actuators is very
difficult so their usage in rehabilitation robots is restricted. Some of the publications in this
subject summarized below.

In their study Klute et al. use pneumatic muscles for bottom knee prosthesis. It aims to bring
into connection between force, length, speed and activation with the myo-tendinous
actuator and in this actuator flexible pneumatic muscles, hydraulic dampers and springs are
used. (Klute et al., 1999)

Girone at al. design a Stewart platform-type haptic interface to use in rehabilitation systems.
The system supplies six-DOF resistive forces in response to virtual reaility-based exercises
running on a host PC. The used Stewart platform has double acting pneumatic cylinders,
linear potentiometers as position sensors and six-DOF force sensor. (Girone et al., 2001)

4.3 Sensors in rehabilitation

We can examine sensors in two classes: mechanical and biological sensor.

4.3.1 Mechanical sensors

Force sensor: A Force Sensor is defined as a transducer that converts an input mechanical
force into an electrical output signal. Force Sensors are known as Force Transducers, as well.
Force sensor can measure forces in three axes. The device that is measure in single axis is
called as "load cell". Force sensors are usually used for measuring applied or reaction force.
Prostheses, therapeutic exercise robots and exoskeletal robot manipulator are common
application area of force sensors in rehabilitation.

Position sensors: A position sensor is a device which allows position measurement. Position
sensors can be either linear or angular. It is also known as potentiometer, rotary encoder or
displacements sensor. Generally, it is used in mechanical systems for position feedback.

Goniometers: Goniometers are used to measure joint angle in rehabilitation. First and still
used goniometers are mechanical. However, new types of electronic goniometers have been
used in medical centres.

Hand Dynamometers: Hand Dynamometer is used to measure gross isometric power grip
force.

Eye tracker: Eye tracker is a device that measures eye positions and eye movement. Eye
trackers are especially used by disabled people to control a wheelchair.

4.3.2 Biological sensors

EMG system and sensors: The electromyogram (EMG) is an electrical response of the
contracting muscle. Since their amplitude is quite small EMG signals are complicated. This
is why EMG signals must be processed through signal analysis methods. In rehabilitation,
EMG signals are used for two purposes, to evaluate patient muscle performance and to
control a mechanical system such as a robot or prostheses.
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EEG system and sensors: The electroencephalogram (EEG) is electrical activity of the brain.
EEG recordings are obtained by placing electrodes of high conductivity in different locations
of the head. Measures of the electric potentials are recorded between a pairs of active
electrodes (bipolar recordings) or with respect to a supposed passive electrode called
reference (monopolar recordings) as in EMG (Quiroga, 1998). Evaluating of EEG is harder
than EEG. At the present time, many research studies have been done about that.

5. Rehabilitation robots
5.1 Assistive rehabilitation robotics

Robotic systems supporting daily tasks of patient such as holding, lifting, moving, free
mobility are called as assistive robotics. Assistive robotics systems are developed in order to
support disabled people to continue their life without any help from others.

There are some problems in the course of producing such technologies:

o Their high costs

e customized design requirements

e Robotic system can need many sensors according to disability level. This situation
requires developing and using of high-performance computers, complex control
methods and softwares.

o If patient cognitive capacity is not enough to use robotic system, patient could have
difficulties in operating these systems. In this situation, safety problems can occur.

Target group of assistive robotics generally consist of people whose manipulation skills
damaged, muscular dystrophy, cerebral palsy children, spinal cord injury. In particular, this
robotic area that is related to daily life and individual is drawn attention with increasing
population. On the other hand, its market share gains momentum day by day.

Mechanism and user interface design is very important in assisitve robotic systems.
Interface is called as human-machine interface, human-computer interface and human-robot
interface in the literature. Challenges of design of mechanism and user interface are as
follows:

e Operator of system is not a specialist or engineer.

e  Operator has some physical disables. Therefore, it needs a design that can enable to
communicate between patient and system.

e Profiles and level of disabled is different. That is why; it needs to develop designs
which can respond to needs of a wide-spectrum of disabled people and individuals.

It is required easy-to-use interfaces which provide interaction with system and useful
mechanism in order to solve these problems. (Hammel, 1995)

The user interfaces are supported with several adaptive hardwares and sofwares such as
speech recognition systems, track balls, special keyboard, eye-trackers- motion sensors etc.

Briefly a powerful user interface has features as summarized below:

e Individual
e  Functional
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e Adaptation capability
e  Easy-to-use and understandable
e  Funny

Assistive robotics can be detected in three groups: manipulation aid, mobility aid and social
aid.

5.1.1 Manipulation aid

There are many studies have been done about manipulation aid robotic. Some of them are
given follows:

ProVAR (Professional Vocational Assistant Robot):

The ProVAR robotic system is an assistive robot for individuals with a severe physical
disability. It allows that a patient can control the system through a direct manipulation The
ProVAR system has a PUMA-260 manipulator mounted on an overhead (see Fig 9). An
optical emitter / detector, a force sensor and proximity sensors are integrated to the system
in order to control the system and improve safety. Patient controls the system through a
computer which has Windows-NT operating system. Computer also communicates with
office devices such as telephone, fax and internet devices. (Van der Loss et al., 1999)

Fig. 9. ProVAR

AFMASTER: This robot was developed as a work station and works in 2m*3m area. The
robot services goods which are in its office via user commands. AFMASTER allows severely
disabled people to get back to work by automatic manipulation facilities. (Gelin et al., 2001)

DeVARIII - ADL:

DeVAR system includes a PUMA-260 industrial robotic arm, a computer and a wheelchair.
End effector of robot manipulator is Otto Bock Greifer prosthetic hand. This hand can
realize fingertip, cylindrical, and hook grasps. User uses the system via voice commands.
The robot arm is surrounded by daily living equipment such as a microwave oven, a
refrigerator, a tool holder for an electric shaver, a spoon, an electric toothbrush, pump
toothpaste, adapted wash/dry cloths, and a mouth stick. Voice commands operate an X-10
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environmental controller which supplies power to the robotic workstation, computers,
lights, radio, and other appliances. (Hammel et al., 1987)

HANDY-1:
The Handy 1 is a rehabilitation robot designed to provide people with severe disability to
gain/regain independence in important daily living activities such as: eating, drinking,

washing, shaving, teeth cleaning and applying make-up. It has a robotic manipulator that
has three degree of freedom. (Topping, 2002)

Fig. 10. Handy 1

5.1.2 Mobility aid

Mobility of disabled people in their houses and external environment is a very important
phenomenon. To this regard, safe and reliable mobile robotic assistive devices are needed.
These types of robots must be intelligent control structure. A state of art robotic device
designed for mobility is able to:

e perform automated navigation tasks/behaviors through sensors,

e provide to access to users who may lack fine motor control,

e realize gesture recognition,

recognize voice command

do vision-based interaction,

¢ have ability to drive on all terrains such as stairs, curbs

e beadapted to intelligent homes, buildings communicate with smart wheelchairs
e Extend to other assistive devices (e.g. scooters)

To achieve these specifications sensors and software must be very powerful and control
method of wheelchair must be flexible and effective. On the other hand, user interface
between wheelchair and patient must be user-friendly.

Different input commands can be used in order to control a wheelchair. Traditional methods
are joysticks, pneumatic switches and so on. Recently, hand voice recognition, eye tacking
and machine vision techniques have been started to use on smart wheelchairs.
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A wheelchair needs clear and correct information to perceive its surrounding. Therefore,
sensors have a key role to control a wheelchair. Sonar sensors, infrared range finder, laser
range finders, laser strips and cameras are being frequently used. Since their size and price
sonar and infrared sensors are often used in most applications. However, they are not well
suited to identify drop-offs such as stairs, cubs etc. That is why, laser rage finders are used.
More accurate obstacle ad drop-off detection can be realized using them. On the other hand
this type of sensors is very expensive and large. Mounting of them to a wheelchair is not
easy. Laser striper consists of a laser emitter and a-charge coupled device camera. The laser
striper cheaper than laser range finder but it can read false because of environment
conditions. That is why, it has not been preferred. Briefly, a sensor must be cheap, accurate,
small, lightweight, and must be not affected from environmental conditions such as
temperature, lighting. On the other hand it has low energy consumption and can easily be
mounted.

Researchers have developed different type of control methods and software. Some of them
used artificial intelligence techniques whereas others multilayered control techniques
including sensor - reactive behaviors.

Smart wheelchairs have several types of operating modes. a) Autonomous navigation with
obstacle avoidance mode: wheelchair travels from its current positions to given positions b)
Wall following mode: Operator controls wheelchair. Wheelchair avoids or stops in front of
obstacle c¢) Door passage mode: Wheelchair passes from door with traverse movement d)
Docking mode: Wheelchair enables close approach to object. e) Reverse trajectory:
Wheelchair returns it's starting positions using recorded travel trajectory f) Target tracking
mode: Wheelchair can follow and navigate an object g) Line following mode: Wheelchair
can follow a line that was marked in environment. (Simpson, 2005)

There are some challenges faced by robotic device designed for mobility. Human intention
and adapting it for a robotic device is not so easy. On the other hand, if users of device have
a motor control problem this process will be harder. In terms of technology, designing of
flexible input devices has a curious problem and cost of individual-oriented design can be
high. Some well-designed mobility aid robotic device given is as follows:

PALMA: (assistive platform for alternative mobility)

PALMA is a robotic device to assist the mobility of children affected by CP (Fig 11). The
PALMA has an open, safety and flexible structure; it can be adapted to different pathologies
and varied motor dexterity. It allows to user a safe navigation using simple obstacle
avoidance strategies. Especially, ultrasonic sensors were used for detection. In order to
control the detection unit a PIC 16C73 microcontroller was used. Children can interact with
environment via PALMA. (Ceres et al., 2005)

PAMM: (Personal Aid for Mobility and Monitoring)

PAMM is designed to assist the elderly people living independently (Fig. 12). It provides
physical support and guidance, and it can monitor the user's basic vital signs. The PAMM
has a force-torque sensor mounted under the user's handle to sense the user's intent. The
system is controlled by an admittance based controller. It can communicate with a computer
via wireless network in order to receive up- dated planning information and to provide
information on the health and location of the user. (Dubowsky et al., 2000)
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Fig. 12. PAMM (http:/ /robots.mit.edu)

MAID (Mobility Aid for Elderly and Disabled People)

MAID is a smart wheel chair (Fig. 13). It is based on a commercial wheelchair that has been
equipped with an intelligent control and navigation system. It allows using narrow and
wide area. MAID can detect the environment objects as well as to identify which object is
stationary and which is moving. Thus it can easily be used in crowded area. (Prassler et al.,
2001)

Hong-Kong Advanced Robotic Lab. Smart Wheelchair:

A smart wheel chair was developed by the Chinese University of Hong-Kong Advanced
Robotic Lab. This wheelchair has a human friendly interface for high-level control, and uses
human skill models to significantly enhance the usability and functionality of traditional
electric wheelchairs. To this regard a neural network structure was developed to map sensor
readings to control actions to play back taught routes. (Hon Nin Chow & Yangsheng, 2006)
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Fig. 13. MAID

Fig. 14. Smart wheelchair

5.1.3 Exoskeletal robot manipulators: (ExRM)

Exoskelelatal robot manipulators are used to provide or assist human motions. ExXRM has a
mechanism structure showing compliance with human joints and limbs. It supports human
motions via actuators positioned in robot joints. ExXRMs have been developed for industrial
or military purposes. However, recent years research studies for which supporting
physically disabled people movements about Ex RM have gained momentum. An ExRM
interacts with a person directly. Therefore, control via biological signal processing stands
out in these systems. On the other hand, it needs control structure based on artificial
intelligence.

First studies have been started in 1960s. First EXRM was developed by Hardiman. Hardiman
project aimed to increase human power on aircraft carriers, in underwater construction and
on missions in outer space (Mosher, 1967)

Today research studies about usage of ExRM in rehabilitation area are being realized. A
useful ExRM has features which are given below:
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e Compatible with user's biomechanical features
e Safe

Effective motion transfer

Low power consumption

e  Easy chargeable battery

¢ High performance control method

e  High performance signal processing

¢ Small size powerful actuators

ExRMs can be classified three groups, lower extremity, upper extremity and full body
systems. In these systems, electrical motors are generally used as actuators. On the other
hand, in some studies pneumatic and hydraulic systems are used, as well. Rehabilitation
purposed ExRMs studies are presented follows.

Fig. 15. (Moubarak et al., 2009)

Moubarak and et al. designed an ExRM for upper limb rehabilitation (Fig 15). The robot can
perform repetitive exercise motions without physiotherapist. It has 4 DOF for shoulder, and
elbow motions. Basic control method of system is force control. In particular, lightweight of
mechanism was taken into account during design of the robotic mechanism. Servo motors
were used as actuator. (Moubarak et al., 2009)

Fig. 16. ExRm of Tsai and et al. (Tsai et al. 2010)
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Tsai et al. designed a 6DOF ExRM for passive and active exercises of upper limbs (Fig 16).
Patient motion intension was sensed with EMG and force feedback combination. PID and
impedance control methods were used to control of the system. Links are actuated with DC
motors. (Tsai et al., 2010)

Fig. 17. Rosen and et al.'s 7DOF Manipulator EXO-7 (Perry, 2007; Yu & Rosen, 2010)

Yu and Rosen designed an anthropomorphic 7DOF Exrm (EXO-7) in order to assist
shoulder, elbow and wrist motions (Fig 17). There is no backlash on the EXO-7. Its
mechanical specifications are excellent. Therefore user can insert his arm easily to
manipulator. It can be used for a therapeutic and diagnostics device for physiotherapy, an
assistive (orthotic) device for human power amplifications, a haptic device in virtual reality
simulation, and a master device for teleoperation. However, researchers used a new PID
controller to guarantee the asymptotic stability in their last study. (Perry, 2007; Yu & Rosen,
2010)

Fig. 18. ARMin (Mihelj et al., 2007)

ARMin is a 7DOF Exrm which has backdrivable DC motors and position-force sensors (Fig
18). It was used for training of patient for daily life activities. It uses admittance and
impedance control methods which is best-known control methods in rehabilitation area. As
all drives are backdrivable, a therapist can control the ARMin manually if it is necessary.
(Mihelj et al., 2007)
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Fig. 19. (Yamura et al., 2009)

Yamaura and et al. developed a hand rehabilitation system. It consists of two units
rehabilitation mechanism that moves fingers with actuators and a data glove that control the
mechanism. The mechanism is wire-driven and all three joints of finger can be controlled
with it (Fig 19) (Yamura et al., 2009)

Fig. 20. Bones (Klein et al., 2008)

BONES (Biomimetic Orthosis for the Neurorehabilitation of the Elbow and Shoulder) is a
4DOF Exo-RM (Fig 20). It can perform arm internal/external rotation without any circular
bearing element. This system uses pneumatic actuators. BONES is able to imitate a wide
range of motion of the human arm. (Klein et al., 2008)

|

Fig. 21. SUEFUL-7 (http://www.me.saga-u.ac.jp/~kiguchi/research_en.html#research01,
December 2011)
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SUEFUL-7 (see Fig.21) is an EMG signal based 7DOF ExRM developed by Saga University.
It can assist the motions of shoulder vertical and horizontal flexion/extension, shoulder
internal/external rotation, elbow flexion/extension, forearm supination/pronation, wrist
flexion/extension, and wrist radial/ulnar deviation. On the other hand researchers used a
combination of impedance control method and muscle model oriented control in order to
control of robot. Impedance parameters were adjusted through considering of upper limb
posture and muscular contraction level. (Gopura et al., 2009)

5.1.4 Social assistive robotics

Social assistive robots help people by non-physical social interaction. The aim of social
assistive robotics is to success purposes of rehabilitation and patient training. The robot
interacts with stroke patient as therapeutic during daily life activities such as putting
magazines to shelf.

5.2 Prostheses

Prosthesis is a mechanism which is developed in order to continue daily life activities of
amputee people without others. Lower limb prostheses (Fig 22) are important in terms of
providing mobility of person. However, people use their upper extremities much more for
daily tasks such as lifting, pushing, gripping. That is why; one can find more about upper
extremity prostheses.

Fig. 22. Lower limb prosthetic (http:/ /www.robaid.com)

Currently, myoelectric controlled prostheses are frequently used and reach studies which is
related to this subject are being continued. The first study about prosthesis was realized by
German physicist Reinhold Zeiter. Several studies about that were done in some countries
such as Japan, USA and Rusia until 1960s. The myoelectric prosthesis called as MYOMOT
which was developed by Otto Bock and Viennatone Comp. (Austrian manufacturer of
hearing device) is regarded as the cornerstone in 1964 . (Inal, 2000)

There are some important challenges in producing prostheses:

e To control and coordinate multiple joints of a robotic limb
e To reach a high capability for a robot manipulator in terms of sufficient range of force,
acceptable weight, portable power source and necessary sensors.
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Useful, efficient and a high-technological prosthesis should have:

e  Sufficient degree of freedom

e  Resistant to environmental influences
e  Sensitive artificial sensors,

o  Well-designed cybernetic interface,

e Light and strong actuators,

¢  Long-life and forceful power source,

5.3 Therapeutic exercise robots

In general, a person with movement disabilities due to arm or leg problems needs to
undergo periods of physiotherapy sessions spread over a long period of time. The sessions
comprise a series of repeated and routine physical movements with the assistance and
under the observation of a physiotherapist (PT). Transporting the patient to the medical
center or calling a PT to where the patient is located are factors that further increase the cost
of this process. The process of strengthening muscles to their normal values is costly and
requires time and patience. Some important reasons for the utilization of robots in
rehabilitation can be listed as follows; (Krebs, 2006)

Robots easily fulfill the requirements of cyclic movements in rehabilitation;
Robots have better control over introduced forces;

e They can accurately reproduce required forces in repetitive exercises;

¢  Robots can be more precise regarding required therapy conditions.

Because of these reasons, the number of studies about the usage of robots in rehabilitation
has increased, especially in the last ten years.

During the rehabilitation process, patients sometimes move their extremities suddenly due
to reflexes. Conventional machines such as CPMs do not respond in these kinds of situations
and are hence not suitable for physical therapy. If a reflex causes a patient’s leg to move
while the machine is operating, an improper load results and can damage the patient’s
muscle or tendon tissue. (Sakaki et al., 1999) Because of this, there is a need for therapeutic
exercise robots which can accomplish the rehabilitation of extremities based on the patient’s
complaints and real-time feedback during rehabilitation processes. Therapeutic exercise
robots can be classified in two groups, upper limb and lower limb rehabilitation robots.

Therapeutic exercise robot systems for upper limbs:

Lee and others developed a robotic system for the rehabilitation of upper limbs of paralyzed
patients using an expert system (Lee et al., 1990). This system combines the needed skills of
therapists with a sensor-integrated orthosis and a real-time graphics system to ensure
proper interaction and cooperation with the patient in order to achieve the goals of therapy.
It can achieve passive exercises, motor-learning training and tone reduction.

Lum and et al. developed a prototype device called MIME (Mirror Image Motion Enabler)
that implements passive and active assistive movements for upper extremities (Lum et al.,
1995, 1997). This system uses two commercial robots (Fig 23).



24 A Roadmap of Biomedical Engineers and Milestones

Fig. 23. MIME

Another system developed for rehabilitation of upper extremities is a robot manipulator with
5-DOF (degrees of freedom) called MULOS (https:/ /www.asel.udel.edu, August 2008). It is
used as an assistive device and to perform passive and resistive exercises. (See Fig 24)

Fig. 24. MULOS (Johnson et al., 2001)

Krebs and others developed and have been clinically evaluating a robot-aided
neurorehabilitation system called MIT-MANUS (Fig. 25) (Krebs et al., 1998, 2003). This
device provides multiple degrees of freedom exercises of upper extremities for stroke
patients. This study showed the effect of robot-aided rehabilitation.

Fig. 25. MIT-Manus (http:/ /coobox.wordpress.com)
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Rao and others introduced another system using a Puma 240 robot for passive and active
rehabilitation of upper extremities (Rao et al., 1999). In the passive mode, the robot moves
the subject's arm through specified paths. In the active mode, a subject guides the robot
along a predefined path, overcoming specified joint stiffness.

Richardson and et al. developed a 3-DOF pneumatic device (Fig.26) for the rehabilitation of
upper extremities using PD control and impedance control methodologies (Richardson et
al., 2003, 2005).

Fig. 26. 3-DOF pneumatic actuated device. (Richardson et al., 2003)

Another study for the rehabilitation of upper extremities is the REHAROB project, which
uses industrial robots (Fig.27) (http:/ /www.rehab.manuf.bme.hu, July 2008). A database is
formed with the necessary force and position produced by the sensors placed on the
patients during the rehabilitation process. Industrial robots then repeat the same procedure
using this database.

(aEY
ttp: /reharob.manufﬂne.hu

Fig. 27. REHAROB

Reinkensmeyer and others developed a 3-DOF system called ARM Guide (Assisted
Rehabilitation and Measurement Guide) for the rehabilitation of upper extremities
(Reinkensmeyer et al., 2000). The ARM Guide (Fig. 28) can diagnose and treat arm
movement impairment following stroke and other brain injuries. As a diagnostic tool, it
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provides a basis for the evaluation of several key motor impairments, including abnormal
tone, incoordination, and weakness. As a therapeutic tool, the device provides a means to
implement and evaluate active assistive therapy for the arm.

Fig. 28. ARM Guide

A 3-DOF system, called GENTLE/s (Fig.29), was developed for the rehabilitation of upper
extremities using a haptic device and the virtual reality technique, controlled by the
admittance control method (Luieiro et al. 2003).

Fig. 29. GENTLE/s (Amirabdollahian et al., 2007)

Therapeutic exercise robot systems for lower limbs:

LOKOMAT (Bernhardt et al., 2005) and ALEX (Banala et al., 2007) were developed as gait
rehabilitation robotic systems. The robotic systems for therapeutic exercises for lower limbs
were developed to perform some repetitive, resistive, and assistive exercises which are
performed by the PT or equipment.

Okada et al. employed an impedance control methodology in a 2-DOF robotic system
(Fig.30), where the position and force data are received and recorded for the robotic system
to imitate the corresponding motion (Okada et al., 2000)
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Fig. 30. TEM: Therapeutic Exercise Machine

Bradley et al. developed a 2-DOF autonomous system called NeXOS (Bradley et al., 2009)
that is able to perform active assistive, passive and resistive exercises using pre-training
visual position information. It can be used for knee and hip extension-flexion movements.

Moughamir et al. devised a training system called Multi-Iso (Moughamir et al., 2002). This
system is also able to perform assistive, resistive and passive exercises like NeXOS. This 1-
DOF system is used for knee limb and extension-flexion movements. Multi-Iso (Fig.31) uses
classical force, position and speed control methods developed with fuzzy control
techniques.

Fig. 31. Multi-ISO

Many of the developed therapeutic robotic systems are designed for only assistive or only
passive and resistive exercises. Furthermore, few studies aim to model the PT’s manual
exercise and directly convey the PT’s rehabilitation capability to the patient
(http:/ /www.rehab.manuf.bme.hu, July 2008; Okada et al., 2000; Akdogan et al., 2011)

Akdogan, Adli and Tacgin developed a 3DOF robot -Physiotherabot- for lower limb
rehabilitation (Akdogan et al., 2009, 2011). Physiotherabot (Fig.32) can perform all active and
resistive therapeutic exercises in addition to manual exercises of the PT for lower limbs.
Meanly, it can work not only as a physiotherapy machine but also as a human (PT). On the



28 A Roadmap of Biomedical Engineers and Milestones

other hand, Physiotherabot has 3-DOF and can perform flexion - the extension movement of
the knee and hip, and the abduction-adduction movement of the hip.

Fig. 32. Physiotherabot

5.4 Cognitive robotics

Cognitive aid robots are very different from other types of therapy robots because they are
actually agents of the therapist. They are not necessarily attached to the person who is
getting physical therapy. For cognitive aid robots, also called communication aid robots, the
goal is to provide a safe and friendly environment for the child to interact with other
children or just to play in fact. The robots of this category are mostly focused on children
who have cerebral palsy or children who have autism (Van der Loos, ND). There are many
cognitive robots. Some of them given as follow:

Fig. 33. Cognitive robot CosmoBOT (http:/ /www.anthrotronix.com, 2011)

Cosmo Bot (Fig.33) was developed to motivate children to participate more fully in therapy
and education. CosmoBot was tested with children. Especially, it can be used for Downs
Syndrome, cerebral palsy, muscular dystrophy, apraxia, neurodevelopmental disorders, and
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language developmental disorders. CosmoBot is a robot with nine degrees of freedom. It
can be operated via computer-based software, and children can operate CosmoBot by using
some input devices. (http:/ /www.anthrotronix.com)

KASPAR (Kinesic and synchronisation in personal assistant robotics): KASPAR (Fig.34) is
a child-sized humanoid robot developed by University of Hertfordshire. KASPAR is being
used to study human-robot interaction that aims to build an open-source robot platform for
cognitive development research. It was developed for robot assisted play for children with
autism. KASPAR has 8 degrees of freedom in the head and neck and 6 in the arms and
hands. It can open its mouth and smile. It can interact with children with its tactile sensors
which is placed its skin surface. (http:/ /kaspar.stca.herts.ac.uk)

Fig. 34. KASPAR

Another type of cognitive robots is pet robots. They communicate and interact with human.
This interaction can be physically. They imitate animal reactions. The main purpose of pet
robots is to support children and elderly people who need emotional and mental
impairment using their imitation capability. They have several types of sensors such as
visional, audial and tactile and have learning abilities for imitate emotions via interaction
with human (Vander Loos; http:// www.aist.go.jp). There are many research studies about
pet robots. In particular, Paro Therapeutic robot (Fig.35) is one of the best known. It allows
the documented benefits of animal therapy to be administered to patients in environments
such as hospitals and extended care facilities where live animals present treatment or
logistical difficulties. It can reduce patient stress and their caregivers, stimulates interaction
between patients and caregivers, and improves patient relaxation, motivation and
socialization of patients. Paro has five kinds of sensors: tactile, light, audition, temperature,
and posture sensors and 32-bit RISC processors. Moreover, it can understand light and dark.
He feels being stroked and beaten by tactile sensor, or being held by the posture sensor.
Paro can recognize the direction of voice and words such as its name, greetings, and praise
with its audio sensor, as well (http:/ /www.parorobots.com, 2011).
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=

Fig. 35. Paro Therapeutic Robot (http:/ /www.parorobots.com, 2011)

Keepon (Fig.36), is another example about pet robots developed by Michalowski, Mellon
and Kozima. It has two video cameras (eyes) and a microphone (nose) as sensors, and four
motors. It can remotely be control by a therapist in another room. Furthermore, it can be
operated in an autonomous mode, bouncing along to music or sounds. Therefore, monitor,
track, and record of the children's improvement can be record that it is very important to
rehabilitation. (Michalowski et al., 2009)

Fig. 36. Keepon (Michalowski et al., 2009)

6. Future of rehabilitation robotics

Looking at the world's population developments in the field of rehabilitation robots will
continue. Other factors which affect developments in this area are given follows:
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e Hardware & Software

e  Sensors

e Wireless communication
e “Always-on” computing

It is expected that the infrastructure of hardware and software will develop, high speed
internet connection will spread and real time application performance will increase. On the
other hand more stable, unaffected from environmental factors, high performance, small
size and cheaper sensor will provide this development. Developing wireless communication
systems, more portable devices and using them in home will have impact on the area of
rehabilitation robot, as well. Patients are observed by rehabilitation team through
"everywhere and everytime therapy" concept. Patients' treatment process is maintained
through remote control applications and device without coming hospital.

So, patient, his/her relatives and health care personal will have more effective treatment
period. Patients will be treated faster and they will contribute to their community as social
and economic.
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1. Introduction

According to the Ministry of Environment of Turkish Republic (CYGM),(2005) medical
waste comes out of the premises whose activities result in waste production, such as
university hospitals and clinics, general purpose hospitals and clinics, maternity hospitals
and clinics, military hospitals and clinics, health centers, medical centers, dispensaries,
ambulatory medical centers, morgues and postmortem examination centers, vivisectionist
entities, nursing homes and old-age asylums, medical and biomedical laboratories,
veterinary hospitals, blood banks and transfusion centers, emergency and first aid centers,
dialysis centers, rehabilitation centers, biotechnological laboratories and institutes, medical
research centers, other units of health service (doctor offices, mouth and dental health
surgeries and so on), veterinary clinics, acupuncture centers, physiotherapy centers,
domiciliary treatment and nursing services, centers of beauty, ear-piercing and tattoo,
pharmacies, ambulance services and zoological gardens. [1]

In addition, WHO emphasizes that at the domestic level, municipalities, some entities,
private companies or organized non-governmental organizations carry out the collection
and processing of medical waste through some necessary measures taken by healthcare
organizations. Unless the microorganisms contained by the medical waste are collected and
made ineffective in a controlled manner, firstly, the medical, then it becomes a threat against
public health.[2l Through countries which can not dispose of the hospital waste satisfactorily,
some certain diseases are frequently observed in society. Open wound infections, typhoid,
gastric, diarrhea, cholera, Hepatitis B and Hepatitis C and HIV threatens mainly doctors’
health, nurses and patient careers.Bl It is largely estimated that 21 million people are
exposed to HBV, 2 million people to HCV, and 260,000 people to HIV viruses due to the
repeated use of unsterilized injections. According to the WHO report, some of the re-use
disposable syringes countries are African, Asian, and Central and Eastern European
countries. [2

However, considering the risks of contamination of extremely dangerous communicable
viruses, such as Hepatitis B and HIV, through humans, some regulations and laws are put
into effect in order to take some precautions necessary for the control and disposal in the
premises which produce waste, to process the medical waste separate from others by
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preventing any harm against public health and environment. Those regulations describe the
overall procedure in a detailed way, from the identification of medical waste to its collection
and disposal.

Moreover, European Union waste management strategy Council Directive 75/442/EEC, 4]
dated 15 July 1975 was repealed on 5 April 2006; and it has been determined to the
European Parliament and Council Directive 2006/12/EEC, IBl. In the abovementioned
directive, there are some definitions of waste, and classifications of the waste categories
included in the directive, and outlines of disposal and recycling activities. The appendix of
the directive comprises some provisions which constitute the foundations and main
principles of the waste management regarding the waste types outside the coverage, general
principles with respect to the waste management, formation of the authorities, the waste
management plans, the liabilities of the enterprises which are involved in the recycling and
disposal activities, their obligation to hold records and their periodical auditing, the waste
disposal expenses covered within the scope of the polluter pays principle and producer
responsibilities.

Furthermore, the Commission Resolution 2000/532/EC (2000)€l underlined that the
principles of compiling a common list for waste and hazardous waste to be used in
community, in compliance both with Waste Framework Directive and the Council Directive
91/689/EEC, I7] on the hazardous waste. The Waste Framework Directive and the directive
of waste list are both adopted by the member countries of European Union, and
incorporated into “the directives to be primarily adjusted” [l sections in the countries in the
European Union accession process, such as Turkey. While the regulations and laws vary at
the level of states in the USA, it is determined in some international congresses and
seminars that they are one step ahead of the European countries.

2. The historical background in the USA

The classification of medical waste was one of the most important questions in terms of the
US. regulations during 1970s. Its officially first recognition as a distinct waste type was
provided by a federal agency in 1978. EPA’s approach to the question was one step further
in the sense that it principally described infectious waste, i.e. medical waste, under the
category of hazardous waste in compliance with the Resource Conservation Recovery Act
(RCRA). Thus, although the EPA’s proposition for hazardous waste regulations includes
infectious wastes as proclaimed in RCRA in 1980, the agency refused that medical wastes
did not constitute any serious threat to public health and environment.

Looking at the implementations in European countries and the USA, it can be observed that
there are numbers of systems of the medical waste disposal. Besides within the scope of the
sterilization methods as the primary Medical Waste Treatment Technologies, there are
oxygenic, ozonic and oxygen-free methods of disposing which are preferred in large
integrated plants. Although burning is exactly a disposal method, it is not preferred by some
countries since a considerable amount of hazardous soot and ash comes out of the burning
operation. Expenditures seem to be important in the choice of Medical Waste Treatment
Technology methods. Yet, the resolutions taken by the governments and the laws to which
they are subjected are directing factors in their choices. The purpose of this chapter is to
analyse the analyze the Medical Waste Treatment Technologies.
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3. What are the hazardous medical wastes

Medical waste is defined by the World Health Organization as “a broad range of materials
such as used needles and syringes to soiled dressings, body parts, diagnostic samples,
blood, chemicals, pharmaceuticals, medical devices and radioactive materials which are
produced health care clinics, centers, hospitals and laboratories.” (8]

Through European Union Legislation 75/442/EEC [ dated 15 July 1975 defines the
meaning of “waste”, while the Council Directive describes “hazardous waste” in the
European Union Legislation 91/689/EEC 7] on 12 December 1991. Within the European
Union Legislations, the descriptions of the types of hazardous wastes, the precautions to be
made, the waste management, the transmission and disposal of hazardous wastes are
available. The countries in the European Union accession process, on the other hand,
exercise those regulations in the period grated in accordance with the course of the process.

3.1 International biotechnology logo

The biohazard symbol which is associated with the term “biological hazards” simply means
that it is extremely important to take precautions due to a potential exposition of the
materials threatening public heath. The Dow Chemical Company first designed the symbol
for their waste storages in 1966.01

<

Fig. 1. Biohazard warning symbol. The sign color stipulated in the standard form is
fluorescent orange-red. [

3.2 What is the medical waste categories?

The European Union Council Directive 67/548/EEC [10l was promulgated on 27 June 1967,
with respect to the adjustment of laws, regulations and administrative provisions regarding
the classification, packaging and labeling of hazardous waste. Based on this directive, the
Ministry of Environment and Forestry of Turkish Republic published “the Regulations for
the Medical Waste Control 25883” on July 22, 2005, [!] and classified the wastes collected
from hospitals and health care organizations as follows.
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Wastes originated from health care ~ |European Union European Waste Catalogue Code
organizations Numbers

Household Wastes 2003 01

Packaging Wastes 1501 01, 15 01 02,15 01 04,15 01 05, 15 01 06, 15 01 07
Infectious Wastes 18 01 03, 18 02 02

Pathogenic Wastes 18 02 01

Sharp Wastes 18 01 01,18 02 01

Hazardous Wastes 18 01 06, 18 01 08, 18 01 10, 18 02 05, 18 02 07

Table 1. Part II, (2001/118/EC) [12]

3.3 Damages caused by medical waste

According to the U.S. Ocean Dumping Act which was promulgated in 1972 for the
prohibition of intentional hazardous waste disposal into the sea, the penalties can be prison
sentence for 5 years and/or pecuniary punishment up to $125,000 for civil violations as well
as up to $250,000 for criminal offences. Obviously, this falls short of preventing or
discouraging the offenders from polluting the sea with medical wastes, leaving used
materials and other hazardous wastes which pose a serious threat against public and
environmental health. [13]

v . = .

Pic. 1. Picture had taken from America’s Ocean Dumping Act [13]

Unless the medical wastes are made ineffective in an appropriate manner during their
collection, anyone present at that time is open to plausible risks Medical wastes are left in
empty places without any processing in some countries. Public health is threatened by
viruses unless they are destroyed by animals and ground waters.

Doctors and nurses who work at the premises which produce medical waste as a result of
their activities constitute the groups at risk as they are in touch with the patients” blood and
body liquids.
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3.4 Medical waste risk group

Due to unsatisfactory medical waste managements, certain groups are open to risk or prone
to threat:

e Doctors, nurses, and other healthcare personnel

¢ Those who attend in the premises which produce infectious waste, such as patients, and
hospital attendants,

¢ Those who work at the waste processing establishments

e Scavengers that feed on waste yards or non-isolated collection points

Children who are potentially in touch with hazardous waste, used materials, etc. [2]

4. Accidents caused by sharp materials

Medical wastes may comprise pathogenic viruses. As a result of inappropriate collection,
those viruses may cause infection through open wounds on the body, or, any other ways on
the skin which are not deep but with a high level contamination, such as mucous membrane
and respiratory passage. Medical wastes should be collected in the bags with the biohazard
logo separate from household wastes so that viruses do not threat human health as a result
of simple mistakes.

The Table 2 shows the infection types, how they infect and sample causative organisms. The
infection types caused by blood and other body liquids (saliva-mucus, urine, tears, etc.) are

clearly indicated. There are necessary precautions to stop the spreading of infection in
hospitals, to protect people from the infections stemming from the patients during the

treatment process.

Type of infection

Examples of causative organisms

Transmission vehicles

Gastroenteric infections
Respiratory infections

Oveular infection

Genital infections

Skin infections

Anthrax

Meningitis

Acquired immunodeficiency
syndrome (AIDS)

Haemorrhagic fevers

Septicaemia

Bacteraemia

Candidaemia
Viral hepatitis A
Viral hepatitis B and C

Enterobacteria, e.g. Salmonella, Shigella spp.;
Vibrio cholerae; helminths

Mycobacterium tubsrculosis, measles virus
Streptococcus pneumoniae

Herpesvirus

Neisseria gonorrhoeae; herpesvirus

Streplococeus spp

Bacillus anthracis

Neisseria meningitidis

Human immunaodeficiency virus (HIV)

Junin, Lassa, Ebola, and Marburg viruses

Staphylococcus spp.

Coagulase-negative Staphylococcus spp.;
Staphylococcus aureus; Enterobacter,
Enterococcus, Klebsiella, and
Streplococcus spp.

Candida albicans

Hepatitis A virus

Hepatitis B and C viruses

Faeces and/or vomit
Inhaled secretions; saliva

Eye secretions

Genital secretions

Pus

Skin secretions
Cerebrospinal fluid
Blood, sexual secretions

All bloody products and secretions
Blood

Blood
Faeces
Blood and body fluids

Table 2. Examples of infections caused by exposure to health-care wastes, causative
organisms, and transmission vehicles, Report of a WHO Study Waste from health-care

activities [14]
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There are chiefly four viral diseases in case of any contact with patients’ blood and
contaminated body liquids. Those are HIV, Hepatitis B (HIB), Hepatitis C (HCV) and
Hepatitis D (HDV) viruses. In the chapter published by WHO, Table 3 shows the number of
people who are injured by the sharps among those who work at the waste management and
in the U.S. hospitals and the number of HBW through injuries. The HBV infection can easily
catch through those who are once exposed to blood and other infectious blood liquids and
tissues.

Professional category Annual number Annual number of
of people injured HBV infections
by sharps caused by injury

Nurses

in hospital 17700-22200 56-96
outside hospital 2800048000 26-45

Hospital laboratpry workers 800-7 500 2-15

Hospital housekeepers 11700-45300 23-91

Hospital technicians 12200 24

Physicians and dentists in hospital 100400 <1

Physicians outside hospital 500-1700 1-3

Dentists outside hospital 100-300 <1

Dental assistants outside hospital 2600-3900 58

Emergency medical personnel (outside hospital) 12000 24

Waste workers (outside hospital) 500-7 300 1-15

Table 3. Viral hepatitis B infections caused by occupational injuries from sharps (USA) [8]

The risk of contamination increases as a result of inappropriate storage; unless the living
creatures who share the same habitat, such as cats, dogs, birds, flies, mice and insects are
kept far away from those areas, they can conduct microbiological pathogens and infect
humans. An inappropriate medical waste storage system results in the expanding of
pathogenic viruses and the transformation of medical waste into an unhealthy
environmental problem. In some countries, medical wastes are collected together with
household wastes; this gives rise to unhealthy scenes with which street animals can easily
get in contact as it can be seen in the following pictures.
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Pic. 2. (Picture had taken in 1995) Medical Waste Management in the Hazardous Waste
Group, the Report of the Deputy Chair of the Environment Commission of the Grand
National Assembly of Turkey [1]

The instructions published in different countries suggest that especially sharp wastes should
be conserved in plastic boxes instead of bags. As every country has different application
criteria, the entities which produce the waste are notified about necessary precautions by the
relevant units.

As it could be seen below, sharp materials are put in plastic bags, which in turn, pose a big
threat for the environment and human life because they can contact directly, with patient
body liquids and easily spread viruses and pathogens as a result of this contact. As it is
obvious in the picture below, syringe, sharp apparatuses are put into inappropriate bags,
usually plastic bags is preferred and those bags could be easily torn during their collection
or removal and they poese a huge threat for the environment.
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Pic. 3. Medical Waste Management in the Hazardous Waste Group, the Report of the
Deputy Chair of the Environment Commission of the Grand National Assembly of Turkey
[15]

Pic. 4. Sharp objects [15]

Sharp objects should be conserved in the hard surface plastic boxes after they are used. As it
can be seen in the Picture 5-6, instead of the bags with the possibility to be torn or punctured
during transmission, it is considered more preferable to use plastic boxes which can not be
torn or punctured.
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A !
Pic. 6. Hazardous Waste Management Plan (HWMP), (1990), California Country of El
Dorado, available at [Ref 17]

4.1 Methods of treating hazardous medical waste

There are tons of medical wastes collected from hospitals. There are also different methods
applied by certain institutions, municipalities or firms which work in compliance with the
related authorities to treat this hazardous medical waste.. Money spent for the application
of such methods is the main criteria in choosing these methods. In addition, in some
countries, medical waste is disposed in an environment-friendly manner.
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e  Containment processes
i.  Landfilling in municipal disposal sites

e bo RS o £33 :
Pic. 7. UNEP (United Nations Environment Programme), (2007), “Waste management is
problematic throughout Sudan” [18]
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Pic. 8. UNEP (United Nations Environment Programme), (2007), “Waste management is
problematic throughout Sudan” [18]
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Unsanitary disposal which gives rise to environmental pollution seriously threatens both
living creatures and human health. Considering the damages which come out of
inappropriate medical waste storage, it is prohibited to bury infectious wastes in regular
storage areas, in compliance with European Union Directive 99/31/EC. 19 In the non-
member states, this application causes serious harms against environment and human
health. Viruses contaminated in the buried medical wastes threaten human health through
the conductor insects and the ground waters being mixed up with drinkable water. It is
also inevitable that those who share the same living area with animals and plants infect
humans through food chain. (Pic 9) The medical wastes buried without any processing or
dumped in an uncontrolled way give damages to the environment as potential microbe
nidus.

Food chain

Animals

Gaseous emissions

Ugly landscape

oxic substances
Hydrocarbons
l l Heavy metals Smells

e~

Contamination

l 0 rganic+substances

T — — Foodch’éﬁ'

Drinking-water

of soil and Post /"/
ests
groundwater Insects Infections
Man produces waste
Pic. 9. [20]

Medical wastes should be filled on an impervious land without being pressed. It is
required to cover the waste over after daily storage, and this should be covered by
shielding with 30 cm earth. In doing so, sanitary waste storage becomes applicable
between the impervious land and the upper clay lump ground. Any living creature will
not bee able to reach at the medical waste covered by earth, and it will be prevented for
surface waters to penetrate. This method which is prohibited in European countries is still
being preferred by some countries since it is the most economic method in comparison
with other disposal methods. Sanitary medical waste storage method is presented in the
Picture -12-. For sanitary storage, the ground should be first made impervious. It is
necessary to prevent the leakage stemming from the buried medical waste. (Drainage
coefficient is available in the directives of countries. Any drainage system should not be
built smaller than k= 1x10-4.)
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Py it

Pic. 10. Medical Waste Management in the Hazardous Waste Group, the Report of the
Deputy Chair of the Environment Commission of the Grand National Assembly of Turkey
[15]

4.2 Incineration technologies (medical waste incineration)

While disposal of medical waste through incineration is one of the most reliable
technologies, it costs extremely high to establish a plant which will harm the environment at
a minimum level. The first investment granted for incineration systems and the cost of
plants are much higher than other technologies.

=

Pic. 11. “Open burning of medical waste may not destroy pathogens and produces considerable toxic
emissions” (Batterman S. 2008)[21]

If medical wastes are incinerated as in the Picture 13, they give much more serious damages
to the environment. It is especially necessary for medical wastes not to comprise materials
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with heavy metals, radioactive wastes, broken thermometers or other materials with
mercury and cadmium.

The flue gas emission values should be definitely kept under control because the gas which
appears during the incineration operation causes serious damages against environment and
penetrates into the atmosphere that we breath.

The carbon monoxide which appears at hight levels in the flue gas emission values indicates
the incineration operation is cariied out at low temperatures. The unburned hydrocarbons,
dioxin and furans, volatile heavy metals and their compunds, and other gases such as TOK,
HCI, HF, SO2, NOX comes out of this operation. Those gases should be exhausted to the
atmosphere through the flue after they are falled under the determined standards. Those
flue values are declared by the relevant authorities of countries; and those institutions are
auditting the plants which dispose medical wastes with a granted license. Emission
guidelines for “hospital/medical/infectious waste” incinerators below Table 4.

Follutant Small incinerator Medium incinerator Large incinerator
(<91 kg/hour) (=91-227 kg/hour) (=227 kg/mour)

A Emission limits for new incinerators (construction after June 1996)

Particulate matter 115 mg/m? 69 mg/m®

Carbon monoxide (CO) AD ppmv AD pprmv

Dioxins/furans 125 ng/m? total 125ng/nT tota 125 ng/m? total
CCDJCDF or CCDJCDF or CCDYCDF or
2 3ng/m® TEQ 2 3ng/m® TEQ 23ngim® TEQ

Hydrogen chloride (HCI) 100 pprmv or 100 pprrv or 100 ppmv or
93% reduction 93% reduction 93% reduction

Sulfur dioxide (30,) 55 ppmv 55 pprmv 55 ppmv

Mitrogen oxides 250 pprmv 250 pprmv 250 pprmv

Lead 1.2mg/m® or 1.2mg/m? or 1.2mg/m® or
T0% reduction 70% reduction T09% reduction

Cadmium 0.16 mg/m® or 0.16 mgim® or 0.16 mg/m® or
65% reduction 65% reduction B5% reduction

Mercury 0.55mg/m® or 0.55 mg/m? or 0.55 mg/m® or

85% reduction

85% reduction

85% reduction

Sources: Safe Management of Wastes from Health-care Activities” which was published by WHO in
1999

Table 4.

Whille the post-incineration energy can be used as heating energy in winter times, it can
also be used in the power generation in summers. While the energy recovery plants which
convert those wastes into energy serve the disposal of medical wastes which threaten
human life, it is for good that those wastes are being recovered as power or heat necessary
for human life. In developed countries, the double stage systems are used, the most common
of which is Controlled-Air Incinerators.

As the most common medical waste incineration (MWI) system, Controlled-air incineration
is predominantly set up at health care centers and other medical institutions. It is also
known as starved-air incineration, two-stage incineration, or modular combustion. A typical
schematic diagram of a controlled air unit is represented in the Picture 12
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There are mainly two stages of the waste combustion in this mechanism. In the first stage,
waste is fed into the primary, or lower, combustion chamber, which is operated with less
than the stoichiometric amount of air required for combustion. Combustion air which is also
called as primary or under fire air enters the primary chamber from beneath the incinerator
hearth (below the burning bed of waste). In the primary (starved-air) chamber, the low air-
to-fuel ratio dries and facilitates

Volatilization of the waste and most of the residual carbon in the ash burns. Under these
circumstances, combustion gas temperatures are relatively low (760 to 980°C [1,400 to
1,800°F]).

While the organic substances in the medical waste are being burned, the pathogenic
organisms are also disposed. After the incineration the medical waste decrease by 95% in
volume, and by 80% in mass. The duration of the medical wastes held in the incineration
unit varies in relation to the types of systems.

The post-incineration (volatile) gases accompanied with excess air are sent to the second
stage so that they can be burned completely. Secondary chamber temperatures are higher
than primary chamber temperatures—at least from 980 to 1,095°C (1,800 to 2,000°F). These
values are changeable, sometimes needed to increase, according to the heating value and
moisture content of the waste through auxiliary burners located at the entrance to the
secondary (upper) chamber to reach at the desired temperatures. This operation enables the
demolition of organic toxic substances such as dioxin and furan. There might be a
considerable between the minimum and the maximum waste feed capacities for controlled
air incinerators. For example, it ranges from about 0.6 to 50 kg/min (75 to 6,500 1b/hr) at an
assumed fuel heating value of 19,700 kJ/kg [8,500 Btu/1b]. On the other hand, lower heating
value wastes require a higher degree throughput capacity because feed capacities are
limited by primary. The unit size and options purchased are the determining factors on
whether waste feed and ash removal will be carried out manually or automatically. [22

The post-incineration (volatile) gases accompanied with excess air are sent to the second
stage so that they can be burned completely.

Secondary chamber temperatures are higher than primary chamber temperatures —at least
from 980 to 1,095°C (1,800 to 2,000°F). These values are changeable, sometimes needed to
increase, according to the heating value and moisture content of the waste through auxiliary
burners located at the entrance to the secondary (upper) chamber to reach at the desired
temperatures. This operation enables the demolition of organic toxic substances such as
dioxin and furan.

There might be a considerable between the minimum and the maximum waste feed
capacities for controlled air incinerators. For example, it ranges from about 0.6 to 50 kg/min
(75 to 6,500 Ib/hr) at an assumed fuel heating value of 19,700 kJ/kg [8,500 Btu/Ib]. On the
other hand, lower heating value wastes require a higher degree throughput capacity
because feed capacities are limited by primary. The unit size and options purchased are the
determining factors on whether waste feed and ash removal will be carried out manually or
automatically. [11]

Apart from some advantages, the incineration systems with their various types have some
disadvantages. For those negativities, the advanced countries develop some solutions which
get rid of the burning smell with flue infiltration at high level costs. If the incinerator
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Pic. 12. Incineration Solid Waste Disposal (1995), [22].

operates at lower heat, it produces 8-10 times more dioxin and furans than any normal
operation. In other words, dioxins and furans are formed at the maximum level when the
incinerator works at the lowest temperature (200-450°C). For this reason, the ambient
temperature is increased by using supplemental fuels, therefore, the risk is eliminated. [23]
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Pic. 13. ‘De Montfort’ incinerators

‘De Montfort’ incinerators are systems widely used by underdeveloped countries today. It is
first created by the De Montfort University Innovation Technology Center (Leicester, UK)
whose name is now Applied Sustainable Technology Group in order to provide a cheap but
effective healthcare wastes incinerators for developing or underdeveloped countries. It
would meet the criteria of a temperature of above 800°C with a residence time of over 1
second. [23]

There are considerable amount of studies which show that the implementation of De
Montfort incinerators are widely used in certain countries with the low income per capita,
such as Kenya, Tanzania, and India. 3!

Kenya: The studies indicate that the 55% of the 44 De Montfort type incinerators which
were constructed in 2002 were in intermittent or regular use. It is also determined that
only 1 of 14 sites in which tests and interviews were conducted had an operator with
‘near to adequate’ skills, 24l While nearly 40% of health facility managers demonstrated
any level of commitment, many technical defects in the equipment and inappropriate
operation of incinerators are other results of the observations. [23]

Tanzania: All “De Montfort’ type incinerators which were constructed in 2001 and 2003
were in use at the time of study of which less than 40% had trained operators, 70% had
low smoke disturbance and 60% had safe ash disposal [24]).

India: HCWH made a research on eight “‘De Montfort” incinerators at hospitals in India
which are mostly 1 or 2 years old (2002). The findings of this study can be stated as
follows: visible smoke from the stack; smoke emission from the chamber door and air
inlets; commingling of sharps and non-infectious waste, despite some source
segregation; large quantities of unburned materials (sometimes plastics, syringes, glass,
paper and gauze) in the ash; deficient ash disposal practices; siting in all cases near
populated areas (e.g., playground, orphanage, hospital staff quarters, a primary school,
town center) and a lack of operator training. [2¢]
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4.3 Emissions and their monitoring to the incineration technologies

The flue values are really significant for incineration systems. Referring to environmental
effects, incinerators can produce toxic emissions such as carbon monoxide (CO), dioxins
(polychlorinated dibenzo-para-dioxins or PCDDs), and furans (polychlorinated
dibenzofurans or PCDFs).

e Hospital wastes contain a considerable amount of plastic substances. 15-20% of those
wastes are PVCs. It is also possible to find approximately 9-10% PVC in infectious
wastes. The equipments with PVC which are used in medical centers are IV bags, IV
tubes, blood bags, endotracheal tubes, bed coverings, and oxygen tents.

Waste segregation is extremely important for preventing the incineration of PVC (IVs, etc.)
waste. In case of any presence of chloric substances such as PVS in the medical waste, this
causes the formation of some volatile organic substances as a result of combustion, such as
dioxins and furans. The materials with PE or PET are much more preferable than those with
PVC.

e Controlling whether the incinerator is constructed in accordance with the
recommended dimensions, using appropriate materials, whether it is functioning
properly, and keeping the chimney clear of excessive soot.

The incinerators should be constructed in compliance with the standards determined by the
relevant authorities of countries. Appropriate material tests and regular flue controls are
necessary.

e Ensuring that the preheating of incinerator functions adequately, and that
supplementary fuel is added whenever necessary.

Temperature degree should not be ignored. The gases coming out at low temperature
constitutes a threat against human health.

e  Adopting rigid quality control measures.
It is very important to do routine checks regularly and follow the rules.

In addition to all these instructions, it is also necessary to install a gauge temperature degree
on the chimney in order to maintain the temperature during the operation. Smoke levels,
loading rates, usage of fuel and the incinerated waste type are other parameters to be
rigorously monitored and recorded. If it is impossible to install a gauge, it might be helpful
to follow a visual guide in order to maintain the temperature.[2]

Other data to be carefully recorded during the combustion operation: following the
temperature of the incinerator, smell degree, the amount of the medical waste which is fed,
the amount of the medical waste which is disposed at the end of the day, the amount of the
fuel used.

Finally It draws attention towards different systems that the establishment and operation of
the incineration technology plants cost very high and the rules and standards are becoming
increasingly difficult. The unlimited growth in the residential areas along with the increase
in the world population make things difficult for the operators in terms of finding
appropriate spaces practically.
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The greatest sanction which is impossible to ignore comes from the rule maker authorities.
As it can be seen in the publication, namely ‘Safe Management of Wastes from Health-care
Activities” which was published by WHO in 1999 (Table 4) [8], Dioxins/furans 2.3 ng was
declared as TEQ.

In the European Union Directive No. 2000/76/EC [271 which was published on 4 December
2000, the emission values in the incineration plants was determined as 0.1 ng TEQ/m3 for
dioxins and furans.

Emission Daily average Hourly average 4-hour average
{mgln'nnS}; {mg:’mk}; {mg:’mk};
Total dust 5 10 —
Total organic carbon 5 10 —
Chlorine compounds 5 10 —
Fluorine compounds 1 2 —
Sulfur oxides as 30, 25 50 —
Mitrogen oxides as NO, 100 200 —
Carbon monoxide 50 100 —
Mercury — — 0.05
Cadmium and thallium — — 0.05
Lead, chromium, copper, — — 05
and manganese
Mickel and arsenic — — 0.5
Antimony, cobalt, — — 0.5
vanadium, and tin
Dioxins and furans — — 0.1
Crygen content at least 6% at any moment

"Measurements made at standard temperature and pressure.

Table 5. [8] Standards for incinerator emissions in the European Union

As a result of this amendments, the new member states and the Eastern European countries
had difficulties with satisfying those criteria, and some of these countries had to close
plants, and the others managed to meet those criteria by making unplanned investments. 28]
The lifetime for the incineration technologies is limited by 10 years and their establishment
and operation is at a high cost. When we make comparison between incineration
technologies and non-incineration technologies, the necessity for a considerable
maintenance and investment makes non-incineration technologies more preferable.

5. Non-incineration technologies

Non-incineration treatment technologies can be classified based on a number of
different criteria. They can be classified according to the ownership in the market share,
the types of the waste of disposal, or, the purchase price of the technology. Moreover,
Dr. Jorge Emmanuel and his friends’ studies in 2004 [28] show another way of
categorization non-incineration technologies based on the fundamental process used to
decontaminate waste.
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Non-incineration Technologies are categorized in this section as follows:

i.  Chemical processes

ii. Irradiative processes

iii. Biological processes

iv. Low-heat thermal processes

5.1 Chemical processes

Chemical disinfectants are generally used for killing microorganisms and inactivating
hazardous pathogens. The chemicals used in cleaning the surfaces touched by infected
patients and other patients’ apparatuses in hospitals is also another method preferred by
some systems for nullification of medical wastes. The disinfection process becomes more
practical by supplementing a large amount of water into the chemical disinfectants; this also
helps to cool mechanical equipment during the shredding, grinding, or mixing process.
Those systems that prefers this method are usually used during the volumetric grinding of
medical wastes. If the amount of supplemented water exceeds the defined measure, the
chemical loses its effect, then it falls short of satisfying the desired level of disinfection.
Among the disinfectants preferred in chemical processes are dissolved chlorine dioxide,
bleach (sodium hypochlorite), peracetic acid, or dry inorganic chemicals.

Depending on the sterilization effectiveness of the chemical disinfectant to be used in the
medical waste disposal, the reaction of some factors should be taken into consideration.
Chemical temperature, water and pH values can change the disinfection effectiveness.
Chlorine, ozone, formaldehyde, ethylene oxide gas, propylene oxide gas and peracetic acids
can be preferred in order to support chemical disinfection. The chemical formulas of some
technologies that are available on the market are sold-provided to the user in exchange with
kit by the supplier firm of the technology without being exposed.

The most efficient treatment in which the chemical disinfectants are used is of liquid
wastes, especially blood, urine, stools, or hospital sewage. On the other hand, there are
certain limitations on the chemical disinfection processes of solid- and even highly
hazardous- health-care wastes, such as microbiological cultures, sharps, etc. First of all,
those types of wastes should be subject to shredding and/or milling processes. It is
frequently observed that the shredder, the mostly weakest element of the treatment chain,
exposes mechanical failures, or even breakdown. Therefore, the regular check-ups of
those equipments are very important. Another point to take into account is the training
and the protection of personnel who are supposed to use these powerful disinfectants
which are themselves also hazardous. Furthermore, operational conditions should be
suitable for an efficient disinfection process. Also, the disinfection should be applied to
only the surface of intact solid waste. [8]

5.1.1 Types of chemical disinfectants

Depending on their efficiencies and functions, the type of chemical disinfectants used in the
disinfection changes. Sodium hypochlorite functions in killing microorganisms which
requires the shredding of the biomedical waste units, such as bags, boxes or other type of
containers. For disinfection to be accomplished, there must be a reduction of 4 log 10
(99.99% reduction) in the spores of B. stearothermophilus or B. subtilis. Among other
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chemicals to be used in chemical disinfection are chlorine derivatives, ozone and some
enzymes. [29]

The use of hypochlorite solutions in killing microorganisms, on the other hand, first requires
that the biomedical containers be subject to grinding. There must be a reduction of 4 log 10
(99.99% reduction) in the spores of B. stearothermophilus or B. subtilis where the process is
completed. For example, chlorine derivatives, ozone or enzymes are some other chemicals
that can be used in chemical disinfectant groups.[’]

An overview of the characteristics of the main groups of disinfectants is given in Table 6 [8]

Disinfectants Bactericidal Tuberculocidal Fungicidal  Virucida Sporicidal Local Applications
activity activity activity activity activity human
toxicity
Alcohol Very active Very active Very active Very active Mot active  Moderate e Skin antisepsis

Disinfection of
small surfaces

Chlorhexidine  Less active Mot active Less active Mot active  Not active  Low = Skin and wound
against Gram- antisepsis
negafive bacil

Chlorine Very aclive Active Active Very active Less active Moderate e Skin and wound

compounds antisepsis

{chloramine, = Water freatment

hypochlorite) = Surface
disinfection

Formaldehyde Very active Very active Very active Very active Less active High * Disinfection of

inanimate objects
and surfaces

Glutaraldehyde Very active Very active Very active Very active Very active High = Disinfection of

inanimate objects

Hydrogen Less active Active Active Active Less active Low * Wound antisepsis

peroxide against
staphylococc
and enterococci

odophore Active Active Less active Active MNot active  Moderate » Skin and wound

antisepsis

Peracetic acid Very active Active Active Active Active High * Disinfection of

inanimate objects

FPhenaolic Very active Very active Very active Less active Not active  High » Disinfection of

compounds inanimate objects
and surfaces

Quatemary Less active Mat active Less active Less active Mot active Low * In combination

ammonium against Gram- with other
compounds negative bacill compounds

Table 6. Characteristics of the main disinfectant groups [8]

As the World Health organization declared and can be seen in the Table 5, there are certain
spaces in which disinfectants can be actively used. There is no such a chemical substance
which is able to kill all kinds of microorganisms, or suitable for using in every type of
medium. As a general fact, it is true that it is the primary function of disinfectants to
eliminate microorganisms, or at least reduce them to a certain desired degree. However,
their target varies depending on not only their effectiveness but also their corrosiveness. In
this regard, it is extremely important to know which type of disinfectant is efficient on
which type of medium along with the types of organisms on which they have an effect.
Besides the types of chemicals mostly used for disinfection of health-care waste such as
aldehydes, chlorine compounds, ammonium salts, and phenolic compounds, ethylene oxide



58 A Roadmap of Biomedical Engineers and Milestones

is used in hospitals for the disinfection of the substances of which forms are decomposed at
a high degree temperature and heat. Its use is no longer recommended since the handling of
ethylene may give rise to significant hazards, as another factor affecting the use of such
chemicals in disinfection, although it may still be used in some countries. Under normal
circumstances, disposal necessitates single use only. Yet such chemicals are used in some
countries intentionally despite their hazards against human health because of their cost-
effectiveness. Therefore we can conclude that chemical processes are not sufficient methods
in the medical waste disposal by themselves.

5.2 Irradiative processes

Irradiation technology is mainly based on electron beam system. In other words, irradiation
technologies comprise Cobalt-60, or ultraviolet beams (UV), or electron beams. This
technology works through a process in which electromagnetic radiation extracts the electron
from the nuclear orbit when it reaches at a certain energy level. The most significant
difference of this technology from microwaves is its extraction of electron from the orbit.
The system which completely functions through computer software control is a design of
high technology. After the hazardous wastes collected from hospitals are subject to a process
through this technology, they become non-noxious- household wastes. The medical wastes
become unrecognizable after this processing. They completely lose their physical form and
reduce in volume. Considering the advantages of the technology, it is not an unknown
system to biomedical engineers since it has been used in cancer therapies more than 20
years. This also shows us that biomedical applications and the biomedical sphere itself are
interdisciplinary.

Another advantage of the technology which should be emphasized here is its environment
friendly qualities. In contrast to other incineration technologies, it does not cause any air
pollution with the minimum degree of toxic emissions except for a negligible amount of
ozone. Moreover, the absence of any liquid waste draws another aspect which makes it
preferable. In terms of practicality, it is a technology which can be easily operated in room
temperature as well as it does not require any extra consumable materials such as extra
water, vapor, heat or any extra chemicals. Additionally, it has a low operating cost.

When it comes to the disadvantages of this technology, it requires a highly-organized
personnel safety. Since it has a considerable capital cost to build a concrete shield, or an
underground structure for the protection from radiation in terms of both thickness and
infrastructure, it should be well calculated before the project. Ozone off-gas which is
extracted from the exhaust after the process can be considered as another disadvantage of
the system.

5.3 Biological processes

In the medical waste disposal technologies, not too many technologies which work on
biological procedures are available on the market. The fundamental principle of this
technology is to provide the medical waste disposal by destroying enzymes and organic
substances. An enzyme mixture used in the system decontaminates the medical waste first,
and then the sewage disposal is achieved through the extrusion of the residuum. Only few
technologies has tried this method. The system which is not allowed in EU countries has
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been tested in Virginia State in the U.S.A., under the name “Bio-Converter”, and mostly
used in agriculture to dispose animal waste due to its capacity for large applications (10
tons/ day)2] Biological process technologies are not widely released to the market because
its feasibility are not efficient and these technology still in the research and development
phase.

5.4 Low-heat thermal processes

First of all, the equipments designed by the low-heat thermal technologies transform the
medical wastes into household (non-noxious) wastes, killing microorganisms in between
93°C and 177°C. We can analyze this technology in two categories: wet heat (steam) thermal
technologies and dry heat (hot air) thermal technologies.

e  Low-heat thermal technologies:
i.  Autoclaves

In wet heat treatment technology, steam is used, and all thanks to this, the medical waste
becomes disinfected and sterilized, that is, disposed of microorganisms. This operation is
completed in a pressure container, namely autoclaves. Autoclave technology equipments
have been used for years in the sterilization of the materials used in hospitals. These
equipments secure the sterilization with pressurized steam at high temperature. Thus,
surgery sets in hospitals are being sterilized in this way, and become reusable again and
again. The pressurized steam has the capacity to reach at the inmost pores, and thus, to
achieve a complete sterilization by disposing of microorganisms.

The medical waste autoclave devices which work through the very same logic kill
microorganisms and viruses comprised in the medical waste and make them harmless. The
pre-grinding systems available on the market first grind the intact medical waste within a
closed system, then inactive the waste of which surface area has expanded, by exposing it to
the pressurized steam at a high-degree temperature. The active duration for the pressurized
steam to enable sterilization is 15 minutes in 121°C, and 30 minutes in 115°C. When it comes
to the time-temperature parameters, the duration of sterilization decreases by the increase in
temperature. However, for medical wastes, what is suggested is their nonstop subjection to
a 1-4 hour-operation with a minimal temperature of 121°C and a pressure of 2-5 bar (200-
500kPa). [29]

The autoclave sterilization clearly exceeds further the expectation that an adequate chemical
treatment should be able to inactivate 99.99% of the microorganisms in the waste, that is a
level of 4 log 10. On the other hand, the autoclave sterilization provides the killing of
microorganisms in all their forms to a level of 6 log 10 or higher. This simply means that a
least 99.9999 % of the original spores of B. stearothermophilus have been destroyed in the
waste, or that only one spore or less has survived the treatment from a population of one
million spores. As it can be seen, there is an obvious difference between any chemical
treatment and autoclave sterilization.[?9]

Advantages of the Autoclaves

As already mentioned, the autoclaves are not a new system, it is a technology that have been
already used in hospitals which has been widely accepted in many countries in terms of
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medical waste treatment. They present such facilities as large availability on the market by
virtue of capacity, size and volume.

Although they are a type of hazardous medical waste treatment systems, their emission
values are almost non-existing. If exhaust tars outlet pipes are used in the systems, any harm
against environment is being prevented by supporting with heat filters. Capital costs are
relatively low. This type of technologies that are available on the market is mostly
computerized systems, therefore it is possible to see and record the amount of the medical
wastes transformed into household wastes.

Disadvantages of the Autoclaves

- Large and sharp entities (shredder or grinder) might be harmful.
- Penetration of the pressurized steam may cause an effective smell in the waste.

The household waste which comes out of the systems without drier or vacuum facilities
gains weight because of the pressurized steam to which it has been subjected. The medical
waste dumped will be lighter than the household waste gained. The autoclave technologies
are not exactly a disposal method but it is a pre-requisite implementation to be done before
the medical waste collection and transmission. Any tiny faults which may be done by those
who collect and transmit threaten firstly their own health and life, then those of others
around them. The autoclave technology which is actively used in hospitals is a factor which
helps patient recover after surgery operations by disposing the surgical sets used in those
operations of microorganisms on the one hand, it constitutes another factor which might
affect community health in a way that if medical wastes are pulled out from hospitals
without passing through this system, this may lead any disease onset for some people.

ii. Microwaves Technology

Microwaves technology simply refers to the inactivation of any hazardous factors in the
medical waste with the help of microwaves applied to the water droplets in the waste.
Without any external supplementation of water, hot air or pressure, the system works only
with the help of microwaves. The microwave frequency to be applied for medical wastes is
2459 MHz, and the wavelength is 12.24 cm.

This system which is commonly preferred in European countries is thought expensive and
barely accepted by the Middle East countries. Not as many as those which produce
autoclave technologies, there is a number of firms which develop this technology. A certain
range of wastes can be treated in a microwave except for volatile and semi-volatile organic
compounds, chemotherapeutic wastes, mercury, other hazardous chemical wastes, and
radiological wastes.

Advantages of the microwave technology

- Microwave technology has simply no difference with the household microwave ovens,
and they are preferable.

- The emissions from microwave units are minimal.

- Even some models on the market do not give out any liquid effluents.

- By using grinders, a volumetric reduction of 80% in the waste can be observed.
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There is no difficulty with the use of the technology, and it can be used with one single
operator.

The disadvantages of the microwave technology

- There may be some offensive odors around the device.
- The capital cost is relatively high.
- The large and sharp entities (shredder or grinder) may be harmful.

iii. Dry heat (hot air) Thermal Technologies

Dry heat (hot air) Thermal Technologies present an applicable technology which destroys
microorganisms by hot air formed on the surface on which the medical waste is located,
using only heat without any pressurized steam and water.

Some technologies are based on the hot wall application in which the waste is heated up by
the hot walls of the chamber through conduction and natural convection whereas other
technologies use radiant heating by means of infrared and quartz heaters. In comparison to
steam-based processes, dry heat processes principally use higher temperatures and shooter
exposure times. However, the properties and size of the wastes are determining factors on
the time-temperature requisites.[28]

Both systems present similarities with autoclaves and microwaves in terms of the object of
the treatment such ascultures and stocks, sharps, materials contaminated with blood and
body fluids, isolation and surgery wastes, laboratory wastes (excluding chemical waste),
and soft wastes (gauze, bandages, drapes, gowns, bedding, etc.) from patient care.
Although the technology allows for human anatomical wastes to be treated, there are
ethical, legal, cultural disagreements preventing the use of this technology on these
subjects.

In certain systems with exhaust outlet pipes, it is possible to filter by using a combination of
HEPA, carbon filters and venture scrubber which reduces offensive odors to a minimal
level.

Advantages of the dry heat thermal technology

- Its structure is not too complicated in terms of design.

- Itis areliable system to inactivate wet and liquid wastes (body fluid, blood, etc.).
- There is no liquid effluents.

- There is a volumetric reduction of 80% in the models with internal shredders.

- It can be used by one single operator.

Disadvantages of the dry heat thermal technology

- Large and sharp entities (shredder or grinder) might be harmful.
- It may not be preferable for hospitals due to considerable power expenditure.
- There may be some offensive odors around the device.

In Table 7 some of non-incineration technologies listed. For further information, detail can
see reference list.



62 A Roadmap of Biomedical Engineers and Milestones

Non-incineration Technology Technology name, vendor

LOW-HEAT THERMAL PROCESSES

Autoclave or Retort Tuttnauer

Shredding-Steam-Mixing/Drying Ecodas

Steam-Mixing-Fragmenting/Drying Hydroclave Systems Corp.

Shredding-Steam-Mixing/Drying, Chemical Steriflash, T.E.M.

Vacuum-Steam/Drying/Shredding Sterival, Starifant Vetriebs GmbH

Shredding-Steam/Drying, Chemical STI Chem-Clav, Waste Reduction Europe Ltd

Shredding-Steam-Mixing/Compaction STS, Erdwich Zerkleinerungssysteme GmbH
Non-incineration technology Technology name, vendor

Vacuum-Steam/Drying/Shredding System Drauschke, GOK Consulting AG

Steam-Fragmenting/Drying ZDA-M3, Maschinenvertrieb fiir Umwelttechnik GmbH

Microwave Treatment Ecostéryl, AMB S.A.

Microwave Treatment Medister, Meteka

Microwave Treatment Sanitec

Microwave Treatment Sintion, CMB Maschinenbau und Handels GmbH

Vacuum-Steam/Microwave

Treatment/Drying/Shredding Sterifant Vertriebs GmbH

CHEMICAL PROCESSES

Fragmenting-Steam-NaClO/Cl:0 Newster, Multiservice First s.r.].

Alkaline Hydrolysis WR?, Waste Reduction Europe Ltd

IRRADIATION PROCESSES

Electron Beam-Shredding U. Miami E-Beam

BIOLOGICAL PROCESSES

- Today not available in Europe

Table 7. Some of non-incineration technologies listed. For further information see Reference
(28], [29]

6. Conclusion

When Medical Waste Treatment Technologies are presented as an example for Biomedical
Instrument Application, it has been revealed that the technologies which can be used in
different areas are also applicable for different purpose. Therefore they may have direct or
indirect effects on human health.



Biomedical Instrument Application 63

For example, while the autoclave technologies that have been used in hospitals for years are
systems which help patients recover by disposing the surgical sets used in operations of
microorganisms (if this system is used correctly, it efficiently reduces the risk of infection for
the patient), they are necessary to be applied during the medical waste collection and
transmission in order to eliminate all possible risks although they are not exactly disposal
methods in low-heat thermal technologies. Any tiny faults which may be done by those who
collect and transmit threaten firstly their own health and life, then those of others around
them. While hospitals are certain places for some people to find their remedies, they should
not become a kind of place which causes some people to get diseases.

As rules and laws vary depending on countries, this chapter is written in order to give a
presentation of and raise an awareness on the operations in Asia, Europe and America. For
example, while there is no permission for medical waste storage in European countries,
hospitals in Asia and non-member of EU are storing their medical wastes in those hospitals
for weeks and even months, or leave them on the streets without protection and lead to a
danger against environment. Street animals become agents of an unhealthy cycle by
carrying those microbes to humans. Unconscious Landfilling operated in some countries, as
shown, has a negative effect on human life. The increase in the world population along with
the carelessness in taking necessary precautions on time makes the subject more crucial,
even it has been tried to attract attention to the awareness of the significance of the problem
by some social organizations.

While the developed countries pride themselves on the medical waste statistics of their
hospitals, a low level of medical waste extracted can be considered as a matter of success in
some countries. The developing technologies and the investments of health care sector
indicate that the care for human health is only possible to use different materials for each
patient and prevent possible risks rather than using the same materials again and again. The
infection and medical waste statistics among hospitals should be declared by the relevant
authorities, a competence between hospitals should be raised.

The statistics to be published will show that people will prefer the hospitals with low
infection and high medical waste statistics in the countries in which they live.

As an interdisciplinary area, biomedical has taught us the methods for considering different
matters from different aspects. We should expose what we can do, both technologically and
instrumentally, on the matters of which we have a certain level of true knowledge and
thoughts. We should know how to sustain our lives without harming the world in which we
live, without putting at risk others” lives. We should aim at leaving a living space for our
future, for our children which will be better than what we have had.

For further information, primary references used in this chapter of the book are
recommended: Safe Management Wastes from Health-care Activities co-edited by A. Priiss,
E. Giroult, P. Rushbrook which was published by World Health Organization in GENEVA
in 1999; and “Non--Incineration Medical Waste Treatment Technologies: A Resource for
Hospital Administrators, Facility Managers, Health Care Professionals, Environmental
Advocates, and Community Members” prepared by Dr. Jorge Emmanuel in 2004 which was
issued by Health Care Without Harm.
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1. Introduction

Biomaterial can be described as a combination of substances originating from natural,
inorganic or organic materials that is biocompatible in exactly or partially contact with the
body for healing time. They involve complete or part of a living organism or biomedical
device which performs, augments or replacements any natural function [1].

Biomaterial is a nonviable substance used in a medical device intended to interact with
biological systems. Their usage within a physiologic medium needs the characteristic
features such as efficient and reliable. These characteristic features have provided with a
suitable combination of chemical, mechanical, physical and biological properties [2].
Nowadays, biomaterials are commonly used in various medical devices and systems;
synthetic skin; drug delivery systems; tissue cultures; hybrid organs; synthetic blood
vessels; artificial hearts; cardiac pacemakers; screws, plates, wires and pins for bone
treatments; total artificial joint implants; skull reconstruction; dental and maxillofacial
applications [3].

Metals and their alloys, polymers, ceramics and composites are commonly used for
biomedical applications. These materials that have different atomic arrangement present the
diversified structural, physical, chemical and mechanical properties and so different
properties offer alternative applications in the body. The mechanical properties of metals
and their alloys such as strength, elasticity coefficient and fatigue life makes them attractive
materials for many load-bearing biomedical systems. Metallic materials tend to degradation
in a corrosion process and even as the corrosion reactions of releasing some side products
such as ions, chemical compounds and insoluble components that may cause adverse
biological reactions.

Ceramic materials are desirable biomaterials due to the biocompatible properties such as
bioactive, bioinert and biodegradable, however they have significant disadvantages such as
brittleness, low strength etc. [1-4].

Polymers are attractive materials for biomedical applications such as cardiovascular devices,
replacement and proliferation of various soft tissues. They are also used in drug delivery
systems, diagnostic supports and as a reconstructive material for tissue engineering. The
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current applications of them include cardiac valves, artificial hearts, vascular grafts, breast
prosthesis, contact and intraocular lenses, fixtures of extracorporeal oxygenators, dialysis
and plasmapheresis systems, coating materials for medical products, surgical materials,
tissue adhesives etc. [3]. The composition, structure and organization of constituent
macromolecules specify the properties of polymers.

Composite is a material comprised of two or more metal, polymer or ceramic structures
which are separated by an interface. Composite materials have been widely used for a long
time in innovative technological applications due to their superior mechanical properties.
The bones, tendons, skin, ligaments, teeth, etc. are natural composite structures in the
human body. The amount, distribution, morphology and properties of structure
components determine the final behavior of resultant tissues or organs. Some synthetic
composites can be used to produce prosthesis able to simulate the tissues, to compromise
with their mechanical behavior and to restore the functions of the damaged tissues.
Composites are usually classified based on their matrix components like metals, ceramics,
polymers or reinforcement components like particulates, short or long fibers, microfillers,
nanofillers. Many matrix and reinforcement components of composite materials have been
tried by several researchers in tissue engineering to advance the mechanical features,
biologic functions and to deliver special molecules. Biocompatible polymers have been
mostly applied as matrix for composite materials associated with ceramic fillers in tissue
engineering. Although ceramics are generally stiff and brittle materials, polymers are known
to be flexible and exhibit low mechanical strength and stiffness. Composites aim to combine
the properties of both materials for medical applications [1-9].

There are currently thousands of surgical materials, hard and soft tissue products,
biomedical devices, pharmaceutical and diagnostic products and disposable materials at the
medical market. The recent biomaterial applications were aimed to engineered tissues,
intelligent materials, tissue cultures, drug delivery systems, artificial organs, biomimetic
systems and materials in addition to traditional medical applications. Nowadays, modern
clinical procedures such as preventing and curing main genetic diseases are become
significant and new medical demands cause the change of the biomaterial products.
Materials scientists and engineers need researchers who work effectively in professional
teams such as molecular biologists, biochemists, geneticists and physicians and they also
aim for the materials which are recognised by cells, biochemical structures, molecules and
genetic issues [4].

2. Materials used in medicine
2.1 Natural materials

Biopolymers are natural materials such as carbohydrates, proteins, cellulose, starch, chitin,
proteins, peptides, DNA and RNA produced by living organisms [10]. Generally, the
synthesis procedure of them involves enzyme-catalysed polymerization reactions of
activated monomers and chain growth which are characteristically formed within cells by
complex metabolic processes [11]. Figure 1 shows classification, structures and functions of
biopolymers. Table 1 also presents incidence and physiological functions of certain natural
polymers.
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Fig. 1. (a) Classification of biopolymers and (b) structure and functions of biopolymers [12].

Polymer Incidence Physiological Function

Proteins Silk Synthesized by arthropods Protective cocoon

Keratin Hair Thermal insulation

Collagen Connective tissues (tendon, Mechanical support

skin, etc.)

Gelatine Partly amorphous collagen

Fibrinogen Blood Blood clotting

Elastin Neck ligament Mechanical support

Actin Muscle Contraction, motility

Myosin Muscle Contraction, motility
Polysaccharides |Cellulose (cotton) Plants Mechanical support

Amylose Plants Energy reservoir

Dextran Synthesized by bacteria Matrix for growth of

organism
Chitin Insects, crustaceans Provides shape and form
Glycosaminoglycans |Connective tissues Contributes to mechanical
support

Polynucleotides |Deoxyribonucleic acid |Cell nucleus Direct protein biosynthesis

(DNA)

Ribonucleic acid Cell nucleus Direct protein biosynthesis

(RNA)

Table 1. Incidence and physiological functions of certain natural polymers [12].
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DNA is a natural polymer that has a great importance in all living creatures. DNA can be
involved in the nucleus of every human cell and determines all of the physical
characteristics through genes. Genes consist of a sequence of nucleotides that a specific
protein is to be made. Hence the proteins carry out all of the functions of living organisms.
Nucleotides are the monomers of DNA and each nucleotide consists of a 5-carbon sugar, a
base and a phosphate. There are four bases named as Adenine(A), Thymine(T), Cytosine(C)
and Guanine(G). The purines (Adenine and Guanine) have 5 carbons and the pyrimidines
(Thymine and Cytosine) have 3 carbons. Purines are nitrogen containing bases consisting of
two rings and pyrimidines are nitrogen containing bases with just one ring consisting of
carbon and nitrogen. The nucleotides are linked covalently by carbon atoms and covalent
bonding occurs between the sugar of one nucleotide and the phosphate in the backbone of
the next. Each nucleotide is then paired up with their corresponding base (A to T and C to
G). A weak hydrogen bond only holds the two base pairs together which makes DNA very
easy to split and replicate. The linked nucleotides become a polynucleotide and named as
the polymer of DNA (Figure 2a and 2b) [13].
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Fig. 2. (a) DNA structure [14] and (b) double helix [15].

Polysaccharide is a macromolecule consisting of a large number of monosaccharide chains
joined to each other by glycosidic linkages. Polysaccharides are made up chains of
monosaccharide molecules which are linked together by glycosidic bonds and occurred by
the condensation reaction. The linkage of monosaccharides into chains creates of greatly
varying length ranging from chains of just two monosaccharide that make a disaccharide to
the polysaccharides which consists of many thousands of the sugars. The polysaccharides
play different and significant roles within the biological processes. [16]. The assembly of the
polysaccharide is conducted by enzyme-driven reactions. It is the most spacious
polysaccharide in nature and acts as a storage carbohydrate in many different parts of a
plant. Starch, cellulose, glycogen and chitin are the basic polysaccharides used for medical
applications. Starch is a combination of branched and linear polymers of D-glucose
molecules generated by plants (Figure 3a). Starch contains only a single type of
carbohydrate (glucose) [11].

Cellulose is the most common carbohydrate in the world and is the main substance that
forms most of a plant's cell walls. Its structure consists of long polymer chains of glucose
units bonded by a beta acetal group. Cellulose structure has mostly a linear chain due to the
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bond angles in the beta acetal group. The repeating monomer unit in starch structures is
alpha glucose. Starch-amylose forms a spiral structure because of the bond angles in the
alpha acetal groups (Figure 3b) [17].

Cellulose Starch
OH OH
0
o1, 0 0
ﬁAceIa\
aAceta\

Fig. 3. Structure of (a) starch and (b) cellulose [17].

Collagen is a main structural protein located in the body. It provides homogen strength to
the tissues and organs of the body and comprises 90% of the organic matrix of bone together
with the mineral, manages through the biomechanical properties and functional integrity of
tissues. Collagen that is in the shape of elongated fibrils is mostly included in fibrous tissues
such as tendon, ligament and skin, and is also abundant in cornea, cartilage, bone, blood
vessels and intervertebral disc. The collagen molecule has a distinctive feature that consists
of three polypeptide chains. Proline, hydroxyproline and Gly-Prol-Hyp amino acids are the
most common triplet found in collagen. The repeating sequence of these amino acids allows
the chains to form a triple-helical structure. The arrangement of triple helices in fibrils is
provide high tensile strength to this biopolymer [18].

Proteins are complex biopolymeric structures that are composed of up to 20 different amino
acids. These amino acid units are sequenced by the template specific reamer of the
polymerization process. Protein chains can contain a few hundreds or thousands of amino
acid units (Figure 4).

Frlmary protein structure
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HO OH

NH,
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Fig. 4. (a) Amino acid molecule (serin) and (b protein structure [13].

Chitin is a biopolymer of b(1/4)-linked N-acetyl-D-glucosamine residues (Figure 5a). Chitin
is the second most abundant polysaccharide in nature and it is the basic structural
component of the exoskeleton of invertebrates such as crustaceans, insects and spiders. It
can also be found in the cell walls of most fungi and many algae. Chitosan is obtained from
the alkaline deacetylation reaction of chitin and is a linear polysaccharide consisting of N-
glucosamine and N-acetyl glucosamine units linked by b(1/4) glycosidic bonds (Figure 5b).
The deacetylation degree (DD: glucosamine/N-acetyl glucosamine ratio) usually can vary
from 30 to 95% depending on the source.
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Fig. 5. Chemical structure of chitin (a) and chitosan (b).

Alginate is the name given to linear polysaccharide family found in brown algae and is
composed of guluronic and manuronic units. Alginate contains homopolymeric sequences
such as polymer of (1-4) - p -D-mannuronopyranosyl and (1-4)-L-guluronopyranosyl units
in a copolymer [18]. Table 2 shows some applications of natural biomaterials.

Application Natural Biomaterial

Artificial heart valves |Bovine pericardium, intact porcine aortic valves

Hernia repair devices |Porcine small intestinal submucoa, porcine urinary bladder mucosa, porcine
dermal grafts

Sutures Catgut (porcine or bovine intestinal wall), porcine dermal grafts

Skin repair/ wound Dermal allograft, porcine small intestinal submucoa, porcine dermal grafts

care

Vascular prostheses Bovine ureter, porcine small intestinal submucoa, ovine arteries

Urethral repair Porcine bladder

Breast reconstruction  |Dermal allograft

Ligament repair Dermal allograft, porcine small intestinal submucoa, fetal bovine skin

Spinal fusion/bone Bone allograft

healing

Table 2. Some applications of natural biomaterials [19].

Natural products have many applications in the field of medicine, pharmaceuticals,
diagnosis and treatment, food industry and agrochemicals etc. and they have a beneficial for
the treatment of particular diseases on the human body. The recent research in natural
biomaterials tends to many applications in various biomedical fields.

2.2 Metals

Metallic implant materials have significant economic and clinic importance on the medical
applications for a long time. Many of metal and metal alloys such as stainless steel (316L),
titanium and alloys (Cp-Ti, Ti6Al4V), cobalt-chromium alloys (Co-Cr), pure metals, precious
metals, aluminium alloys, zirconium-niobium and tungsten heavy alloys were used for
medical requirements (Table 3). The rapid growth and development of the many specialties
of medicine has created whole new medical industry which was to supply more than a
trillion dollars of medical products such as dental implants, craniofacial plates and screws;
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parts of artificial hearts, pacemakers, clips, valves, balloon catheters, medical devices and
equipments, bone fixation devices, dental materials, medical radiation shielding products,
prosthetic and orthodontic devices, tools of machining metallic biomaterials. The main
criteria in selection of metal-based materials for biomedical applications are their excellent
biocompatibility, convenient mechanical properties, good corrosion resistance and low cost

[4].

Medical Alloys Product Forms Medical Applications
Stainless Steel Tube, pipe, wire, bar, strip, sheet, |Dental and surgical instruments, medical
plate, screw, profile, clips, fixation |devices

devices, nails and pins, joints
Wire, spring

Titanium Surgical implants, medical prostheses, dental
implants, maxillofacial and craniofacial
treatments, cardiovascular devices, surgical

instruments

Cobalt-Chromium

Foil, strip, sheet, bracket, screws,
surgical instruments

Medical equipment

NiTiNol

Wire, Bar, rod, strip

Surgical instruments, orthodontics, robotics

Pure Metals

Plate, profile

Bone fracture fixation devices

Precious Metals

Forgings, castings

Dental materials

Aluminium Alloys

Fasteners

Medical radiation shielding products

Zirconium-Niobium

Machined parts

Prosthetic and orthodontic devices

Tungsten Heavy

Prosthetic components

Tools of machining metallic biomaterials

Alloys

Table 3. Medical metals and alloys for surgical implants and medical devices [5].

At the present time, the compatibility of improved diagnostic instruments and
developments about the information on materials are supposed greater significance as well
as on medical procedures [8]. Metals are used as biomaterials due to their excellent
electrical, thermal and mechanical properties. Metals have some independent electrons
which can transfer an electric charge and thermal energy fastly. These mobile free electrons
act as the bonding force to hold the positive metal ions together. This strong attraction has
proved by the closely packed atomic arrangement resulting in high specific gravity and high
melting points of most metals. Since the metallic bond is not essentially directional, the
position of the metal ions can be altered without destroying the crystal structure resulting in
a plastically deformable solid [9].

Metallic biomaterials such as stainless steel, cobalt-based alloys, titanium and its alloys etc.
form either face-centered cubic, hexagonal close-packed or body-centered cubic unit cells at
body temperature with ideal crystal lattice structures as shown in Table 4. The most of metal
crystals, in contrast to these ideal atom arrangements, contains lattice defects such as
vacancies, dislocations, grain boundaries etc. (Figure 6). The presence of point, line and
planary defects in metal internal structure has a strong effect on mechanical, physical and
chemical properties.
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Lattice Systems |Bravais Lattices Examples
Triclinic P K2Cr20y
a, By #90° CuS04.5H20

\ v\ H3BOs

Monoclinic C Monoclinic Sulphur
a#90° a#90° Naz504.10H20
By =90° By =90°
l i
Orthorhombic [P C I F Rhombic Sulphur
. ath#c . a+rh#c . a+rh#c azhzc KNOs
BaSOs
C c c c
2 i i i
b b b b
Tetragonal P I White Tin
axc ; a#Fc Sn02
TiO;
CaSOq
Rhombohedral [P CaCOs
a=f=y # 90° HgS

Hexagonal P Graphite (C)
ZnO
3 Cds

Cubic P (pcc) I (bec) F (fcc) NaCl
! Zinc Blende (ZnS)
Cu

a a a

P: Primitive centered that includes the lattice points on the cell corners only; I: Body centered which
finds one additional lattice point at the center of the cell; F: Face centered that consists one additional
lattice point at center of each of the faces of the cell; A, B or C: Base centered which has one additional
lattice point at the center of each of one pair of the cell faces.

Table 4. The distribution of the 14 Bravais lattice types into 7 lattice systems [20].
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Fig. 6. Defects of crystal structures: (a) point defects (substitutional or interstitial elements,
vacancies) [21], (b) line defects (edge dislocation) [22] and (c) planar defects (grain
boundaries) [23].

Interatomic bonding in solids occurs by strong primary ionic, covalent, and/or metallic
bonds and weaker secondary interatomic bonding by van der Waals and hydrogen bonds.
Metals are characterized by metallic interatomic bonding with valance shell electrons
forming an electron cloud around the atoms/ions. As a result of the close positioning of
neighboring atoms and the shared valence electrons, the non-directional interatomic
bonding and electron movement within metal crystal lattices is easier than in ionic or
covalently bonded materials. This fundamental distinctive feature of metals results in the
relative ease of plastic deformation as well as the high electrical and thermal conductivities
of metals. Most of the metals used for implant production have either close-packed atomic
structures with face-centered cubic (fcc) or hexagonal close-packed (hcp) unit cells or nearly
close-packed structures forming body-centered cubic (bcc) structures. The equilibrium
distance between atoms defining the unit cells of these crystals and the strength of their
interatomic bond is determined by intrinsic factors such as atom size and valency as well as
extrinsic factors such as temperature and pressure. In addition to ease of deformation to
desired shapes, the ability of deforming plastically at increasing loads results in another
very important characteristic namely an ability to decrease sharp discontinuities through
plastic deformation there by reducing local stress concentrations resulting in relatively high
fracture toughness. These desirable features are dependent on proper selection of processing
conditions for material and part formation [24].

Type of metal used in biomedical applications depends on functions of the implant. 316L
type stainless steel (316L SS) is still the most used alloy in all implants part ranging from
cardiovascular to otorhinology. However, when the implant requires high wear resistance
such as artificial joints, Co-Cr-Mo alloys is better served. Table 5 summarizes surgical
implant alloy compositions used for different biomedical applications [4].

The chemical properties of materials also are due to their atomic bonding types. Atomic
bonding type changes the chemical, physical and mechanical properties of metallic
materials. The surfaces of metallic medical products can be degraded in living systems and
their changed surfaces can release some by-products to biologic medium. As a result of this
releasing process, interactions between cell and tissues with metallic implant surfaces occur.
For this reason, recent research gives great importance to surface properties of metallic
products for the development of biocompatible materials.
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Element 316L Stainless Steel Co-Cr-Mo Grade 4 Ti Ti-6Al-4V
(ASTM F138,139) (ASTM F799) (ASTM F67) (ASTM F136)

Al - - - 5.5-6.5

C 0.03 max. 0.35 max. 0.010 max. 0.08 max.

Co - Balance - -

Cr 17.0 26.0-30.0 - -

Fe Balance 0.75 max. 0.30-0.50 0.25 max.

H - - 0.0125-0.015 0.0125 max.

Mo 2.00 5.0-7.0 - -

Mn 2.00 max. 1.0 max. - -

N - 0.25 max. 0.03-0.05 0.05 max.

Ni 10.00 1.0 max. - -

O - - 0.18-0.40 0.13 max.

P 0.03 max. - - -

S 0.03 max. - - -

Si 0.75 max. 1.0 max. - -

Ti - - Balance Balance

\% - - - 3.5-4.5

W - _ _ _

Table 5. Surgical implant alloy compositions (wt %) [6,7].

The mechanical properties of materials have a great importance during the design of the
load-bearing dental and orthopaedic implants. With a few exceptions, the high tensile
strength and fatigue limit of metallic materials make them the materials of chosen materials
for implants that carry mechanical loads compared with ceramics and polymeric materials.
It should be noted that, in contrast to the nanophase, composite nature of their constituent
macromolecules. The properties of metallic biomaterials as hard tissue implants are
compared below [25]:

Stainless steel (SS)

e  cheaper than other metals,

¢ has high strength, ductility and toughness,
e easy machining,

can be corrosion problem,

can be less bone bonding than other metals,
may create nickel ion sensitivity.

Co-Cr-Mo alloys

cast alloy forms have lower cost than wrought or forged forms,

e cast alloys forms have higher elastic modulus than wrought or forged forms,
e wrought or forged forms has the highest strength/wear resistance,

e  hardest to fabricate,

e may produce cobalt or chromium ion sensitivity/ toxicity.

Titanium alloy (Ti-6A1-4V) versus Titanium (Ti) metal

e titanium alloy is stronger than titanium metal,
e  both have relatively low elastic modulus,
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e neither is as wear resistant as SS or Co-Cr-Mo alloys,
e  both have the best corrosion resistance,
¢  both have excellent bone bonding.

Types of Alloys Used in Medical Devices

Several alloys are used in many medical devices; (1) silver-tin-mercury-copper alloys for
dental amalgam fillers; (2) cobalt-chromium alloys for dental applications, cardiac valves,
bone fracture and joint components; (3) titanium alloys for conductive leads, screws, joint
components and nails and (4) stainless steels for bone fracture and joint components, stents
and prosthetic materials (Table 6 and Figure 7).

Fig. 7. (a) Nanostructured diamond coatings [26]; (b) ceramic and metal hip implant [27]; (c)
metal ankle implants[28]; (d) coronary artery, metallic stent and stent procedure [29].

Application Metal

Conductive leads Titanium and its alloys

Dental amalgams Silver-tin-copper alloys, gold and platinum fillings
Dental applications Cobalt-chromium alloys

Fracture plates Stainless steel, cobalt-chromium alloys
Guide wires Stainless steels

Heart valves Cobalt-chromium alloys

Joint components Cobalt-chromium alloys, titanium alloys
Nails Cobalt-chromium alloys, titanium alloys
Pacemaker cases Titanium alloys

Screws Cobalt-chromium alloys, titanium alloys
Vascular stents Stainless steel, nitinol

Table 6. Medical applications of metals [30].
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Mechanical properties of metals used in medical applications are given in Table 7. Stainless
steel has ultimate tensile strength values that range from 480 to 860 MPa and ultimate tensile
strain values from 12 to 45%. In comparison, cobalt-based alloys have ultimate tensile
strength values that can exceed 1,500 MPa and ultimate tensile strain values between 8%
and 50%. Titanium alloys have ultimate tensile strength values up to about 900 MPa and
ultimate tensile strain values between 10 and 24%. In comparison to polymers, metals have
higher ultimate tensile strength and elastic modulus but lower strains at failure. However,
in comparison to ceramics, metals have lower strengths and elastic modulus with higher

strains to failure [30].

Type and Condition Metal UTS (MPa) |Yield at 2% US (%)

F55, F138 (annealed) Stainless steel 480-515 170-205 40

F55, F138 (cold worked) Stainless steel 655-860 310-690 12-28
F745 (annealed) Stainless steel 480 min. 205 min. 30 min.
F75 (cast) Cobalt-based alloy 655 450 8

F90 (annealed) Cobalt-based alloy 896 379 30-45 min.
F562 (solution annealed) Cobalt-based alloy 793-1,000 241-448 50
F562(cold worked) Cobalt-based alloy 1,793 min. 1,586 min. 8

F563 (annealed) Cobalt-based alloy 600 276 50

F563 (cold worked and aged) Cobalt-based alloy 1,000-1,586 827-1,310 12-18

F67 Titanium alloy 240-550 170-485 15-24 min.
F136 Titanium alloy 860-896 795-827 10 min.

Note: UTS = ultimate tensile strength; US = ultimate strain; min. =minimum; 2 Yield strength at 2%
offset in MPs.

Table 7. Mechanical properties of metals used in medical applications [30].

Nowadays, some metal implants have been replaced by ceramics and polymers due to their
excellent biocompatibility and biofunctionality. However, the properties of high strength,
toughness and durability are required for the metals. On the other side, clinical application
of the promising research in using bioactive polymers and ceramics in regenerative
medicine is still far away from practice. The future trend seems to combine the mechanically
superior metals and the excellent biocompatibility and biofunctionality of ceramics and
polymers to obtain the most desirable clinical performance of the implants.

2.3 Polymers

Polymers have been used widely in medicine and biotechnology [31], surgical devices [32],
implants [33], drug delivery systems, carriers of immobilized enzymes and cells [34],
biosensors, bioadhesives, ocular devices [35], dental materials [36], surface modification [37],
biosensors [38], components of diagnostic assays [39], tissue adhesives [40] and materials for
orthopaedic and tissue engineering applications [41]. This versatility requires the
production of polymers prepared in different structures and compositions and appropriate
physicochemical, interfacial and biomimetic properties to meet specific applications. The
main advantages of the polymeric biomaterials compared to metal or ceramic materials are
ease of manufacturability to produce various shapes such as membranes, films, fibres, gels,
sheets, hydrogels, capsules, spheres, particles and 3D-structures (scaffolds) (Figure 8) and
ease of secondary processability, reasonable cost and availability with desired mechanical
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and physical properties. The required properties of polymeric biomaterials are
biocompatibility, sterilizability, convenient mechanical and physical properties, and
manufacturability as given in Table 8. Different polymeric materials and their biomedical
applications are also presented in Table 9. The main types of polymers for biomedical
applications derived from natural or synthetic organic sources.

Table 10 presents the most important natural and synthetic origin polymers and their main
biomedical applications. The principal disadvantages of these polymers are related to the
difficulties in the development of reproducible production methods, because their complex
structure often renders modification and difficult purification. In the case of synthetic
polymers, these are available in a wide variety of compositions with modified properties.

b 7 r&
Capsules - Fibres
Microsphere Membranes
iﬁv & -~
) ) Hydrogels

Porous Structures

Fig. 8. Natural polymers used in biomedical applications such as tissue regeneration and
drug delivery systems [42].

The main disadvantage of synthetic polymers is the general lack of biocompatibility in the
majority of cases, often associated with inflammatory reactions [42]. For this reason, the
recent researches have focused on the usage possibilities of natural origin polymers such as
chitosan, carrageenan, alginate etc.

Property Description
Biocompatibility Noncarcinogenesis, nonpyrogenicity, nontoxicity, nonallergic response
Sterilizability Autoclave, dry heating, ethylenoxide gas, radiation

Physical property  |Strength, elasticity, durability
Manufacturability |Machining, molding, extruding, fiber forming

Table 8. Required properties of polymeric biomaterials [9].

Polymer Application
Poly(methyl methacrylate) |Intraocular lens, bone cement, dentures
Poly(ethylene terephthalate) | Vascular graft

Poly(dimethylsiloxane) Breast prostheses
Poly(tetrafluoroethylene)  |Vascular graft, facial prostheses
Polyethylene Hip joint replacement

Polyurethane Facial prostheses, blood/device interfaces

Table 9. Biomedical applications of different polymeric materials [43].
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Synthetic Polymer Main Applications and Comments

Poly (lactic acid) Sutures, drug delivery systems and in tissue engineering,

poly(glycolic acid) and biodegradable, regulate degradation time during

their copolymers copolymerization

Poly(hydroxyl butyrate) Biodegradable, used as a matrix for drug delivery systems,

poly(caprolactone) and copolymers cell microencapsulation, to change the properties of materials

poly(alkylene succinate) etc. by chemical modification, copolymerization and blending

Polyamides (nylons) Sutures, dressing, haemofiltration and blending

Polyethylene(low density) Sutures, catheters, membranes, surgical treatments

Poly(vinyl alcohol) Gels and blended membranes for drug delivery and cell
immunoisolation

Poly(ethylene oxide) Highly biocompatible, different polymer derivatives and
copolymers for biomedical applications

Poly(hydroxyethyl methacrylate) Hydrogels as soft contact lenses, for drug delivery, for skin
coatings and immunoisolation membranes

Poly(methyl methacrylate) This and its copolymers in dental implants and bone
replacements

Poly(tetrafluroethylene) (Teflon) Vascular grafts, clips and sutures, coatings

Polydimethylsiloxanes A silicone, implants in plastic surgery, orthopaedics, blood
bags and pacemakers

Poly(ortho esters) Surface eroding polymers, application in sustained drug
delivery, ophthalmology

Polyanhydrides Biodegradable, useful in tissue engineering and for the release
of the bioactive molecules

Table 10. Main properties and applications of synthetic polymeric biomaterials [42].

Polymers are large organic macromolecules consist of repeating units called “mers” which are
covalently bonded chains of atoms. These macromolecules interact with one another by weak
secondary bonds such as hydrogen and van der Waals bonds to form entanglement structure.
Polymers exhibit weak thermal and electric properties because of the covalent interatomic
bonding within the molecules. The mechanical and thermal behavior of polymers is influenced
by several factors, including the composition of the backbone, chemical side groups, chain
structures and different molecular weight. Plastic deformation that occurs when applied the
mechanical forces cause the movement of macromolecule chains to one another. Changes in
polymer composition or structure increase resistance to relative chain movement, so this
resistance increases the strength and decreases the plasticity of the material (Figure 9).
Substitutions into the backbone that increase its rigidity limit the chain movement. Large side
groups also make disentanglement more difficult. Growing macromolecule chain also makes it
less mobile and hinders its relative movement [6].

H
,C= A
H Q
(@) (d)

Fig. 9. Structure of (a) ethylene [44], (b) polyethylene [44], (c) styrene [45] and (d)
polystyrene [44].
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Polymers can be classified according to the polymerization techniques of the monomers. In
bulk polymerization, only the monomer and possibly catalyst and initiator are fed into the
reactor without solvent. At the end of the polymerization, process a nearly solid mass is
removed as the polymer product. Bulk polymerization is employed widely in the
manufacture of condensation polymers, where reactions are only mildly exothermic and
viscosity is mostly low thus enhancing ready mixing, heat transfer and bubble elimination.
Solution polymerization involves polymerization of a monomer in a solvent in which both
the monomer (reactant) and polymer (product) are soluble. Suspension polymerization
refers to polymerization in an aqueous medium with the monomer as the dispersed phase.
Consequently, the polymer producing from such a system forms a solid dispersed phase.
Emulsion polymerization is similar to suspension polymerization but the initiator is located
in the aqueous phase (continuous phase) in contrast to the monomer (dispersed phase) in
suspension polymerization. Besides, in emulsion polymerization the resulting polymer
particles are considerably very smaller than those in suspension polymerization [46].

All polymers follow a degradation sequence in which the polymer is first converted to its
monomers and then mineralization of monomers occurs. Most polymer molecules have too
large size to pass through the cellular membranes, so firstly they have to depolymerize to
smaller monomers before microbial cells absorbe them in biological system. The begining of
polymer degradation during the chemical hydrolysis process can result different physical,
chemical and biological forces. Physical forces such as heating/cooling, freezing/melting or
wetting/drying can cause mechanical cracking of polymeric materials. These physical forces
deteriorate the polymer surfaces and reveals the new surfaces for reaction with chemical and
biochemical agents. This feature is a critical phenomenon in the degradation of solid polymers
but the chemical and biological forces of fluid polymers are more important [47,48].

In recent years, advances of innovative technologies in tissue engineering, regenerative
medicine, gene therapy and drug delivery systems have promoted through the need of new
biodegradable biomaterials. Biologically and synthetically derived biodegradable
biopolymers have attracted considerable attention. Polysaccharides and proteins are typical
biologically derived biopolymers while aliphatic polyesters and polyphosphoesters are
typical synthetic biopolymers. Specific biopolymers needed for in vivo applications are
required because of the diversity and complexity of in vivo environments. Nowadays,
synthetic biopolymers have become attractive alternative materials for biomedical
applications for three reasons for most biologically derived biodegradable polymers: (1)
may induce an immune response in the human body; (2) difficulty in chemical
modifications; (3) change of the bulk properties after chemical modifications. To achieve the
specific properties, properly designed synthetic biopolymers require further modifications
without altering the bulk properties [49]. Table 11 lists the potential applications of these
biodegradable polymers in tissue engineering.

Polymer Tissue engineering
Polyanhydrides Bone

Polyurethane Vascular, Bone
Polyelectroactive materials Nerve
Polyphosphoester Bone
Poly(propylene fumarate) Bone
Polyesterurethane Genitourinary

Table 11. The potential applications of biodegradable synthetic biopolymers [49].
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2.4 Ceramics

Ceramics are used as parts of the musculoskeletal system, dental and orthopaedic implants,
orbital and middle ear implants, cardiac valves, coatings to improve the biocompatibility of
metallic implants. However, these biomaterials have been preferred less commonly than
either metals or polymers. Some medical ceramics have presented are listed in Table 12 [6].
Ceramics used for repair and replacement of diseased and damaged parts of skeletal
systems are named as biocompatible ceramics or bioceramics. Bioceramics have become a
diverse variable class of biomaterials presently including three basic types: bioinert
ceramics, bioactive ceramics which form direct chemical bonding with bone or even with
soft tissues in biological medium, bioresorbable ceramics that actively participate in the
metabolic activities in organism. Alumina (Al,Os), zirconia (ZrO,) and carbon are bioinert
ceramic materials; bioglass and glass ceramics are bioactive and also calcium phosphate
ceramics are categorized as bioresorbable. Bioceramics became attractive materials for
medical applications, mainly in orthopaedics, maxillofacial surgery and dental implants.
The biological evaluations of bioceramics are examined from the viewpoint of cytotoxicity,
tissue irritability, bioceramic-tissue interface and cell adhesion to biomaterial surface in
literature [50-52]. Figure 10 shows the main characteristics of ceramic materials [6].

Ceramic Chemical Formula Comment
Alumina AlOs Bioinert
Zirconia ZrO;

Pyrolytic carbon

Bioglass Na,OCaOP>0s-5i0 Bioactive
Hydroxyapatite Cai10(PO4)6(OH)2 (sintered at high temperature) Biodegradable
Hydroxyapatite Ca10(POs)s(OH)2 (sintered at low temperature)

Tricalcium phosphate Ca3(POs)2

Bioinert: material property that retains its structure in the body after implantation and does not induce
any immunologic host reactions; Bioactive: material property that form bonds with living tissue;
Biodegradable: material feature that degrade by hydrolytic breakdown in the body while they are
being replaced by regenerating natural tissue; the chemical by-products of the degrading materials are
absorbed and released via metabolic processes of the body.

Table 12. Ceramics used in biomedical applications [6].

Inert Resorbable Good cell and
Bioactive tissue
\ / adhesion
High \ /
compression Ceramic ‘ Good polishable
resistance Materials surface properties
Low fracture High surface
thoughness .
tension
High young High humidity
modulus degree

Fig. 10. Main features of ceramic materials [53].
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The brittleness of bioceramics has severely restricted their field of application, leaving aside
alumina (AlOs) and zirconia (ZrO,), which are being used for hip joint prostheses.
Bioceramics, phosphates in particular, could be used to manufacture ideal biomaterials due
to their high biocompatibility and bone integration, as well as being the materials the most
similar to the mineral component of the bones [54]. Alumina ceramic has desirable
characteristics such as bioinert, high hardness, good abrasion resistance, excellent wear and
friction behavior. These properties are associated with its surface energy and smoothness.
This biomaterial has only one thermodynamically stable phase and a hexagonal structure
with aluminium ions at the octahedral interstitial sites. The mechanical features of ceramic
biomaterials are prescribed in Table 13. Good abrasion resistance, strength and inert
behaviour of alumina in chemical medium have made it desirable ceramic material for hard
tissue implants. The biocompatibility of alumina and zirconia ceramics have been tested and
evaluated by many researchers. The results of these researches showed negative indication
of implant rejection or prolapse of the implanted piece after many weeks of implantation
and separately, fibroblast proliferation, vascular invasion and tissue growth in the pores of
the implant were reported [52].

Material Name | Young's Modulus | Compressive | Bond Strength | Hardness |Density| Klc
(GPa) Strength (GPa) (g/cm3) ((MPam'?)
(MPa)

Inert ALOs 380 4000 300-400 2000-3000  [>3.9 5.0-6.0
(HV)

Zr0O, (PS) 150-200 2000 200-500 1000-3000  [~6.0 4.0-12.0
(HY)

Graphite(LTI) |20-25 138 NA NA 1.5-1.9 |[NA

Pyrolitic 17-28 900 270-500 NA 1.7-22 |NA

Carbon

Vitreous 24-31 172 70-207 150-200 14-1.6 |NA

Carbon (DPH)

Bioactive HAP |73-117 600 120 350 3.1 <1

Bioglass ~75 1000 50 NA 25 0.7

AW Glass 118 1080 215 680 2.8 ~2

Ceramic

Bone 3-30 130-180 60-160 NA NA NA

PS: Partially Stabilized; HA: Hydroxyapatite; NA: Not Available; AW: Apatite-Wallastonite; HV:
Vickers Hardness; DPH: Diamond Pyramid Hardness

Table 13. Mechanical features of ceramic biomaterials [54].

Ceramics are represented structurally ionic compounds such as sodium chloride. Atoms in
sodium chloride are ionized by electron transfer making an ionic compound as a result of
coulombic attractions. Negatively charged ions have increased atomic radii because they
gain an electron and positively charged atoms have smaller radii because they lose an
electron. The electronic attraction of the counter ions in the crystal structure gives rise to its
stability. The simple and face-centered cubic structures of sodium and cesium chloride ions
can be given as an example (Figure 11), respectively [30].

Structure-property relations of ceramic materials are composed of metallic and nonmetallic
elements held together by ionic and/or covalent bonds. The interatomic bonds in ceramics
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result in long-distance and three-dimensional crystalline structures but glass materials do
not exhibit long-distance order. The electrons in ionic and covalent bonds are circumscribed
between the constituent ions/atoms of the metallic bonds; therefore ceramics show the
nonconductive property. The strong ionic and covalent bonds make ceramics hard and
brittle, because the planes of atoms/ions cannot move one through another. For this reason,
ceramics and glasses are sensitive to the presence of cracks or other defects during plastic
deformation. The ionic and/or covalent nature of ceramics also influences their chemical
behavior [6].

;L
@) (b)

Fig. 11. Unit cells and crystal structures of (a) sodium chloride (NaCl) [55] and (b) cesium
chloride (CsCl) [56] crystals.

Although ceramics and glasses resist to corrosive effects when exposed to the physiological
environment, components of the ceramic structure make them sensitive to degradation
media. The rate and mechanism of degradation depend on the structural properties of
ceramic. Although alumina ceramic has mostly a bioinert character, its strength decreases in
time during the immersion in simulated body fluids and after implantation. Some cracks
and crack propagation may accelerate dissolution of impurities so ceramic material
degrades in the biological structure.

Bioactive ceramics and glasses are also degraded in the body. [52]. Generally, degradation
rate of materials depends on material composition, their functions and components of
biological medium. The biodegradable (resorbable) ceramics are used for applications such
as drug delivery systems, repairing of damaged or diseased bone, bone loss, filling the
implant system vacations, donor bone, excised tumors, repairing vertebra, herniated disc
surgery, treatment of maxillofacial and dental defects [53].

The brittleness and poor tensile strength properties of ceramic and glass implants are the
main disadvantages. Although they can have exceptional strength during the compression
loadings, ceramics and glasses fail at low stress under the mechanical loading such as
tension or bending. Alumina and zirconia have the highest mechanical properties among
biomedical ceramics. Low friction coefficient and wear rate are other advantageous
properties of alumina. These properties of alumina and zirconia ceramics are used as a load-
bearing surface in joint replacements [6].

Most of scientific works have been devoted to the interfacial reactions of biological systems
with hydroxyapatite ceramic having chemical structure very similar to the mineral phase
composition of bone. Hydroxyapatite is a popular surface coating material for stainless
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steels, titanium and its alloys implants. In the recent time, researchers have investigated the
probability of its use in composite forms that integrate polymers with ceramic or
metal/ceramic combinations. There are significant researches performed on coating
techniques, in-situ and biomimetic synthesis of apatites and the implications for ceramic
properties and microstructure. The thermal and chemical stability of ceramics, high
strength, wear resistance and durability properties contribute to making ceramics good
candidate materials for surgical implants [57].

Calcium phosphate-based biomaterials and bioceramics are now used in a number of
different applications throughout the body, covering all areas of the skeleton. Applications
include dental implants, transdermic devices and use in periodontal treatment, treatment of
bone defects, fracture treatment, total joint replacement, orthopaedics, cranio-maxillofacial
reconstruction, otolaryngology and spinal surgery depending upon a bioresorbable or a
bioactive material (different calcium orthophosphates). Figure 12 shows some commercially
available ceramic medical products [58] and Table 14 also presents calcium phosphate based
ceramics arranged by Ca:P ratio [54].

Fig. 12. Ceramic products for medical applications (a) ceramic crown [59]; (b)
hydroxyapatite block ceramic [60]; (c) ceramic implant systems [61]; (d) bio-eye
hydroxyapatite orbital implants [62].

The mechanical properties of calcium phosphates and bioactive glasses make them
unsuitable as load-bearing implants. Clinically, hydroxyapatite has been used as filler for
bone defects and as an implant in load-free anatomic sites such as nasal septal bone and
middle ear. In addition to these applications, hydroxyapatite has been used as a coating
material on metallic orthopaedic and dental implants to promote their fixation in bone. In
this case, the fundamental metal surfaces to the surrounding bone strongly bonds to
hydroxyapatite. Delamination of the ceramic layer from the metal surface can cause serious
problems and results in the implant failure [6]. Intracorporeal implantable bioceramics
should be nontoxic, noncarcinogenic, nonallergic, noninflammatory, biocompatible and
biofunctional in the biological structure.

Chemically, calcium orthophosphate bioceramics are based on HA (hydroxyapatite), 3-TCP
(p-tricalcium phosphate), a-TCP (a-tricalcium phosphate) and/or BCP (biphasic calcium
phosphate). The BCP concept is determined by the optimal phase ratio between HA with a-
TCP or B-TCP phases. Desirable bone tissue should have two clinical requirements: (1)
pores size of the bone tissue grafts should be about 100 um for biodegradation rate
comparable to the formation of bone tissue between a few months with about two years and
(2) their mechanical stability should be sufficient for clinical demand. HA is a more stable
phase under the physiological conditions compared to a-TCP and 3-TCP phases, as it has a
lower solubility and a slower resorption rate. Calcined HA-based implants are applied for
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Name Abbreviation Formula Ca/P
Tetracalcium phosphate TetCP CasO(PO4)2 2.0
Hydroxyapatite HAp Caio(PO4)s(OH)2 1.67
Amorphous calcium phosphate ACP Caio. H2.(PO4)s(OH)2
Tricalcium phosphate (a, 3, y) TCP Ca3(POy)2 1.50
Octacalcium phosphate OCP CasH2(PO4)6.5H20 1.33
Dicalcium phosphate dihydrate (brushite) DCPD CaHPO4.2HO 1.0
Dicalcium phosphate (monetite) DCP CaHPO4 1.0
Calcium phosphate (a, B, y) CrP CaP20y 1.0
Calcium pyrophosphate dihydrate CPPD CaxP207.2H,0 1.0
Heptacalcium phosphate HCP Caz(P5O1)2 0.7
Tetracalcium phosphate diacid TDHP CasH2PeO20 0.67
Calcium phosphate monohydrate MCPM Ca(H2PO4)2.HO 0.5
Calcium metaphosphate (a, 3, y) CMP Ca(POs)2 0.5

Table 14. Calcium phosphates arranged by Ca:P ratio [54].

repair of the bone defects after implantation for many years, bioceramics made of 3-TCP, a-
TCP, CDHA (calcium-deficient hydroxyapatite) or BCP are more preferable for medical
purposes. According to both observed and measured bone formation parameters, calcium
orthophosphates were arranged as low sintering temperature BCP (rough and smooth) ~
medium sintering temperature BCP ~ TCP > calcined low sintering temperature HA > non-
calcined low sintering temperature HA > high sintering temperature BCP (rough and
smooth) > high sintering temperature HA (calcined and non-calcined). Figure 13 shows
some randomly chosen examples of commercially available calcium orthophosphate
bioceramics for use as bone grafts [63].

Fig. 13. Various commercial calcium phosphate-based bioceramic products [63].

Bioresorption and bioactivity are the most important properties of calcium phosphate-based
biomaterials. Even though the bone mineral crystals have a very large surface area, beside
this, calcium phosphate bioceramics present lower surface area and strong crystal bonding.
Because of this reason, disintegration of particles into crystals and the dissolution of crystals
are involved in a resorption process. While cell activity forms the dissolution stage of
crystals, insoluble calcium phosphates such as apatite or calcium pyrophosphates cannot be
eliminated easily by cells and can reveal infected properties in other tissues. High sintering
temperature (>900°C) decreases the resorption rate of HA ceramics, on the contrary
(<900°C) increases [52]. Although HA sintered ceramics show osteoconductivity, their
bioresorbability is low and HA remains in the body for a long time after implantation.
Implanted materials should exhibit resorbable property through the bone regeneration
followed by complete substitution for the natural bone tissue after stimulation of bone
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formation. Therefore, recent research has been tend to TCP ceramics as scaffold materials for
bone regeneration [64].

Calcium phosphate ceramics exhibit nontoxic behavior to tissues, bioresorption and
osteoinductive property. Since ceramic/ceramic, ceramic/metal, ceramic/polymer
composites include the different solid particle stiffeners, they need to the choice of more
materials for implant applications. Consequently, the biological activity of bioceramics has
to be known by various in vitro and in vivo studies and also data on mechanical feature
would determined using by standard test methods to make the implant application and the
choice of the bioceramic depending on the site of implantation easier [52]. Eventually,
implantable  bioceramics should be nontoxic, noninflammatory, nonallergic,
noncarcinogenic, biocompatible and biofunctional for its working time in the host tissue.

In consequence of bioceramics have generally structural properties and functions; they were
used as joint or tissue replacements, coating materials to improve the biocompatibility of
metal implants, temporary structures and frameworks to rebuild the damaged tissues in the
body, drug delivery system for the treatment of damaged living organism.

2.5 Composites

Composites are engineering materials that contain two or more physical and/or chemical
distinct, properly arranged or distributed constituent materials that have different physical
properties with an interface separating them. Composite materials have a continous bulk
phase called the matrix and one or more discontinuous dispersed phases called the
reinforcement which usually has superior mechanical or thermal properties to the matrix.
Separately, there is a third phase named as interphase between the matrix and reinforced
phases such as coupling agent coated on glass fibers to achieve adhesion of glass particles to
the polymer matrix [65].

Solid materials basically can be classified as polymers, metals, ceramics and carbon as a
separate class. Both reinforcements and matrix materials are divided into four categories.
Composites are usually classified as the type of material used for the matrix. The four main
categories of composites are polymer matrix composites (PMCs), metal matrix composites
(MMCs), ceramic matrix composites (CMCs) and carbon/carbon composites (CCCs).
Recently, PMCs are the most commonly preferred class of composites. There are important
medical applications of other types of composites which are indicative of their great
potential in biomedical applications [66].

The composite material usually includes reserved distinct phases that are separated on a
scale larger than the atomic size. A synthetic composite material also consisted of
continuous polymeric matrix phase and a ceramic reinforcement phase like natural
biological materials such as bone, dentin, cartilage, skin. The properties of this phase such
as the elastic modulus are significantly altered when compared with a homogeneous
structured material. Reinforced polymer matrices are fiberglass or natural materials such as
bone. Bone, wood, dentin, cartilage and skin tend to be natural biological composite
materials, beside these; natural foams include lung, cancellous bone, wood, sponge etc.
Natural composites have hierarchical structures particulate, porous and fibrous structural
features which are seen on different micro-scales [9].
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Composite materials consist of mixtures of polymers, metals and ceramics to form materials
such as fiberglass, a mixture of glass fibers coated with a polymeric matrix. In recent years,
scientific research tends to develop biomedical composite materials because of these
materials present new alternative solutions for load-bearing tissue components. Composite
materials are used limitedly in medicine for example high-modulus carbon fibers embedded
in a polymeric matrix such as poly(lactic acid) and carbon-fiber-reinforced high molecular
weight polyethylene are widely studied for tendon, ligament, joint and facial implants [30].

The structural properties are main feature of composite materials. Composites are different
from homogeneous materials because of considerable control can be exerted over the larger
scale structure, and hence over the desired properties. The properties of a composite
material depend on the shape of the reinforcements, the volume fraction of them and
interaction level of the interfaces of constituents. The categories of basic dispersed phase
shape in a composite material are (1) particle; (2) fiber; and (3) platelet or lamina as shown in
Figure 14. The dispersed phases may vary in size and shape within all category. For
example, particulate dispersed phases may be spherical, ellipsoidal, polyhedral or irregular.
If any phase consists of voids filled with air or liquid, the material is known as a cellular
solid. If the cells have polygonal shapes, the material is a honeycomb form; if the cells have
polyhedral shape, material has a foam form. These particulate shapes are necessary to
construct the biomaterial to distinguish the above structural cells from biological cells which
occur only in living organisms. Moreover, produced composite structure has to include
random orientation and preferred orientation [67].
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Fig. 14. Morphology of basic composite inclusions: (a) particle, (b) fiber, (c) platelet [67].

Metals have high strength, ductility and wear resistance properties. Most of many metals
have low biocompatibility, corrosion, high stiffness and density, and metal ion releasing
when compared to tissues. However the ceramic materials are exhibited good
biocompatibility and corrosion resistance and high compression resistance, they also show
brittleness, low fracture strength and production difficulties. But polymer composite
materials provide alternative route to improve many undesirable properties of homogenous
materials mentioned above.

In general, tissues are grouped as hard and soft tissues, the bone and tooth are examples of
hard tissues and skin, blood vessels, cartilage and ligaments are some of the soft tissue
examples. The hard tissues have higher elastic modulus and stronger tensile strength than
the soft tissues. Metals or ceramics chosen for hard tissue applications together with
polymers prefferred for the soft tissue applications have to exhibit structural and mechanical
compatibility with tissues. The elastic modulus of metal and ceramic materials is 10-20 times
greater than values of the hard tissues. This difference is a major problem in orthopedic
surgical materials between the bone and metallic or ceramic implants. Because of load
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sharing between the bone and implant, it can create different stress distribution directly
related to their stiffness [68].

Bone consisting of apatite mineral on collagen fibrils in different mass ratios form a
composite material structure (Figure 15). Composite structure with a bioactive component
will induce tissue growth to the implant and the formation of a strong bond between the
tissue and implant after implantation process. [69].
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Fig. 15. Bone structure [70].

Shape, size and distribution, volume ratio, bioactivity properties of the reinforcement or
matrix phases; matrix properties such as molecular weight, grain size and distribution; ratio
of the reinforcement in the matrix and reinforcement-matrix interfacial situation are largely
affected to the properties of biomedical composites. Among these factors, properties of
constituent materials have significant influence. However, architectural features of the
composites such as the reinforcement percentage, distribution and orientation, etc. and
reinforcement-matrix bonding condition also have strongly important roles. The mechanical
and biological performance of bioactive composites relates to response various clinical
requirements. The physical characteristics of the reinforcement such as shape, size and size
distribution determines the mechanical properties of a composite. Spherical reinforcement
shape which determined by mathematical modelling results achieved in the idealised
situation provides good mechanical behavior for particulate composite material (Fig. 16a).
Substantially, reinforcing bioactive particles may have to different shapes like irregular,
platelet or needlelike. And the irregular shapes facilitate to the penetration of the molten
polymer into gaps on the particle surface during high temperature composite processing.
Thus, mechanical interlock between reinforced particle and polymer effectively form at the
ambient or body temperature and even if a tensile stress is applied (Fig. 16b). The
reinforcing bioactive glass or glass-ceramic particles which are made via the conventional
glass-making method such as melting and quenching have sharp corners and take up the
shape shown in Fig. 16c. These irregular shapes with sharp corners that cause stress
concentration in the composites around are not preferred. The platelet shape is rarely
encountered for particles in bioactive composites (Fig. 16d). Generally, particles prepared
using by the precipitation procedure have to nanometer size and the needlelike shape are
directly used for the composite materials (Fig. 16e) [69].
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Fig. 16. Shapes of bioceramic particles for biomedical composites: (a) spherical, (b) irregular
flake, (c) irregular flake with sharp corners, (d) platelet, (e) needlelike [68].

Polymer composites are combination of two or more materials such as fillers, polymer
matrix and binders especially structurally supplemental substances as if metal, ceramic,
glass and polymer combine to produce structural or functional properties none of any
specific component. Although the constituents protect identities of them and do not dissolve
or merge completely into one another, they protect the rules of the integrity. Normally, the
components of the composite body form an interface between two phases. The composites
are divided in four main categories as composites with particles; composites reinforced with
fibers; layered composites and sandwich structured composites [71].

The most contribute factors to the engineering performance of the composite are: (1)
materials that make up the individual components; (2) quantity, form and arrangement of
the components and (3) interaction between the components. The shape, size, orientation,
composition, distribution and manner of incorporation of the reinforcement system in a
composite material strongly determine the desirable properties of material. Composite
materials can also be simply classified as fiber-reinforced and particle-reinforced
composites. Thus, there are four classes of composites: polymer-matrix composites (PMCs),
ceramic-matrix composites (CMCs), or metal-matrix composites (MMCs). MMCs are
prefferred rarely in biomedical applications and mostly used for high-temperature
applications [65].
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Figure 17 shows main types of biocomposites according to their reinforcement forms. Three
kinds of reinforcements as short fibers, continuous fibers and particulates are typically used
in preparation of the medical composites such as screws and total hip replacement stems
made from short fiber reinforcements [68].

A typical external fixation system comprises of wires or pins that are pierced through the
bone and keep under high tension by screws to the external frame. The wires oriented at
different angles across the bone and their tensions are adjusted to provide necessary fixation
rigidity. The external fixators are designed with high rigidity and strength to ensure the
stability. Traditional designs are made of stainless steel which are heavy and cause patients
to feel uncomfortable carrying the system for several months. CF/epoxy composite material
is a good alternative for external fixator’s construction and gain currency owing to the fact
that their lightweight, sufficient strength and stiffness [68]. Biocomposites used in the body
are shown in Figure 18.

Dental Implant Dental Post
CF/C, SiC/C CF/C, CF/Epoxy,

GF/Polyester
Arch Wire & Brackets Dental Bridges
GF/PC, GF/PP,

Bone Replacement Material
HA/PHB, HA/PEG-PHB

GF/Nylon, GF/PMMA UHMWPE/PMMA
CF/IPMMA, GF/PMMA

KF/PMMA CF/PTFE, PET/PU, HA/HDPE

PET/PU, HA/PE, Bio-Glass/PE,

Bio-Glass/PHB, Bio-Glass/PS, HA/PLA

Dental Restorative Material
Silica/BIS-GMA
HA/2.2'(4-methacryloxydiethoxyphenyl)

Spine Cage, Plate, Rods
Screws and Disc
CFIPEEK, CF/Epoxy, CF/PS
Bio-Glass/PU, Bio-Glass/PS,
PET/SR, PET/Hydrogel

Vascular Graft
Cells/PTFE, Cells/PET

PET/Collagen, PET/Gelatin
PU/PU-PELA

Einger Joint
PET/SR, CF/UHMWPE

Total Hip Replacement
CF/Epoxy, CF/C, CF/PS, CF/PEEK,

Intramedullary Nails
CF/LCP, CF/PEEK
GF/PEEK

CF/PTFE, CF/JUHMWPE, CF/PE,
UHMWPE/UHMWPE

Tendon / Ligament
PET/PHEMA, KF/PMA, KF/PE
CF/ PTFE, CF/PLLA, GF/PU

Bone Cement
Bone particles/PMMA, Titanium/PMMA,
UHMWPE/PMMA, GF/PMMA, CF/PMMA,
KF/PMMA, PMMA/PMMA,
Bio-Glass/Bis-GMA

Cartilage Replacement
PET/PU, PTFE/PU, CF/PTFE
CF/IC

Total Knee Replacement
CF/UHMWPE

Bone plate & Screws UHMWPE/UHMWPE
CF/PEEK, CF/Epoxy,

CF/PMMA, CF/PP, CF/IPS

CF/PLLA, CF/PLA, KF/PC
HA/PE, PLLA/PLDLA,
PGA/PGA

CF: carbon fibers, C: carbon, GF: glass fibers, KF: kevlar fibers, PMMA: Polymethylmethacrylate, PS:
polysulfone, PP: Polypropylene, UHMWPE: ultra-high-mol weight po y . PLDLA: poly(L-DL-
lactide), PLLA: poly (L-lactic acid), PGA: polglycolic acid, PC: poly ate, PEEK: p ketone; HA:

patite, PMA: poly ylacrylate, BIS-GMA: bis-phenol A glycidyl methacrylate, PU: polyurethane,
PTFE: . PET: polyethy thalate, PEA: ylate, SR: silicone rubber,
PELA: Block co-polymer of lactic acid and polyethylene glycol, LCP: liquid crystalline polymer, PHB:
polyt styrate, PEG: polyetr PHEMA: poiy(20l yethy ylate)

Fig. 18. Biocomposites used in the body [68].
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The matrix determines the environmental durability of the composite by resisting chemical,
hygroscopic and thermal stresses and protecting the reinforcement from these stresses. The
matrix also greatly influences the processing characteristics of a composite material.
Common matrices and reinforcements in biomedical composites are listed in Table 15.
Thermoplastics are selected as matrix materials due to their nonreactive nature to produce
biomedical composite materials. In spite of the thermosets have to inert feature; reactivity,
flexibility and strength properties of some thermoplastics have redesigned to provide
biodegradable behavior. Resorbable matrices are temporarily convenient to prepare a
composite implant, but they are attractive to design a stiff reinforcing material that have a
comparable degradation. Good compressive properties and bioactive possibilities of
ceramics have also presented new matrix opportunities to produce the modified composite
structures [65]. New matrix materials are developed constantly instead of ready for sale
materials for medical applications.

Composites can be made from constituents that have similar linear expansion constants. If
they have distinct linear expansion constants, contact area (interface) between reinforcement
and matrix materials can generates large voids through the contact surface, therefore bone
tissue engineers which produce the composite scaffolds have to behave more sense for the
selection of the polymeric and bioceramic materials. The nature of the materials in a
composite material usually requires the essential mechanical and/or chemical properties for
the polymers and ceramics (and glasses). Materials that have the ability to degrade in vivo
are ideal candidates for composite scaffolds which gradually degrade. During the
degradation of calcium phosphate or bioactive glasses, the polymeric byproducts that form
due to low pH values buffered to prevent the formation of inconvenient environment
conditions for cells.

Matrix Fibers Particles
Thermosets Polymers Polymers
Epoxy Aromatic polyamides Polylactide, and its copolymers
Polyacrylates Poly (ether ketones) with polyglyocolide
Polymethacrylates Polyesters (aramids) Collagen Silk
Polyesters Silicones UHMWPE Inorganic Glass
Thermoplastics Polyesters Alumina
Polyolefins (PP, PE) Polyolefins Organic
UHMWPE PTFE Polyacrylate
Polycarbonate Inorganic
Polymethacrylate Carbon
Polysulfones Glass
Inorganic Hydroxyapatite
Hydroxyapatite Tricalcium phosphate
Glass ceramics Resorbable polymers

Calcium carbonate ceramics
Calcium phosphate ceramics

Carbon Steel
Titanium
Resorbable polymers

Polylactide, polyglycolide and their copolymers
Polydioxanone, Poly (hydroxy butyrate)

Alginate, Chitosan, Collagen

Table 15. Constituents of biomedical composites [1].
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Bioceramic and glass materials are mechanically stronger than polymers and have a critical
significant in providing mechanical stability to construct prior to synthesis of new bone
matrix by cells. However, ceramics and glasses tend to destructive failure depending on to
their intrinsic brittleness and defect sensitivity. It is required to obtain good chemical
and/or physical bonding between polymer and inorganic phase to optimise the biological
and mechanical performance of bioactive polymer/ceramic composites.

Table 16 lists selected typical biodegradable and bioactive ceramic/glass-polymer
composites that are designed for bone tissue engineering scaffolds and their mechanical
properties. Literature reported an important composite scaffolds group that are tailored
combinations of bioglass particles and biodegradable polymers such as PLGA, PDLLA, PHB
having high application potential. These composites with porous structure have such
mechanical properties that are close to cancellous bone and the high bioactivity is conferred
by the bioglass particulate filler.

Biocomposite Percentage |Porosity| Poresize | Compressive |Modulus
Ceramic Polymer of (%) (um) ©) (MPa)
Ceramic Tensile (T)
(wt%) Flexural (F)
Strength
(MPa)
Non-crystalline CaP |PLGA 28-75 75 >100 65
B-TCP Chitosan- 10-70 - 322-355 0.32-0.88 (C)  [3.94-10.88
Gelatine
B-TCP PLGA 30 - 400(macro) |- -
10(micro)
HA PLLA 50 85-96  [100x300 0.39 (C) 10-14
PLGA 60-75 81-91  [800-1800 0.07-0.22 (C) [2-2.75
PLGA 30-40  |110-150 - 337-1459
nHA PA 60 52-70  |50- 13.20-33.90 (C) 0.29-0.85
500(macro)
10-50(micro)
HA PCL 25 60-70  |450-740 76-84
HA PLAGA 50-87 - - 80 (O Up to 120
Bio-glass® PLGA 75 43 89 042 (C) 51
PLLA 20-50 77-80  |100(macro) |1.5-3.9 (T) 137-260
10(micro)
PLGA 0.1-1 - 50-300 - -
PDLLA 5-29 94 100(macro)  |0.07-0.08(F) 0.65-1.2
10-50(micro)
CaP glass PDLLA 20-50 93-96.5 |80-450 - 0.05-0.2
A/W PLA- 40 93-97
Phosphate PDLLA 20-40 85.5-95.2|98-154 0.017-0.020 (C) |0.075-0.12
Glass PDLLA - - -
Human cancellous - - - - 4-12 (C) 100-500
bone

Table 16. Typical biodegradable and bioactive ceramic-glass-polymer composites for bone
tissue engineering applications and their mechanical properties [73].
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Many studies suggest well-dispersed nanostructured composites that may offer surface
and/or chemical properties closer to native bone and therefore they might represent ideal
substrates to support bone regeneration. Recently, nanosized bioactive ceramic and glass
particles have become available which can be considered as ideal fillers for tissue
engineering scaffolds. However, problems associated with poor interfacial bonding and
particle agglomeration may be more pronounced when using nanosized particles. Coupling
agents have been employed as well as titanates and zirconates to improve the bonding
between inorganic particles and matrix [72].

Fibre reinforced composite materials are widely prefferred for hard-tissue applications such
as skull reconstruction, bone fracture repair, total knee, ankle, dental, hip and other joint
replacement applications [73]. Considerably, the mechanical properties of composite
materials depend on the direction of loading and the volume fraction of fibers. Low volume
fraction of fibers decreases the modulus of the composite and requires a critical volume
fraction approach for the modulus of the composite fibers. The modulus of cartilage and
collagen fiber in a matrix of glycosaminoglycan and the tensile strength of skin, thick
collagen fiber and glycosaminoglycan can be given as examples of the mechanical properties
of composites. Biomedical composites which show continuous progression are very
attractive and promising engineering materials made from two or more constituents with
different physical properties [74].

3. Components of living systems
3.1 Structure and properties of cells and tissues

Cells the smallest living unit of an organism and each cell maintains all necessary functions
to survive and represent the organism’s genetic code in its linear chemical cord (deoxyribo
nucleic acid -DNA). They also evolve by the time or environmental changes; keep those
records of experiences and can transfer this information to surrounding neighbor cells or
next generations. Cells act like a power plant that requires raw material to produce energy
and function. Each cell has a programmed life-span and predetermined function organized
by the genetic code. According to their encoded function cells differentiate and develop
specific features both functionally and physically during the intrauterine life.

All cells have certain components that enable them to maintain their vital life processes.
Those components are responsible to carry out different functions of the cell [75,76]. Cell
membrane is a bilayered phospholipid barrier that separates the interior colloidal
suspension (cytoplasm) of all cells from the outside environment (Figure 19).
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Fig. 19. Lipid bilayer model of a cell membrane. Circular polar portions making internal and
external borders are made of phosphoglycerides (hydrophobic lipid), while inner portion of
the molecule is hydrocarbon (hydrophilic).
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Exterior and interior surfaces of cell membrane are lined with lipid pole of phospholipid
molecules, while hydrophilic phospho-poles locate in the middle zone of the membrane.
Randomly spread protein molecules, acting like a gated between inner and outer spaces,
located in that bilayered cell membrane, of which main function is transportation of some
molecules (Figure 20). Carbohydrates take place at cell membrane in combination with
proteins as glycoproteins and fat acids as glycolipids. Both these carbohydrate containing
molecules (glycocalyx) cover outer surface of cell and repulse negative charged molecules or
cells.
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Fig. 20. Fluid-mosaic model of cell membrane. Phospholipid is the major component of the
bilayer lipid structure. Protein molecules float within this bilayered structure.

Filtering substances is a selective operation, which essential to maintain homeostatic
environment inside the cell to keep vitality of the organism. Even though cell membrane is
selective barrier fulfilling passive diffusion, it may not be able to keep the equilibrium
between inner structure and outer environment (homeostasis). Certain ions or molecules
may require to be moved in or out with enforcement of transporter molecules of cell. This
active transportation procedure requires energy.

Common components of functioning cells (organelles) are:

¢ Nucleus: contains DNA and controls functions of cell,

e Mitochondria: power generator of the cell and control water and mineral level of
cytoplasm and responsible from metabolic functions,

¢ Endoplasmic reticulum: Tubular network among nucleus and cell membrane,
responsible from inner transportation and storage,

¢  Golgi apparatus: Responsible from sorting and storage of protein products of the cell,

e Lysosome: Digestion of proteins, lipids, and carbohydrates and transportation of waste
materials to cell membrane,

¢ Ribosomes: Function for protein synthesis.

Organized gathering of similar cells providing a specific function as a part of organ or
organism is called as tissue. Tissues have their own purposeful union to fulfil their main
function. Several types of tissues assemble in structural unit to serve a common function and
named as “organ”. In an organ usually there is a main tissue (parenchyma), which executes
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the organ function. In order to maintain vital functions and integrity of parenchyma
supportive tissue (stroma), vessel tissues and nerve tissues take part in an organ. “Organ
system” term is used for collection of several organs working together to fulfil a function,
for example digestive system [75,76].

3.2 Biomolecules and their behaviors

Biomolecules are main components of living cells (also their raw digestion materials) and at
the same time their end-products, can also have an important role in signal transmission
inside the cell or among other cells. Those molecules are also responsible from many
functions like regeneration, survival and death. Several classifications can be made for their
structures and functions. They can be a single molecule or in polymer form as well.

Roughly saccharides, lipids, amino acids are the basic counterparts of more complicated
molecules like proteins, vitamins, hormones and enzymes. Fundamental functions like
digestion and replication are performed in a programmed cascade via several molecules
under the control of DNA molecule. DNA is a double stranded polymer of the same four
types of monomers (nucleotides). A base molecule, which may be either adenine (A),
guanine (G), cytosine (C) or thymine (T) binds to a sugar (deoxyribose) with a phosphate
group attached to it, forms this nucleotide monomer, which also can be called as building
block of a single DNA strand (Figure 21). Those monomers bind one another with sugar
phosphate linkages.
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Fig. 21. Structure of DNA.

A DNA strand attached its pair with weak hydrogen links (adenine to thymine, cytosine to
guanine), which permits two DNA strands to be separated without breakage. Each those
DNA strands are templates for the synthesis of a new DNA strands during cell division to
produce new cells.

DNA has more responsibilities than replication but also synthesis of protein and ribonucleic
acid (RNA) to maintain its vital functions. This process begins with transcription of some
DNA segments and forms RNA polymers that are used as templates for several molecules
like proteins or enzymes. In other words DNA contains templates of all molecules that it is
responsible to produce.
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Amino acids, in other terms backbones of protein polymers, present diversity from DNA or
RNA and 20 types of amino acids are used as base monomer for protein (polypeptide)
synthesis. This variety brings different structural and behavioral nature diversity for
proteins, like maintaining structures via enzymatic activity, movement of cell, sensing any
inner or outer signal. According to their genetically encoded nature each protein molecule is
responsible from a specific function. Enzymatic action of proteins is mainly dependent their
amino acid arrays and location which determines the nature of the enzyme (destruction,
digestion, catalization or synthesis function) [76].

3.3 Host response to materials
3.3.1 Inflammation, wound healing, and the foreign body response

Simply, tissue response to any kind of injury can be named as inflammation. Injury is the
starting point of protective biomechanism, which triggers wound healing to restore the
damaged part of organism.

e  Physical trauma, like traffic accidents,

e  Thermal injuries, like sun or fire burns and electrical burns,

e  Chemical injuries, like contact with acidic or alkali solutions or poisoning or chemically
irritant material, and

e Biologic invasion (infections) by microorganisms, like bacteria, virus or fungi can cause
tissue injury. Owing that information; it is important to emphasize a common mistake
that infection is not a synonym for inflammation, but one cause of inflammation.

Following sudden onset of signal injured vessel system and some local blood cells produce
initial response by releasing some biochemical molecules that give first protective reaction
to the injury cause and some other produce a chemical signal to attract the white blood cells,
which are responsible from body defence, to let them migrate to the injury site.
Inflammation stage can also be considered as the first step of wound healing. If the integrity
of vessel is interrupted by the injury platelets (thrombocytes) begin to adhere the wound
edges and one another to produce clot plug. By the aggregation of platelets they also release
some molecules trigger clotting mechanism to produce clot plug. Those vessels or platelet
originated molecules increase vessel permeability leading transfusion water from vessel
lumen into the injured tissue site, which causes swelling of the tissue (edema). To ease
arrival of chemically induced migrating (chemotaxis) of white blood cells; those released
biomolecules also loosen muscles surrounding vessels, which are responsible to control
blood flow via altering diameter of vessels, and increase vessel diameters. Therefore, the site
looks reddish due to dilated blood vessels. Fibroblasts, likewise white blood cells, have the
ability of chemotaxis to infiltrate the injury area to start reparatory phase. Some of these
released molecules are pain mediators to warn our nerve system to attract our attention to
take care our wound.

As the white blood cells arrive the site they begin to struggle with the target caused injury
and beside begin to resorb the blood clot to restore vessel lumen, so that blood stream to be
maintained. Some white blood cells release molecules to neutralize the threat chemically
and some others try to resorb the foreign material in small pieces to relive it (see section
3.4.2). Simultaneously fibroblasts begin to produce connective tissue, which will be replaced
with clot until local tissue regeneration takes place. Epithelial cells (responsible to cover our
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body and make a barrier in between outer environment and inner medium) begin to
replicate and grow to create a new cover over the wound area [75,76].

As the source of injury (foreign body) is eliminated and the tissue is regenerated and take
the action again wound healing process is completed. However, if the foreign body,
sometimes implant or biomaterial, remains inside the body. On that point; it is critically
important that whether the material giving threatening chemical signals, or not. If the
remaining material is biocompatible, following the initial acute response, it can get along
well with the surrounding tissues and may survive inside the organism.

On contrary if the chemical signals of implanted material are recognized as a threat and
cannot be terminated, defence system activates rejection mechanism (foreign body reaction)
to withdraw the foreign body. Inflammatory reaction continues beside work out of
fibroblasts, which knit a connective tissue net around the foreign body to isolate and put this
material in quarantine for any possible further threats. As release of inflammatory
biomolecules continues swelling, pain and reddish appearance sustains until the
withdrawal. This process is called as foreign body reaction and presents a chronic
development.

3.3.2 Immunology and the complement system

Our environment is rich of bacteria, viruses, fungi, and parasites and we are in contact with
these external threats continuously via our skin, eyes, digestive, respiratory and
genitourinary systems. Each attack of those organisms could have been lethal for us, if our
body had not got any protection mechanisms. Defence system of human organism against
hazardous factors is immune system. This system is not only responsible to fight with those
invader organisms, but also has the obligation to neutralize chemical agents sensed as a
threat for the organism. This system is sensitive to the dangers developing internally, like
tumoral pathologies and sometimes can struggle with our natural structure itself.

Immune system is consist of two major components; cellular and biochemical reactions.
Cellular reaction is carried out by the white blood cells produced partly bone marrow and
lymph vessels. Polymorphonuclear neutrophils, polymorphonuclear eosinophils,
polymorphonuclear basophils, monocytes, lymphocytes, and plasma cells act like soldiers in
this battle. They destroy invading microorganisms by engulfing (phagocytosis), especially
neutrophils and macrophages.

Second defence mechanism to eliminate or inactivate biologic or chemical agents is
biochemical defence. This neutralization process can be innate or adaptive (acquired). Some
natural secretions of our organ systems, like acid release of stomach, some digestive enzyme
secretion of several organs of digestive system can kill the bacteria entered to our digestive
canal. A mucolytic polysaccharide, lysozyme, which is a component of sweat and tear, can
dissolute the microorganisms or some basic polypeptides can react with and inactivate
certain types of gram-positive bacteria.

The complement system of about 20 proteins including serum proteins, serosal proteins, and
cell membrane receptors, generally synthesized by the liver, is found in the blood as inactive
precursors. When stimulated by one of several triggers system that can be activated to
destroy bacteria. Triggered system can initiate a chain reaction forming antibodies and
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sensitized lymphocytes to destroy the responsible target. They account for about 5% of the
globulin protein fraction of blood serum.

Immunoglobulins (antibodies) are synthesized by B-lymphocytes. These glycoprotein
molecules can tag a microorganism, infected cell or chemical-threat agent (antigen) and
deactivate them. Antibodies can be non-specific as found in normal blood stream or can be
synthesized to destroy one target selectively.

3.3.3 Systemic toxicity and hypersensivity

Of the most important features of biomedical materials non-toxicity, in other terms material
must not harm the living organism. Damage of substance to the organism may vary from
mild local response to (sometimes) lethal generalized reactions. Acute toxicity can be
explained as damaging affects to an organism with a single or short-term exposure. Any
natural or artificial substance (animal or plant secretions or extracts, inorganic materials,
drugs) may damage the living tissues gradually related with their potency, doses and
administration way and metabolism. Even materials like inevitable components of cells, like
water, or even oxygen, may be harmful for our organism in higher doses. Pure substances
may have toxicity risk solely, correspondingly compound materials, that contain more than
one component have a different risk rate for each ingredient. Some components may induce
toxicity rate of each other or may act a synergic action to harm organism. The damage to
living structures, correspondingly with the amount of substance, may occur in many
cascades of internal or external cell functions or structures.

Chronic toxicity is the ability of a substance to cause harmful effects over an extended
period (sometimes for the entire life), usually on repeated or continuous exposure.
Therefore, corrosion, degradation or decomposition of material placed inside the body is,
unless designed to act in this direction, is not desired due to the risk of local or systemic
toxicity risk. As the toxicity occurs; depending its damage level, patients’ complain may
vary from local irritation to life-threatening severe condition clinically until the reason of
toxicity is removed or neutralized.

Deactivation process of any molecule sensed as a threat (antigen) by immune system is
allergic reaction. Several defence mechanisms are initiated locally and neutralize the
antigen. However; sometimes, no matter what the amount of antigen entered to the body it
may trigger chain-reaction over the normal limits and carries the reaction via chemical
signalling all around whole body and described as hypersensitivity reaction. The patient
could have been pre-sensitized by multiple exposures to the antigen until that time. No or
mild previous reactions due to the antigen contact can be reported by the patient and
sudden onset of hypersensitivity may occur at a severe level. On the other hand; the
organism may have a genetic potential to generate this over-reaction, which means
hypersensitivity reaction may occur during the first introduction with the antigen material
and can be lethal.

3.3.4 Tumorogenesis and biomaterials

Reproduction of healthy cells is division of cells (mitosis). DNA controls the frequency of
mitosis, likewise all functions of cell. During the life span of a healthy cell DNA carries a
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code to end cell life and programmed cell death (apoptosis) occurs. However, some external
factors, like chemical agents, radiation, some bacteria or virus infections, may cause a
change on the DNA structure (mutation) or pre-determined genetic code is deteriorated
during normal life span [75,76]. These mutagenic alterations lead DNA to lose its inhibitory
control on mitosis or moreover induce continuous cell division. Additionally or on the other
hand; the genetic mutation may clear apoptosis order of the nature and continually dividing
cells can survive forever. Both mechanisms cause unstoppable cell number increase inside
the body, called as tumourogenesis (tumour formation).Some substances induce cell
division via DNA mutation and cause tumour formation, while some, like ethyl alcohol and
oestrogen, may promote mitosis and lead cancer. Similarly; continual physical, chemical,
electrical or electromagnetic stimuli, behave as chronic irritation and trigger the healing
mechanism, which means inducing cell division to repair the injured area. Unless the factor
reasoning promoted cell division is relieved cancer out-breaks would be faced. Those are the
mainly accepted carcinogenic theories, which give the clues to be considered, while
biomaterial production is concerned.

3.3.5 Implant-associated infection

A material or object placed in to an organism to restore a function, mass loss or to measure,
diagnose or treat any condition is called as “implant”. Implants” success is directly related to
their survival. Life expectancy of the implants can be interfered with several endogenous or
exogenous factors [77]. Least but not the last issue considering implant failure is the infection.
Implant, as a foreign material has a risk to undergo rejection. Therefore; implants are produced
of biocompatible materials and sterilized before placement into the body. As antimicrobial
body protection is carried out by our skin and mucosal barrier, inner environment of the body
is sterile, except some parts like digestive system canal etc. Microorganisms are always in
contact with this shield and are not let go inside. However, any kind of injury may break the
integrity of the skin-mucosa barrier and can open a gate to the microorganisms to enter body.
Following their entry, they replicate themselves and retain at a weak part of organism
(colonization). During the proliferation process the also synthesize and release some toxins to
damage the host to weaken its defence or to make the environment more proper for their
survival. Inoculation of microorganism to the implant material can be via direct contact or
blood stream can act like a high-way to transport the microorganisms from a distant entry
point to the implant. Either way of exposure can easily initiate colonization of the
microorganisms on the implant, in other words infection. Implant, itself, has a risk of rejection
and invasion by the microorganisms would lead and hasten withdrawal of the implant.
Especially mouth, as a wet and warm atmosphere full of food debris, is an ideal environment
for bacteria colonization. That makes it a unique part of the body, with the highest type-
multiplicity of microorganism and highest microorganism concentration in one unit of saliva.
Those factors mentioned above increase the infection risk of dental implants placed in
edentulous jaw bones to restore chewing, phonation functions and aesthetic. Implant surface
roughened intentionally to increase bone-implant contact area for more stability and longer
survival in the bone cavity. Rough surface provide an ideal environment for bacteria
colonization with its retentive topography and can facilitate increase of bacteria count on
dental implant. Moreover; incidence of dental implant placement is the higher than all other
types of implants. This high frequency of application also increases the infection coincidence of
dental implants. Dental implant infections can be as high as 31,2% [78].
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Overcoming implant associated infections is another focus of current researches. Previous
efforts focused on killing already-colonized microorganisms via several antimicrobial agents
like antibiotics [79] or debriding the colonies with several techniques like scratching, chemical
cautery or damaging the colonies via photo thermal effect of laser energy. However current
concepts have centered on prevention of colonization or may be killing the microorganism as
they contact the implant. Those studies showing positive effect of antibiotic use on infection
treatment grounded the idea of keeping antibacterial agents around the implant site during
healing process. Initial attempts aimed administration of antimicrobials, like tetracycline,
ciprofloxacin, vancomycin, rifampin/minocyclin, cefoperazone, penicillin/streptomycin,
gentamicin, around the implant to prevent infection. However; those local administration of
antibiotics to the implant site topically had limited release time and couldn’t prevent
development of infection in long term. Idea of gradual release of the antimicrobial substances
by the implant has leaded coating titanium surface with antibiotics with restricted success
limited time of degradation process of antimicrobial drug coating [80]. Several local drug
delivery vehicles like (glycolic, lactic acid, caprolactone, methyl methacrylate polymers,
chitosan, agarose/hydro-gels, bioactive ceramics, collagen, nanotubes), have been studied to
prolong releasing period of the antibiotic [81-83]. Choice of delivery medium is dependent on:

e Type of tissue to be placed (whether soft tissue or bone)

e Environment of the implant to be protected (mouth, skin, bone, vessels, heart, genitor-
urinary system, aero digestive system, cranium or any place inside the body)

¢ Required releasing time (slow or fast)

Biodegradation mechanism

How many drugs will be used (single or multiple) and

e  Compatibility with antimicrobial agent to be sustained.

Simultaneously; antimicrobial prevention concepts have evolved innovative surface
technologies based on the knowledge that certain metal ions like silver, copper, bismuth and
zinc have oligodynamic effect (toxic effect on living organisms) on microorganisms [84,85].
Target of those researches centered on modifying the titanium dental implant surface with
these above mentioned metal ions to wall-up a defensive line on the titanium surface and
protect themselves against bacterial attacks. Similarly zirconium doped titanium presents
antimicrobial activity beside high epithelial cell attraction and mediate healthy cell
proliferation to promote formation epithelial cell barrier over the implant surface.

Development of carbon-nanotube systems grown on implant surface can give the capability
of controlled release of any drug implanted. It has been shown that they can act as sensing
probe for various (electrical, thermal, photo or chemical) stimuli. These triggering factors
can be redox reactions of bone-forming cells (osteoblasts) or connective tissue-forming cells
(fibroblasts) or any substance specifically released from bacterial wall. As impulses are
sensed, such materials can release any given drugs to potentially fight bacterial infection,
reduce inflammation, promote bone growth or reduce fibroblast functions [85, 86].

3.3.6 Blood coagulation and blood materials interactions

Any kind of injury may disrupt integrity of blood vessels and cause bleeding. Coagulation
(hemostasis) mechanism is to stop blood loss, which can also be named as a protective
mechanism. Injury of the vessel initiates physical, cellular and biochemical chain reaction.
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Physical change due to trauma (rupture) of vessel walls leads a reflex at surrounding
muscles of the vessel and they constrict diameter of vessel, so that blood flow thru narrower
lumen decreases gradually and contribute success of co-working hemostatic mechanisms.
Besides external trauma, internal biochemical stimulus released by platelets (thromboxane
A»), has an additive effect on vasoconstriction [75,76].

Cellular part of hemostasis mechanism is fulfilled by platelets, formed in the bone marrow
and release into blood stream as a member of blood cell population. Platelets, though lack of
reproduction capability and nuclei in their cytoplasm, contain thrombosthenin, that contract
the platelet cell initially. They can store calcium ions in their cytoplasm and synthesize
several molecules act actively in inflammation process (pain mediators).

Main action of platelets in hemostasis mechanism is aggregation via adhesion on another
and to injured vessel walls. Glycoprotein layer on cell membrane presents a selective
adhesiveness to the platelet. Under normal conditions this layer rebuff adhesion to healthy
vessel wall tissue (endothelial cells), while in presence of any injury glycoprotein promotes
adhesion to the damaged endothelium, collagen bundles supporting vascular wall and one
another. This increased adherence occurs simultaneously with changing their form as
swelling and presenting multiple protrusions on their cell membrane and degradation of
several substances of some attract more platelets and lead increase of those cells in number.
Increased irregularity of their form and sticky nature of the membrane ease their adhesion
capability to accumulate at the damaged vessel window. These aggregation and adhesion
behavior of platelets yield initial clot formation to stop bleeding.

The third method playing a role in hemostasis mechanism simultaneously with vascular
response and platelet plug formation is biochemical coagulation cascade. Basically; over 50
substances found in blood or tissue take place in blood coagulation (procoagulants) or
anticoagulation (anticoagulants) equilibrium. Procoagulant factors of those substances (Table
17) are present in inactive (precursor) form and any stimulus originated traumatized vascular
endothelium or platelet derivates can activate them to start the coagulation mechanism. These
extrinsic and intrinsic pathways activate those factors and each activated substance either
activates another or catalyse their activation process. Final steps of the cascade are change of
fibrinogen to fibrin via thrombin and formation of fibrin network as an end product.

Factor | fibrinogen

Factor I1 prothrombin

Factor III tissue factor or tissue thromboplastin

Factor IV calcium jon

Factor V proaccelerin, labile factor or Ac-globulin

Factor VII serum prothrombin conversion accelerator, proconvertin or stable factor
Factor VIII antihemophilic factor, antihemophilic globulin, antihemophilic factor A
Factor IX plasma thromboplastin component, Christmas factor or antihemophilic factor B
Factor X Stuart factor or Stuart-Prower factor

Factor XI plasma thromboplastin antecedent or antihemophilic factor C

Factor XII Hageman factor

Factor XIII fibrin-stabilizing factor

Fletcher factor Prekallikrein

Fitzgerald factor |High-molecular-weight kininogen

Platelets thrombocytes

Table 17. Factors in blood coagulation mechanism
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Blood clot (thrombus) piece can be detached from a main clot mass or sometimes may occur
spontaneously without any injury effect. High blood viscosity, high procoagulant serum
levels or vascular malformations etc. increase intravascular thrombus formation risk. Any
free thrombus piece can easily be transferred via circulatory system until get stacked in a
narrower vessel lumen and obliterate an artery (of heart, brain, kidney eye etc.), which may
cause a severe damage due to occluded blood circulation of the related the tissue. Especially,
thrombus formation can easily occur on irregular vascular surfaces covered with cholesterol
plaques or around any vascular implants or grafts like stents used in cardiovascular
interventions. For a healthy person; anticoagulation mechanism is a protective equilibrium
that impedes coagulation of whole blood in the vascular system spontaneously, which may
mean end of life. In other case, as the clotting cascade begins due to any reason,
anticoagulation mechanism obviates dissemination of the coagulation chain thru whole
circulation system. Anticoagulant substances found in our body like vascular surface cover,
glycocalyx, helping platelet or clotting factor repelling, or thrombin binding protein
thrombomodulin. Fibrin fibers formed during coagulation consumes thrombin and
eliminates it from the environment. Additionally alpha globulin protein (antithrombin-
heparin cofactor or antithrombin III) also removes thrombin and hinder or delay
coagulation. In our daily life; anticoagulation is an equilibrium is maintained via vascular
surface integrity, presence of those anticoagulant substances in the blood or with some
drugs.

On the other hand, in case of lack of any of those clotting factors or a deficit in platelet
structure, function or count lead disturbed coagulation function, which means unstoppable
bleeding reasoning death. Anticoagulation kept in normal limits is desired to avoid
intravascular coagulation especially in patients with vascular malformations, vascular grafts
or stents, atherosclerosis etc. Therefore, those patients are prescribed anticoagulant, like
heparin, coumarin or 1,3-indandionederivates, to increase coagulation threshold within
safety limits.

3.4 Evaluation of materials behavior

Prior to clinical use of any substance (biomaterial or drug), which is going to be in contact
with our organism, it should be strictly tested and proven to be non-hazardous for us. Those
processes to examine this biomaterial can be classified in 3 parts. First requirement is the
matching physical and chemical properties of the substance, desired to be the same or at
least compatible with the organism. These materials, therefore, are produced according the
tissue features, where they are going to be used. According to tissue type; physical strengths
(tensile, compressive, shear strength, elasticity modulus), thermal properties,
photoreactivity or translucency, colour, calcification potency, surface structure, chemical
features, or degradation resistance are modified for ideal adaptation to the environment.
Those features are examined under laboratory conditions before biologic behavioral tests

[87].
3.4.1 In vitro assessment of tissue compatibility

Proofed materials in laboratory examinations are ready to be evaluated for their biologic
performance. According to the tissue(s) which is(are) going to be the environment of the
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material, related tissue cells are selected to evaluate if the material has a potential to damage
them, or not. Even materials previously proven to be safe to be use inside the body, should
be tested if any chemical or major physical modification has been carried out. With this aim
cell culture systems are the first step evaluation process to assess toxicity of the material for
related cell types. In vitro term is used to define a test setup that produces cells extracted
from a living organism outside the body in controlled laboratory conditions. This method is
helpful to assess the biologic behavior of a material without killing plenty of animals used in
experiments. Additionally, these in vitro study settings result rapidly, can be performed in
many different models and can be repeated in a short time. Initially cells are harvested from
a living organism (animal, human or even plants), kept in proper environmental conditions
containing all necessary organic and inorganic substances, water, temperature etc., to
maintain their survival. They should be isolated from other cell groups or microorganisms
to gain a pure cell population with equivalent features, so that cellular response could be
same in this population. Genetic structure can be modified to give them immortality to keep
their production continuously. Gene modification can be used to transform those cells to
cancer cells to work on such illnesses. Then cultured cells are passaged and exposed to test
material or can be stored at -196°C for further studies. Time depended toxicity rate can be
measured as the count of surviving cells, their physical appearance, functions like
replication rate or energy production ability (mitochondrial activity) [88].

Additionally, biologic behavior of a material is not only toxicity but also can be an altering
effect on cell structure. Especially mutation effect on cell DNA due to test material exposure
may also change cellular behavior or character and cause cancer. Therefore, such
mutagenity evaluations can also be made for further investigation. With this purpose
morphological change can be scanned with scanning electron microscopy or ultrastructural
transformations can be visualized with transmission electron microscopy. Cellular affinity to
the substance is eventually another point of interest to measure. Cellular extracts are lined
on the prepared surface and incubated for a certain period to wait for cell adhesion. Then
cultured specimens are washed out with water and examined to count attached cell
numbers.

Some behavioral and structural alterations can be monitored with various biochemicals,
spectrophotometric, immunoassay techniques (ELISA-Enzyme-Linked Immunosorbent Assay)
or dynamic imaging methods like confocal microscopy. These techniques can detect presence of
a defined substance with various methodology in a sampled moment or in real-time.

On the other hand, some materials like bone grafts are used as a scaffold for tissue
engineering procedures that mainly act as a carrier of implanted cells and biomolecules.
In advanced applications; differentiation of root (stem) cells planted in/on those graft
materials to bone cells is another desired feature expected from a bone graft material.
Hence, differentiation effect of test material can also be examined with undifferentiated
stem cells.

Besides cell cultures; bacterial or fungi cultures can also be used to evaluate antimicrobial
effect of the test material. On microorganisms cultured at a medium (on a surface or in a
solution) are exposed to the test material and surviving microorganisms are counted to
evaluate their lethal efficacy [89,90].
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3.4.2 In vivo assessment of tissue compatibility and animal models

Third step of biologic behavioral tests are in vivo (animal) experiments. Only approved
substances with in vitro examinations are subjected to in vivo experiments, so that excessive
scarification of experiment subjects is minimized. Depending on the purpose of biomaterial;
the substance is tested whether it cause any allergic reaction (sensitization), tissue
inflammation and rejection reaction (irritation). It is also implanted under the skin
(intracutaneously) or in a prepared bone cavity (intrabony) to evaluate local tissue response.
Additionally following administration in to the body (no matter what way of administration
was chosen) acute or subacute damages to all organ systems (systemic toxicity) are
evaluated after implantation via examining each organ with microscopic imaging or
biochemical analyses. Genotoxicity potential of the studied material is investigated with
changes of genetic structure of the cells exposed to the material. Changes of the healthy
tissue can be assessed with comparison of those tissue samples exposed to the substance
with healthy tissue structures of the same spice with different methodology. Tissue
morphology can be evaluated with microscopic techniques like light microscopy, scanning
electron microscopy, transmission electron microscopy, confocal microscopy etc. or some
physical tests (tensile strength, shear strength or compression tests) can be used to evaluate
physical strength of hard tissues like bone and tooth, or even (sometimes) soft tissues.
Biochemical alterations, before and after application of the researched material, can also be
compared to evaluate tissue response or its reaction path to the material. Additionally
calcified tissues like bone or tooth can be followed up via X-ray images (radiographically).
Study designs can be based on time dependent comparative research methodology and can
use assessment of half-life of radioactively singed atoms implanted to the study substance to
be placed in to the body [91].

Samples to be examined should be free of any contamination (pure), packed properly and
sterilized according their structure (with gamma-radiation, steam+heat, ethylene oxide or
plasma). Local reaction to the material can be measured with comparison of healthy tissue,
physiologic tissue healing or healing process of a standard material well-known and
documented previously. In such methodology, unless systemic efficacy is not in
consideration, more than one substance can be tested in one organism to make a healthy
comparison. However, at least 6 subjects should be studied for each group for statistical
analysis. If time depended results are required one group of animals should be prepared for
each time interval. Examinations regarding systemic effect of the substance necessitate use
of one material on one animal each time, which eventually increase number of animals.
Regarding systemic toxicity, irritation or hypersensitivity repetitive dose applications can be
used, which also means raised animal number. Following application of test material, the
subjects are kept in a convenient habitation conditions. Responses are monitored after
scarification or real-time with suitable probing in tissues and body fluids histologically,
radiologically, chemically, thermally or immunohistochemically etc. For evaluation of
results; obtained raw data is analysed statistically with parametric and nonparametric tests.

Physical or chemical tests can be performed to evaluate structural, chemical or physical
strength changes of the material itself after using in the organism. Especially force bearing
materials like bone plates or metallic prosthesis or dental implants can be examined
regarding corrosion potential, micro/macro cracks or plastic deformation, so that survival of
material can be estimated under compressive, tensile and shear strengths besides corrosive
effect of body fluids [92].
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3.5 Dental implants

Other than restorative dentistry the rehabilitation of teeth losses is a major concern for
clinicians. Replacing the teeth with human-made one has been one of the greatest challenges
in field of dental medicine. Mechanical features like macro anatomy, micro surface
topography of dental implants necessitate a special concern to give a life-long service in an
environment where repeating bite or chewing forces are loaded from different directions.
These physical design properties are expected to neutralize those loaded chewing forces or
at least should minimize compressive stresses on the bony bed where they were implanted.
Moreover; regarding resistance against metal fatigue choice of material is highly important
in case of cycling compressive, shear and tensile loads. Dental implants are partly placed
into the jaw bones where in contact with blood and also have a part left in the oral cavity
where exposed to saliva. Those body fluids that have lipophilic and hydrophilic affinity and
enzymatic activity potentially dissolve and corrode materials. Hence corrosion resistance of
the dental implant material should be high enough both to sustain their physical strength in
acceptable limits and also to minimize local or systemic toxicity risk due to corrosion
particles. However; first place for significance ranking of dental implant material, likewise
in all biomaterials, is its compatibility with the surrounding tissues (biocompatibility).
Therefore; several materials and alloys have been tried for decades to find out the ideal
biocompatibility with excellent physical features. Titanium and zirconium elements have
been well documented and presented to have better tissue biocompatibilities and acceptable
physical properties, when compared to others [93,94]. It is been shown that alloys of these
materials can present augmented biologic and physical features while corrosion aspect of
those alloys is still questionable. With this regard Ti-6Al-4V, Ti-6Al-7Nb, Ti-5Al-2Nb-1Ta,
Ti-30Ta and Ti-Zr alloys have been studied in several studies to enhance mechanical and
biologic properties of titanium or zirconium [95-99]. Those alloys have been used as base
material or as coating for augmented features. More recent studies focusing on Ti-Zr alloy
have promising results which show evidences of elimination of disadvantages of both
substances while improving biocompatibility.

Except using alloys to improve biocompatibility several techniques have been used to
modify implant surface that is in contact with bone. Changing micro-structural, chemical or
ionic structure of dental implant material to make it more attractive for surrounding bone
cells (osteoblast) and allow it to bind calcium and phosphate ions of neighboring bony bed
[100].

Following preparation of a place in the jaw bone dental implant is placed into the cavity and
left for healing. During the healing process blood clot cover implant surface which is not in
close contact with bone. Those two different neighboring structures (bone and blood clot)
initiate healing process which means integration of implant to surrounding bone tightly.
Parts of implant surface at direct bony contact may develop chemical connection with
calcium and phosphate of bony hydroxyapatite crystal. Developing a bone contact on the
implant surface exposed to blood clot needs more time to have bony connection. Overlaying
clot undergoes transformation turn into bone tissue, so that implant connects to
surrounding bone (osteointegration). Both titanium and zirconium materials and their alloys
are capable to show osteointegration. Considering this process, implant surface must be
available for osteoblast habitation, in other terms implant surface should have an optimum
surface roughness values to let the bone cells attach on tightly. Surface treatment also helps
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to increase surface magnitude with roughening, which also contribute extension of bone-to-
implant contact area. Following adhesion; cells synthesize osteoid bone matrix (immature
bone) that acts like a template leading calcium hydroxyl apatite crystal precipitation in
(calcification). Therefore, osteoblastic attachment is inevitable for osteointegration, which
also means “success” [101]. Therefore; increasing surface roughness has been worked out
with different techniques, like sand blasting, acid etching, abrading with SiC paper,
microarc oxidation, spark erosion, lasering or their combinations [102,103]. Sand blasting is
a well-documented method to improve surface porosity, as well as altering several physical
properties of the metal (fracture, fatigue, tensile strength etc.) [104].

Various parameters have been modified for optimization both for roughness and bone cell
(osteoblast) adhesion to the surface. Different materials like aluminium oxide, TiO,,
hydroxyapatite, calcium phosphate and zirconium oxide have been studied in different
particle sizes in combination or separately [105]. Parameters like blasting speed, particle
diameter, and particle ratio in the blowing air, blasting atmosphere and temperature can
affect surface topography. Type of blasting material is also important with the respect that
during the blasting process some particles can be stacked into the titanium surface due to
high velocity and may remain on even after cleaning processes following blasting. It should
be considered that those blasting particles remaining on the implant surface can alter tissue
reaction to the implant material in positive or negative direction. With this regard, choice of
blasting materials among biocompatible ones would accelerate osteointegration process,
while substances with low or no biocompatibility can be expected to influence this process
negatively [106]. It should also be considered that these blasting materials remaining on the
implant surface may undergo corrosion and may result rejection of the implant or toxicity
by the time as well [107]. Therefore, analysis of the titanium surface following blasting can
be advised to evaluate any remnants of blasting materials if such susceptible material had
been used for blasting. Owing that; several chemicals or their combinations have been tried
out and some are currently used to modify implant surface to enhance roughness.
Phosphoric acid and its derivates, HF, HNOs;, HCl and H;SO4 the most frequently used
chemical etching agents to modify titanium surface solely or in combination. It is also noted
that temperature is an important factor that increase the corrosive effect of chemicals [108].
Even though several research groups showed that acid treatment is more useful then alkali
solutions to improve surface roughness of titanium [109], there are studies showing that
alkali solutions are efficient for surface treatment of titanium implants in nanoscale and
moreover can be advantageous to give hydrophilic structure on the implant surface, which
provide augmented tissue affinity to the titanium surface [110]. It is also been stated that
alkali- and heat-treated titanium surface can accelerate and improve bone-implant contact
area due to increased surface roughness [111]. As understood from those results; alkali
treatment can be attributed as less aggressive than acid etching method, but can be used
following acid treatment and forms nanoroughness on the titanium surface that can attract
bone cells to attach on. Hydrogen peroxide, likewise alkali treatment, and heat treatment
can improve cell adhesion and create hydrophilic nature for titanium [112]. Moreover; alkali
(NaOH) treated titanium surfaces can induce biomimetic apatite debris formation on the
implant surface, which can be attributed as chemical binding of titanium and bony apatite.
This bone-like apatite focuses act as bone calcification nuclei and initiate bone formation.

Surface treatment with previously mentioned methods, sand blasting and acid or alkali
etching, do contaminate the titanium surface, of which remnants cannot be avoided,
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eradicated or neutralized totally all the time. However, laser energy can modify the titanium
or titanium alloy surfaces without contamination [113]. Laser energy can change the
titanium or its alloys with heat (photothermal) effect or intense pulsed wave form of laser
energy (photomechanic) effect like embossing. For this purpose, certain wavelengths, like
neodymium: yttrium aluminium garnet (Nd-YAG) laser-355 nm and carbon dioxide laser-
10600 nm, have been well documented [114] and taken an inevitable place in industrial
surface treatment industry. Pulsed Nd-YAG laser with 10 Hz repetition rate has been
demonstrated to give the opportunity to control micro-topography as desired [115].
However, those wavelengths work with photothermal effect and modify the titanium
surface via melting. Even laser surface treatment is defined to give the control for desired
surface topography melting method does not create a perfect surface structure. Therefore,
shorter (femto or pico second) pulses can generate more controlled surface shape due to
lower heat formation [116]. Femtosecond laser pulses can engrave surface topography at
micro or nano scales, which give the 100% control facility of surface texturing. Control of
roughness depth and geometry on the implant surface also gives the possibility for selective
cell attraction to the implant surface. Such laser-treated surfaces can distract inflammatory
cells, responsible from tissue response to implant surface, and contribute to suppression of
early inflammatory events, which may lead rejection [117]. Similarly, laser-texturing can
make it possible to attract certain cells of which long-term function is a prerequisite for their
adhesion, like epithelial cells and osteoblasts. Those cells attach directly to the implant
surface, if convenient roughness values can be yielded with treatment. Connective tissue
cells (fibroblast) tend to attach less roughened surfaces, when compared with bone cells
(osteoblasts) [118]. Wavelengths proven to be innocuous to the titanium surface like erbium:
yttrium aluminium garnet (Er:YAG) laser-2940 nm, recently, have been documented as a
laser type that may modify the titanium surface at certain power settings as low as 200
m]J/10Hz [119]. On the other hand, degree of surface roughness can alter surface adhesion
potential of several microorganisms as well as body cells [120]. Owing that affinity potential,
implant surfaces can be modified gradually according to the location where cell adhesion is
targeted, while microbial attacks are repulsed.

Titanium surfaces treated with micro-arc (plasma electrolytic) oxidation (MAO) can also
improve surface porosity and its alloys, contributing cellular activity for osteointegration
[121]. Correspondingly; MAO procedure facilitates cell adhesion capability of titanium
surface with enhanced hydrophilicity [122].

4. Summary

In conclusion, physical, chemical and biologic features of biomaterials are chosen and
determined considering their function and required durability in situ besides biocompatibility.
Accelerative development in material science, especially in nano and optoelectric sciences
makes exploration of new materials or enhancement of conservative biomaterials.
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1. Introduction

Biological and biochemical processes have a very important role on medicine, biology and
biotechnology. However, it is very difficult to convert directly biological data to electrical
signal, the biosensors can convert these signals and the biosensors over this diffuculty. In
recent years, thanks to improved techniques and devices, the usage of these products have
increased.

The first biosensor was described in 1962 by Clark and Lyons who immobilized glucose
oxidase (GOD) on an amperometric oxygen electrode surface semipermeable dialysis
membrane in order to quantify glucose concentration in a sample directly [1, 2]. They
described how "to make electrochemical sensors (pH, polarographic, potentiometric or
conductometric) more intelligent" by adding "enzyme transducers as membrane enclosed
sandwiches".

According to a recently proposed IUPAC definition [3], “ A biosensor is a self-contained
integrated device which is capable of providing specific quantitative or semi-quantitative
analytical information using a biological recognition element (biochemical receptor) which
is in direct spatial contact with a transducer element. A biosensor should be clearly
distinguished from a bioanalytical system, which requires additional processing steps, such
as reagent addition. Furthermore, a biosensor should be distinguished from a bioprobe
which is either disposable after one measurement, i.e. single use, or unable to continuously
monitor the analyte concentration”.

A biosensor is a device composed of two elements:

1. A bioreceptor that is an immobilized sensitive biological element (e.g. enzyme, DNA
probe, antibody) recognizing the analyte (e.g. enzyme substrate, complementary DNA,
antigen). Although antibodies and oligonucleotides are widely employed, enzymes are
by far the most commonly used biosensing elements in biosensors.

2. A transducer is used to convert (bio)chemical signal resulting from the interaction of the
analyte with the bioreceptor into an electronic one. The intensity of generated signal is
directly or inversely proportional to the analyte concentration. Electrochemical
transducers are often used to develop biosensors. These systems offer some advantages
such as low cost, simple design or small dimensions. Biosensors can also be based on
gravimetric, calorimetric or optical detection [1].
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Biosensors are categorized according to the basic principles of signal transduction and
biorecognition elements. According to the transducing elements, biosensors can be classified
as electrochemical, optical, piezoelectric, and thermal sensors [3]. Electrochemical biosensors
are also classified as potentiometric, amperometric and conductometric sensors.

The application of biosensor areas [4] are clinic, diagnostic, medical applications, process
control, bioreactors, quality control, agriculture and veterinary medicine, bacterial and viral
diagnostic, drag production, control of industrial waste water, mining, military defense
industry [5], etc. A few advantages of biosensors are listed below:

1. They can measure nonpolar molecules that do not respond to most measurement
devices

Biosensors are specific due to the immobilized system used in them

Rapid and continuous control is possible with biosensors

Response time is short (typically less than a minute) and

Practical

G LN

There are also some disadvantages of biosensors:

1. Heat sterilization is not possible because of denaturaziation of biological material,

2. Stability of biological material (such as enzyme, cell, antibody, tissue, etc.), depends on
the natural properties of the molecule that can be denaturalized under environmental
conditions (pH, temperature or ions)

3. The cells in the biosensor can become intoxicated by other molecules that are capable of
diffusing through the membrane.

2. Recent development topics on biosensors

In biosensor development studies, suitable bioreceptor molecule, suitable immobilization
method and transducer should be selected firstly. Biology, biochemistry, chemistry,
electrochemistry, physics, kinetics and mass transfer knowledge is reuired for this study.
Thus we can say that developing a biosensor is related with a interdisciplinary study.
Proportional to the technological development and increase of interdisciplinary studies
biosensors are being more useful and having more usage areas day by day. Recent
development topics which are listed below will be discussed in this chapter:

e  Electrochemical biosensor

e  Fiber-optic biosensor

e  Carbon Nanotube

e  Protein Engineering for biosensors
e  Wireless Biosensors Networks

2.1 Electrochemical biosensors

Bioelectroanalysis with electrochemical biosensors is a new area in rapid development
within electroanalysis. In biosensor development studies, suitable bioreceptor molecule,
suitable immobilization method and transducer should be selected firstly
Bioelectroanalytical sensors permit the analysis of species with great Specificity, very rapid,
sensitive, highly selective and cheap cost in principle. They can be used in clinical analysis,
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in on-line control processes for industry or environment, or even in vivo studies [6]. The
difference between biosensor and physical or chemical sensors is that its recognition
element is biological.

The investigated bioelectrochemical reaction would generate a measurable current
(amperometric detection), a measurable potential or charge accumulation (potentiometric
detection) or measurable conductivity change of a medium (conductometric detection)
between electrodes. When the current is measured at a constant potential this is referred to
as amperometry. If an electrical current is measured while controlled variations of the
potential is being applied, this is named as voltammetry.

Potentiometric, amperometric and conductometric measurement techniques forms the kinds
of electrochemical biosensors. Potentiometric sensors have an organic membrane or surface
that is sensitive to an analyte. The reaction between them generates a potential (emf)
proportional to the logarithm of the electrochemically active material concentration. This
potential is compared with the reference electrode potential.

Enzyme immobilized electrodes reacts with substrate and products are detected by
electrodes. Amperometric sensors measure the current change resulted by chemical reaction
of electroactive materials while a constant potential is being applied. The change of the
current is related to the concentration of the species in solution.

Generally biological compounds (glucose, urea, cholesterol, etc.) are not electroactive, so the
combination of reactions to produce an electroactive element is needed. This electroactive
element leads a change of current intensity. This change is proportional to the concentration
of analyte.

Conductometric biosensors can measure the change of the electrical conductivity of cell
solution. Most reactions involve a change in the composition of solution. Thus
conductometric biosensors can detect any reactive change occuring in a solution.

Electrochemical biosensors have advantages that they can sense materials without
damaging the system [7]. The use of biosensors for industrial and environmental analysis [8]
is very important. The control of food manufacturing processes, evaluation of food quality,
control of fermentation processes and for monitoring of organic pollutants are some of the
applications of biosensors. The present popularity of analytical biosensors is due to their
specific detection, simple use and low cost. For example an electrochemical biosensor can
be used to detect Salmonella and E. coli O157:H7 in less than 90 min. [7]. Electrochemical
biosensor studies are performed with electrochemical cells.

Electrochemical Cells

An electrochemical cell is used in electrochemical sensor studies. The electrodes themselves
play an important role in the performance of electrochemical biosensors. The electrode
material, its surface modification or its dimensions effects the detection ability of the
electrochemical biosensor. There are three kinds of electrodes in the electrochemical cell:

e Working electrode
e  Reference electrode
¢ Auxilary (counter) electrode
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Reference Electrode

Fig. 1. Electrochemical cell.

Reference electrode:
The other electrodes in the cell are referred to this electrode. Reference electrode types:

e Type 1: the hydrogen electrode
e  Type 2: the calomel electrode
e Type 3: glass electrodes

Reference electrode is a kind of standard hydrogen electrode. Hydrogen is potentially
explosive and is not very suitable using an electrode with hydrogen gas for routine
measurements. So there are two common use and commercially available reference
electrode types:

e Ag/AgCl Electrode: There is a Ag wire that coated with AgCl and dipped into NaCl
solution.

AgCl+e—— Ag+ CI™ (E0=+0.22V)

e Saturated-Calomel Electrode: Calomel is the other name of mercurous chloride
(ngCIz).

Hg,Cl? + 2e— > 2Hg + 2CI? (E0= +0.24V)

—= Wire

——=—mercury

—=—calomel paste

\_ —= saturated KCI
< —=— junction

Fig. 2. Reference (calomel) electrode.
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Calomel electrode is consist of mercury, paste (mixture of mercury(I) chloride powder and
potassium chloride) and saturated potassium chloride solution.

Auxilary (Counter) Electrode:

In a two-electrode system, when a known current or potential is applied between the
working and auxiliary electrodes, the other variables may be measured. The auxiliary
electrode functions as a cathode whenever the working electrode is operating as an anode
and vice versa. The auxiliary electrode often has a surface area much larger than that of the
working electrode. The half-reaction occurring at the auxiliary electrode should occur fast
enough not to limit the process at the working electrode. The potential of the auxiliary
electrode is not measured against the reference electrode but adjusted to balance the
reaction occurring at the working electrode. This configuration allows the potential of the
working electrode to be measured against a known reference electrode. Auxiliary electrode
is often fabricated from electrochemically inert materials such as gold, platinum or carbon.

Working Electrode:

It is the electrode on which the reaction occur in an electrochemical system [9, 10, 11]. In an
electrochemical system with three electrodes, the working electrode can be referred as either
cathodic or anodic depending on the reaction on the working electrode is a reduction or an
oxidation. There are many kind of working electrodes. Glassy carbon electrode, screen
printed electrode, Pt electrode, gold electrode, silver electrode, Indium Tin Oxide coated
glass electrode, carbon paste electrode, carbon nanotube paste electrode etc.

Screen printed electrodes are prepared with depositing inks on the electrode substrate
(glass, plastic or ceramic) in the form of thin films. Different inks can be used to get different
dimensions and shapes of biosensors. Screen-printed electrochemical cells are widely used
for developing amperometric biosensors because these biosensors are cheap and can be
produced at large scales. This could be potentially used as disposable sensor that decreases
the chances of contamination and prevents loss of sensitivity. Figure 3. exhibits an
electrochemical biosensor as screen printed electrode.

Performance factors of an electrochemical biosensor are: Selectivity, response time,
sensitivity range, accuracy, recovery time, solution conditions and the life time of the sensor.

WORKING ELECTRODE

COUNTER ELECTRODE

REFERENCE ELECTRODE

Fig. 3. Electrochemical biosensor as screen printed electrode.



120 A Roadmap of Biomedical Engineers and Milestones

Cyclic voltammetry or CV

Cyclic voltammetry is a type of potentiodynamic electrochemical measurement. In a cyclic
voltammetry experiment, the working electrode potential is changed linearly versus time.
Cyclic voltammetry experiment ends when it reaches a set potential value. When cyclic
voltammetry reaches the set potential, potential ramp of the working electrode is inverted
back. This inversion can happen multiple times during a single experiment until a set cycle
number is obtained. The plot of the current at the working electrode vs. the applied voltage
give the cyclic voltammogram of the reaction. Cyclic voltammetry is a general way to study
the electrochemical properties of an analyte in a solution [12, 13, 14].

Chronoamperometry and Chronopotentiometry

A potential is applied to the working electrode and steady state current is measured as a
function of time for chronoamperometric measurement. There is a diffusion layer between
solution media and electrode surface. The concept of a diffusion layer was introduced by
Nernst. Diffusion controls the transfer of analyte from the bulk solution of higher
concentration to the electrode. Thus there is a concentration gradient from solution media to
the electrode surface. Cottrell equation can indicate this situation better: It defines the
current-time dependence for linear diffusion control at an electrode.

I = nFAc,

I: current is dependent on

F: Faraday’s constant,

n: The number of transferred electrons for each molecule,
A: The electrode area,

co: The analyte concentration,

D: The diffusion coefficient and time

t: Time

Electrochemical Impedance Spectroscopy (EIS)

Electrical resistance can be described as the ability of a circuit element to resist the flow of
electrical current. This is defined with Ohm's law:

E=IxR for DC conditions

While this is a well known equation, its use is limited to only the ideal resistor. An ideal
resistor follows Ohm's Law at all current and voltage levels and its resistance value is
independent of frequency.

Impedance is a measure of the ability of a circuit to resist the flow of electrical current Like
resistance, but electrochemical impedance is usually used by applying an AC potential to an
electrochemical cell and then measuring the current through the cell. When we apply a
sinusoidal potential, the response to this potential is an AC current signal.

This current signal can be considered as a sum of sinusoidal functions (a Fourier serie). For
AC conditions: E = IxZ, where Z is the impedance of the system. The impedance can be
calculated by setting the input potential and measuring the induced current.
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Electrochemical impedance spectroscopy (EIS) is a technique well suited for evaluating
coating permeability or barrier properties for corrosion control of steel structures based on
the electrical resistance of the coating. EIS has been widely used in the lab to determine
coating performance and to obtain quantitative kinetic and mechanistic information on
coating deterioration [15].

Detection of Analyte

Detection principle of analytes changes according to transducer type of the biosensor.
Electrochemical biosensors use electrical signals as output datas. Thus detection of an
analyte is related with the changes of electrical signals. For example; the intensity of the
current, potential energy and electrical conductivity of the electrode change.

In cyclic voltametry studies, It is seen that scientists observe the electrical potential vs.
electrode current intensity of an electrochemical cell system. When the analyte reacts with a
biological component that coated or immobilized on the electrode surface, a change in
electrical current occur at an electrical potential array. This current change tells us that there
is an electron transfer in the electrochemical cell during the reaction between the analyte and
biological component of biosensor electrode. In Figure 4 an example of electrochemical
biosensor study for monocrotophos detection with acetyl choline esterase (AChE) enzyme
immobilized on a modified glassy carbon electrode (GCE) with Au NanoParticles-SiSG is
given below.
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Fig. 4. Cyclic voltammograms of GCE (a) and AChE-AuNPs-SiSG/GCE (b) in pH 7.0 PBS;
AChE- AuNPs -5iSG/GCE (c), AuNPs -S5iSG/GCE (d) and AChE-SiSG/GCE (e) in pH 7.0
PBS containing 1.0 mM ATCI. Inset: Cyclic voltammograms of AChE-AuNPs-SiSG/GCE in
pH 7.0 PBS containing 1. 0mM ATCI after immersed in 0 (a), 0.01 (b), 0.2 (c) and 5 (d)_g/ml
monocrotophos solution, respectively, for 10 min [16].

The current intensity diffecence between a and d in inset CV graph gives the result for
monocrotophos concentration (the analyte). The inhibition of the enzyme is used for the
detection of analyte in this example.
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Immobilization methods

Electrochemical detection techniques use predominant enzymes. Because enzymes have
specific binding capabilities and biocatalytic activity. Some of the other biorecognition
elements are antibodies, nucleic acids, cells and micro-organisms. Biorecognition elements
should be immobilized on the electrode surface. Adsorption, microencapsulation,
entrapment, covalent attachment and cross linking methods Are the most well known
immobilization methods.

Adsorption methods:

1. Physical adsorption (physisorption) and
2. Chemical adsorption (chemisorption).

Physisorption is weaker than chemisorption. Adsorption is the simplest way for immobilization
of organic material, however the bonding is weak and life time of electrode is short.

Microencapsulation method is more reliable for adsorption. In this method, an inert
membrane traps the biologic material on the working electrode. Most used membranes are
cellulose acetate, collagen, gluter aldehyde, chitosan, nafion, polyurethanes, etc..

In entrapment method, generally a solution of polymeric materials are prepared containing
biologic material that will be entrapped onto the working electrode. The solution is coated
on the electrode with various coating methods. Starch gels, nylon and conductive polymers
such as polyaniline or nafion are used for.

Covalent attachment immobilization is important particularly for the advantage that the
enzyme is not been released from the electrode surface when it is used. However, covalent
bonding should not decompose or hide the active site of the enzyme. The functional groups
that may take part in this binding are NH,, CO,H, OH, CsH4sOH and SH groups. [15].

Cross linking is bonding two or more molecules by covalent bonds. In cross-linking method
bifunctional agents such as gluteraldehyde are used to bind the biological materials. The
disadvantage of this method is high ratio of enzyme activity loss.

2.2 Fiber optic biosensor

The optical fiber is flexible and has small wires generally made out of glass or plastic in
different configuration, shape, and size. It can transmit light signals for long distances with
minimum lost value. The optical fiber is convenient for harsh and hazardous environments,
because of their remarkably strong, flexible and durable structures. It is non-electrical;
therefore, it can be used in various damaged electric current applications. Optical fibers are
commonly used because of high quality and its low cost for sensing applications.
Particularly, the main attractive properties of optical fibers can permit transmission of
multiple signals synchronously and by this means it can obtain multiple capabilities for
sensing of analyte [17].

Figure 5 exhibits the optic fibers model that is containing a core and coating. Their refractive
indices are nl and n2, respectively as shown in Figure 6. The core and cladding interference
act as mirror because of their different refractive indices (Fig 7a) [17].
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JACKET(n,)

CLADDING(n,)
CORE(n,)

Fig. 5. Optic Fiber

The core and cladding parts play a very important role particularly on the light
transmission. Their refractive indices are n; and ny, respectively (Fig 5). In the Fig 6a the core
and cladding interference act as mirror because of their different refractive indices. The
series of internal reflections transmit the light from one end of the fiber to the other one [17].
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Fig. 7. The lateral section of Fiber Optic and reflection of signal in Fiber Optic
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Generally fiber optic biosensors (FOB) work with using total internal reflection (TIR)
principle (Fig 6) if two main conditions are satisfied:

i= Compared with the critical angle, larger cladding angle facilitate the reflection of the light
and spread it through the fiber.

Oc= Critical angle

no= Refractive index of medium
n;= Refractive index of core
ny= Refractive index of cladding

ec=n2 / np

i.  Light angles entering through the fiber should be within the acceptance cone as shown
Figure 7c. The acceptance cone angle, 0, depends on refractive indexes of core, clad and
medium.

sin@m=(n12-n22)ng

V(n42-ny?)

sind,, = —
0

Another parameter is numerical aperture. The relation between numerical aperture and
acceptance cone’s angle is shown as follow equation:

NA = ny sind,,

The light collecting capabilities of the fiber is high when the acceptance cone is wide. The
larger the NA is, the more powerful optic fiber will be [17].

Fiber Optic is used in optical fiber biosensors that measure some biomolecules such as
proteins, nucleic acids etc.) Because of the attractive properties of fiber optic biosensor such
as low cost, efficiency, accuracy, these take place of literature and they are preferred in
many applications.

The Fiber Optic biosensor provides alternative measurements method to conventional
methods for determination of biological species.

e DETECTOR
OPTIC FIBER '
SENSING
ELEMENT

Fig. 8. The Fiber Optic Biosensor

LIGHT SOURCE
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The basic system of a fiber optic biosensor consists of a light source, an optical fiber, sensing
material and a detector. An optical fiber transmits the light and also acts as the substrate for
the sensing material. Detector measures the output signal. (Fig8) Some light source of optical
biosensors are tungsten lamp, deuterium lamp, xenon lamp, LEDs, Laser, Laser diodes and
some light detectors for optic biosensors are avalanche photodiodes, photodiodes,
photomultipliers, charge- coupled devices [17].

When the reaction occurs between sensing element and the analyte, there is a change both
its physico-chemical and optical properties. This transduction mechanism, generates optical
signals, is related with analyte concentration. To measure the optical signals, the difference
between incident and output light is determined at the location where the sensing element is
fixed. Output light is send to detector by fiber. Collected light (reflected, emitted, absorbed
light) is measured on the detector. [17].

The Fiber Optic Biosensor have some advantages and disadvantages which are shown
below.

The Advantages of Fiber Optic Biosensor [18, 19]

There is no need reference electrode in the system

It can be easily moved, because there is no reagent in contact of any optical fiber

There are no electrical safety hazards and electrical interference

It is less dependent than temperature compared with electrode

It can be found in-vivo measurement applications because of easy miniaturization
Multiple analytes can be determined thanks to guide the light in different wavelengths
at the same time.

7. It can be used for the most of chemical analytes because of its spectroscopic properties.

S e

The Disadvantages of Fiber Optic Biosensor

1. The life time of the reagents can be short under incident light

2. Because of the diffusion of analytes, it may cause slow response time

3.  Fiber Optic Biosensor only works for spesific reagent.

4. Optimized commercial accessories have limited availability when using them with

optical fibers.
The Types of Fiber Optic Biosensors

Absorbance Fiber Optic Biosensor: An atom or a molecule absorbs light energy is called as
absorption. The molecule takes this energy and moves to higher excited energy state from
ground energy state.

Lambert Beer Law is used for the absorption.

A= log(l"/l) =e.[C].1

A=Optical absorbance

Ip= incident light intensity

I= transmitted light intensity
[=effective path length
e=Molar absorption coefficient
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Fig. 9. The types of fiber optic biosensors

Practically, the optical fibers detect the transmitted and scattered light through the fiber and
then it can be obtained absorbance values.

Fluorescence Fiber Optic Biosensor: Fluorescence is commonly used in fiber optic biosensors
and better than adapted by optical sensors compared to absorption fiber optic biosensors
and the other advantage is very sensitive technique that can detect very low concentrations
[20].

When the molecule excited, they gain some energy to move to higher energy state which is
non-stable state. After that they want to return the ground state because of conservation
their steady state. In fluorescence optic fiber biosensors, fluorescence signals are measured
by transmitting the excitation light through an optical fiber and the light emission is
measured via detector. Generally, it is measured using the change of fluorescence intensity
and related to the analyte concentration [17].

Luminescence Fiber Optic Biosensor: Luminescence can be mainly classified by two parts.
These are chemiluminescence and bioluminescence. On the contrary to fluorescence, excited
species are obtained as yield of chemical reaction and these excited species emit light while
returning to the ground state. Aboul- Enein et al. studied chemiluminescence in fiber optic
biosensors [21]. The bioluminescence, a biological chemi-luminescent reaction, is produced
by many living organisms in nature for mating, self-protection and finding food [22].

As a simple example, if a wide diversity of sequence of biochemical reactions is used, the
production of light will increase. This enzymatic reaction is catalyzed by luciferase and
liberates a compound in its excited state while it is going back to its ground state.

Lucif
Luciferin+O,+H,O M} Oxyluciferin®

Oxyluciferin® —»  Oxcyluciferin + fiv

The mechanism of light emission of Oxyluciferin® is similar to fluorescence that can be
produced by irradiating oxyluciferin via the standard method

Reflectance Fiber Optic Biosensor: The reflectance fiber optic biosensor works with
evanescence waves. Besides transmittance and absorbance, reflectance of analyte is another
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measurement method. The reason of reflectance changing is the structure of material. The
effect of bio-interface reflectance changes in a large band.

In recent years, fiber optic biosensors has been very useful for the medical technology,
dramatically improving patient care and cutting overall operating costs. Nowadays, they are
currently used in a variety of medical application such as early cancer and AIDS detection.

2.3 Carbon nanotube biosensor

The most of the scientists have claimed that a coupling of material science and biology in the
nanosize will have a remarkable effect on the many fields of science and technology.
Particularly in the biology field, nanosize is very important scale because many important
biomacromolecules structures are in the range of 1-1000nm. [23]

Because of these reasons, the focus is on nanostructured materials. It helped develop the
unique properties of new devices and sensors. These nanostructured materials have good
chemical sensitivity, biocompatibility, and good electrical sensitivity with changes of
chemical composition. The sensitive materials have played a significant role for the chemical
and biological sensor because of their sizes which are close to biomolecules.

The performance and improvement of biosensors highly depend on the materials. Moreover
the chosen materials of making transducer are directly related to their physicochemical
characteristics.

The carbon materials such as carbon nanotubes (CNTs) are used in making biosensor.

CNT’s are well ordered and hexagonal arrangements of Carbon atoms which have been
rolled into tubes. It can be considered as the cylindrical graphite layer or layers which have
nanometer scale of diameter. Therefore, it can be classified as single wall (SWNT) and
multiwall carbon nanotube (MWNT) as structural. The diameter of SWNT is approximately
0.4-2 nm and the other one is 2-100 nm.
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Fig. 10. Single and Multi- walled Carbon Nanotubes, respectively.

They can also be metallic conducting or semiconducting carbon nanotubes which change
with geometrical structure. The chiral angle, which determines the twisting value of CNT,
play important role on the conductivity of CNTs. It can be called as zig zag, armchair and
chiral structure (Fig. 12)
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Fig. 12. Classification of CNTs, a) Arm-chair, b) Zig-zag, c¢) Chiral CNTs

In particular, it was explained the relation with structure and electrical conductivity of
SWNTs by some researchers. The studies have shown that arm-chair tubes can be metallic.
Beside this, zig-zag and chiral tubes can be either metallic or semiconducting. The
conductivity values are related with the wrapping angle and the length of CNTs [24].

The electrical measurements of MWCNTSs have shown that the electrical conductivity of
MWNTs can be metallic or semiconducting character [24, 25].

Major methods of CNT synthesis are electrical arch discharge, laser vaporization, and
chemical vapor deposition (CVD) [26, 27, 28, 29, 30, 31].

CNTs exhibit attracted electrocatalytic activity because of their interesting properties such as
their dimension, electronic structure etc [26, 28, 32, 33-35].

Generally, in the voltammetric response of several molecules at electrodes modified with
CNTs, higher peak currents and lower overvoltage are observed. Reading the literature, it
can be claimed that CNTs is a very challenging materials for the preparation of
electrochemical sensors due to these unique properties [26, 36-43].

They have some advantages such as small size, high strength (approximately 100 times
higher than the strength of steel), high electrical (approximately 100 times greater than for
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cupper wires) and thermal conductivity (higher than diamond), high specific surface area,
simple preparation, less power, long term stability, good reproducibility, fast response etc.
Therefore, CNT has better properties than other materials which are used in making
biosensor and the researchers are interested in using CNT for next-generation of sensors.
Because of these properties the researchers consider that CNT biosensor has the potential of
revolutionizing the sensor area.

The advantages of CNT biosensors help it to perform better in many of the biomedical
sensing applications. Therefore, CNT-based biosensors are highly suitable as implantable
Sensors.

In some studies, the dynamic parameters of biosensor such as response time and sensitivity
with either carbon nanotube or without carbon nanotube were investigated. Decreasing of
response time and increasing of sensitivity because of increasing electron transfer rate in the
presence of the CNTs were reported [44-47]. Moreover, CNT’s have excellent catalytic
activity which decrease their oxidative potential to avoid fouling problems. The enzymes
can be chemically immobilized to materials in the presence of CNT. For all these advantages
of CNT biosensors are very convenient device to detect biological molecules.

CNT based Electrochemical Enzymatic Biosensors:
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Fig. 13. The Types of Carbon Based Electrochemical Enzymatic Biosensors

Glucose biosensor: Nowadays, the glucose biosensors have an important role for diagnostic
and control of diabetes. There are many ways of preparation of glucose biosensors which
are made up of carbon nanotubes (CNT). For example, Rubianes and Rivas modified Carbon
Nanotube Paste Electrode (CNTPE) with glucose oxidase (GOx). They obtained more
sensitive glucose biosensor without redox mediators, metals etc. [26, 48].

The other atractive preparation of glucose biosensor is cross-linking of GOx with SWCNT
and poly[(vinylpyridine) Os(bipyridyl),Cl2*/3+] polymer film following two alternatives as
shown in figure which is done by Schmidtke and co-workers. The first alternative is the
SWCNT which was deposited on bare glassy carbon electrode (GCE) and then hydrogel
containing the redox polymer and the enzyme for catalytic effect. Second alternative is
SWCNT which were developed with enzyme solution after this process it was treat redox
hydrogel and then modify with GCE [26, 48-49]. (Fig. 14)
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Fig. 14. The example of glucose biosensor based CNT. [35]

b) Fructose biosensor: Fructose is widely distributed monosaccharide and important
sweetener because of its sweetening ability. The sweeting ability of glucose and sucrose is
lower than that of fructose. The some scientists proposed amperometric biosensor, which
was modified with CNTPE for sensing fructose, covered by polymer which is obtained from
electropolymerization of dihydroxybenzaldehyde [26, 50].

c) Chlosterol A: The determination of cholesterol levels is of vital importance for some
illnesses such as cardiovascular diseases. Chlosterol Biosensor consists of the modification of
a screen printed electrodes (SPE) with chlosterol esterase, peroxidase, oxidase and MWCNT
was used for determination of total cholesterol in blood with very good sensitivity. The
Chlosterol biosensors modified with the carbon nanotubes promoted the electron transfer so
as to improve the sensitivity of the sensor [26, 51].

The other biosensors, which are modified with CNTs, are Lactate biosensor, Phenols and
catechols, Hydrogen peroxide, Alcohol biosensor, Choline and related compounds,
Organophosphate pesticides.

CNT-based-DNA biosensors: The traditional method for sensing DNA and RNA molecules
is too slow and requires special preparation. There are some critical points for preparation of
DNA biosensor. Most important step is immobilization of DNA probe on the electrode.
Media should have special conditions for pH and temperature for preparation of DNA
biosensor. [26, 52]

Ye and Ju developed the use of SPE modified with MWCNT. The scientist developed the use
of SPE modified with MWCNT. Their DNA biosensor detected the analyte fast and
provided sensitive measurement [26, 53].

Fang and co-workers was used a glass carbon electrode (GCE) modified with MWCNT
observed an enhanced sensitivity for electrochemical DNA biosensor based on carbon
nanotubes. [26, 54]

DNA detection sensitivity of biosensor which is modified with CNT is much higher than
conventional DNA sensors [26, 55].
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2.4 Protein engineering for biosensors
What is protein engineering?

Protein engineering is the process of controlling the development of useful or valuable
proteins. Proteins were used for specific biosensor design. Affinity between protein and
analyte is the basic principle of this study area. Scientists, firstly determine the three
dimensional crystal structure of the proteins and build a protein data bank. Three
dimensional structures of the proteins are obtained with protein crystallization methods.
When proteins are immobilized on the electrode surface, the active site of the proteins
should be free in three dimensional structures. In some situations mutations can be applied
to the active site of the proteins. Therefore, protein structures should be well known.

The interaction between protein and its ligand is determined with different types of
transducers. If the presence of very low amounts of biomolecules is determined, various
diseases and cancer types can be identified at early stages. Protein engineered biosensors
can specifically identify chemical substrates with protein-based sensors. There are three
main strategies employed in the engineering of more suitable biological components used in
biosensors. These techniques do not exclusive to each other, also they can be applied
together. Rational protein design, directed evolution and de novo protein design are the
main methods. Each design strategy has limitations, advantages and disadvantages respect
to each other to be used in a biosensor format. The three design techniques are used to
modify aspects of stability, sensitivity, selectivity, surface tethering, and signal transduction
within the biological environment [50].

Rational design of proteins

In rational protein design, the scientists use detailed knowledge of the structure and
function of the protein to make desired changes, since site-directed mutagenesis
techniques are well-developed. This has the advantage of being inexpensive and
technically easy. However, detailed structural knowledge of a protein is often
unavailable. When it is available, it can also be extremely difficult to estimate the results
of various mutations. Computational protein design algorithm aims to identify amino
acid structure sequences. While the conformational sequence structure in the space is
large, a fast and accurate energy function is required that it can distinguish optimal
sequences from similar suboptimal ones.

Directed evolution:

In directed evolution, mutagenesis method is applied on a protein, and a selection way is
used to pick out variants that are quality. This method mimics natural evolution and
generally produces superior results to rational design. An additional technique known as
DNA shuffling mixes and matches pieces of successful variants in order to produce better
results. This process mimics the recombination that occurs naturally. The most important
advantage of directed evolution is that there is no need to know structure of a protein, and
predict the resultant effect of a mutation. In fact, the results of directed evolution
experiments are often surprising. Because the desired changes are often obtained by
mutations that were not expected to have that effect. Disadvantage of the method is low
throughput. This is not convenient for all proteins [51].
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Future Biosensors Directions:

Miniaturization of developed biosensors will be important in the future. Because
miniaturization is required for small electrodes, for example measurements in vivo. Another
future approach is the combination of biological materials with a silicon chip because it
seems to be the most comprehensive integration between biology and electronics [50].
Nanostructures will be important new components in recently developed electrochemical
biosensors: Nanowires, carbon nanotubes, nanoparticles and nanorods are some of the
familiar objects that are crucial elements of future bioelectronics devices and biosensors [52].

2.5 Wireless biosensors networks
An Aspect of Sensor Communication Networks

Each sensor or device communicating each other and a center with hierarchical protocols
and/or functioning algorithms can be defined as a network. Network system which has
either wired or wireless network system can access these sensor or device with a path. Even
though wireless systems have become common with recent effective developments; some
applications require wired network system. Beside this; topology means how network
systems connect and operate. Each network system has its own topology. In other words; it
is network architecture and is all efforts on hierarchical communication and functions
between network members. Also it can be said that it realizes operation protocol (software).

For example; Ethernet is a network topology and TCP/IP is an access protocol. Topology
also defines maximum access distance. While physical topology describes how the networks
connected each other; logic topology describes how the network members transmit data.
Following are some types of networks; commonly used I 2C and CAN BUS network
topology; wireless networks and wireless sensor/biosensor network (WBNS). The system
included point to point communication in earlier generation networks and the sensor
included point to point communication, the sensor was communicating to a center. This
communication was developed in 1980’s. There were two main problems such as wave
quality and cost. Wave quality was not enough and the cost was very high. After that in
1990’s networks began to use micro controllers and some kind of sensor processor systems.
Generally an analog signal come to this system then it is converted to digital signal and
saved signals transmitted by RS 232, RS 422 or 485 protocols. Normally RS 232 works with
binary code. The connections of the signal are made from datas to terminal equipment at the
same time data circuit terminating equipment [53]. Logic signal is zero or one respectively
for zero (+3) - (+15) V and for one, (-3) - (-15) V.

The smart sensor networks use bus system. Bus systems include bus connection system and
bus system hierarchical protocol. Whole bits have two open ends. The data speed is
100Kbit/s at standard mode, 400 Kbit/s and 3,4 Mbit/s respectively fast and high speed
wave mode. In order to compare to these bus systems, three bus systems are given in below.
One of them is inter - integrated circuit I 2C Dbus, others are CAN BUS and Ethernet Bus
protocols of network system topology [53, 54, 55].

I%C bus network given in Fig.14 is suitable for sensing in short distances and process. Fiber
optic or coaxial cable travels between network members in order and data is transmitted to
all system at the same time thorough them. The fiber optic cables are using wired fiber optic
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sensor network. Since the fiber optic cables have multi wires, data is transmitted very fast.
In wired sensor networks require fast transmission; electromagnetic waves are produced. In
those networks; each member can send data to network because each member has unique
MAC address. Addressed networks can decide whether the data travelling data is belonging
to it or not with the help of the MAC number. Each member can manage it through the
software on the network [56].

The devices in a network (actuator, sensor, or group of sensors, hd (eeprom) or a processor)
can communicate each other. It is impossible to extend the device connection with this
generation of sensor networks. In the case of using RS-232; extension problem is relaxed a
bit. But usage of finite number of members must be mentioned. When data command send
to the related device, the master one pass on receiver mode. Then related device become
sender and sends the data to data line. [57] Clock is for reading the data. Bus systems consist
hardware and a suitable protocol. In Fig.15 presents the processor sending data to devices
(and nodes) with it is protocol.
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Fig. 15. The bus structure of 12C

CAN bus is a differential system and works differential if high (logic 1) bigger than low
(Logic 0). The differential value is 1. Opposite of this the value is naturally 0. This
knowledge can be reached up to 1000 m. RS 422 and RS 485 is also differential. It is used in
communication to reach points. The software supports the hierarchical protocol of the
system. I?C and RS 232 protocols are not differential and can be established a network only
for short distance communication [58], [59]. Separately CAN differential system has good
noise immunity and this system is secure with this side. Can bus system is given below in
Figure 16.
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DEVICE 1 DEVICE 2 DEVICE 3
Fig. 16. The structure of Can Bus system.
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In last decade of 20th century, wireless sensor networks became effective and nowadays it is
going on process. This system has several active nodes. A node may include any sensitive
device, processor, calibrator, power supply, software and cryptos. Each node of network has
sensor or device and the communication of them is made with route algorithms that
continuously developed. These networks are named as WBSN for biosensor application.
Micro electro mechanic (MEMS) is also affecting the development of WBSN technologies
[53]. In such cases to define new area for sensor network development, some hybrid systems
and different hierarchical routine protocols are needed to be improved [58- 60].

Wireless Sensor Biosensor Networks

In many applications, getting and monitoring information in wired way from sensors is not
possible. Therefore, the values of these sensors with wireless perception monitoring
methods are needed. When wired sensor networks compared with wireless sensor
networks, WSBN and WSN have good opportunities about security of these networks with
using cryptos, limitations, robust systems e.t.c. [59], [61].

On the other hand, data transmission, communication costs and low power consumption
are remarkable aspects of wireless sensor networks. Some of the several nodes includes
functioned nodes and information systems are evaluating in the same system at the same
time with the development of detection (sensing) technology and sensors in many
applications in many areas. Especially data coming from multiple points and small
functioned nodes increases the accuracy to be perceived. So, complex networks system has
sustainable configuration.

Therefore wireless communication has been a hot topic nowadays. WSN (wireless sensor
network), the name of this book, the WBSN (Wireless Biosensor Networks) is a wireless
network system which continues its development since the 1990’s. These network systems
have widespread application areas such as military, pollution observation, natural disaster,
healthcare etc. Medical imaging, medicine releasing, remote sensing, remote measuring,
mine detection, wild life observations technologies have been developed which requires
WBSN.

The network is in communication with each other consists of a large number of nodes as
shown in Figure 17. This network has a wide coverage area and in tolerating errors but
sometimes having limited computational and memory capabilities as depending on the
topology of sensor networks and communication overlapping may prevent usage of this
system.

A wireless network grouped the nodes in clustering and some file algorithms. Some clusters
and trees include some sub clusters. It ensures the better communication performance in
getting and processing datas that comes from biosensor network. This clustering system
works on a base. Each cluster has a head named gateway and includes maximum 5 grouped
levels. Gateway gives performance to reach to whole sensor in own cluster. These clusters
includes sub cluster in a tree structure. Some route algorithms restricts the number of sub
groups. Each cluster has a main point named as gateway. Whole system that consist mainly
of gateway is a WSN.

In order to operate and organize the system an interface runs. This interface depend on
operation protocols that chosen. Clustering systems is built as some models that given in
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literature work reach system. The communication protocol are a software and
communicates not only cluster via gateway but also to the sensor or device. The relaying
and sensing is carried on sensor nodes [62],[63].

Wider-open systems can be found using these systems with classical internet, satellites and
other networks. Sensors can communicate with each other each other using software.
According to certain criterions but any nodes don’t have any information in other nodes.
This is the principle of any network. The wireless biosensor network provides access to the
information easily anytime, anywhere [61].

A transceiver device and an actuator/device that gives or performs control commands are
also available together with the sensors in network in these nodes for structuring of
perception. It can be said that these nodes are physically in the same structures. The data
stream and processes in this system is usually carried out by a process called. If these datas
are analyzed by using different criteria and calculation algorithms, they will be transmitted
to a central system from this base. All of these processes are handled by a network protocol
and hardware [64]. The system can be built is a WBSN software protocol which has a high
accuracy and reproducibility. Required software and communication protocols should be
installed for the operation of the network system. The main currency protocols achieve very
high speed incoming and outgoing data traffic. Protocols can be separated Data-centric
protocols, Hierarchical Protocols, Locationbased Protocols. [65].

Particularly, at all of WSN Technologies, the routing protocols are developed in fast way.
Some articles proposed these protocols. The routing protocols designed for WSN/WBSN
can be classified based on path selection, as proactive, reactive, and hybrid and so on. These
type of developing routines can be found in literature detailed and can be seen state of art
[66].

In order to perform sensor network application can be used wireless adhoc networking. An
ad-hoc is a network and it works as local area network (LAN). This system supports the
devices, sensor connect as adhoc query. The knowledge signals is relayed from each node to
other node. An adhoc network can organize this message traffics without any router. Adhoc
networking is well known procedure not only sensors and devices but also development of
data transmission and electronical application methods is carrying out the ad-hoc network
routing protocols in WBSN systems.

But this technic cannot also effort some applications [56], [53]. Otherwise it is also partly old
technic which includes much more nodes that may cause to pass other networking systems
[67], [55] [68], [69].

So, entire network system receives the data, processes them, and also analyses and transmits
them. These processes are calibration, linearization of nonlinear data, etc. Some of the nodes
are equipped only with a functionality of continuing these processes, and the others can also
provide energy to the system. In this way, an intelligent system can be achieved and
operated at a great extent. There can be some nodes which are not operating while the other
components of the system keep operating [69].

The system shown in Fig.17 defines the overall flow of WBSN. Fig 17 is made of transmitter
and receiver. The transmitter consists of pulse generator, A/D converter, amplifier, PN
spreading, modulator and radio transceiver [57], [64].
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Data signal comes from a biosensor. Data is amplified and converted into digital by A/D
converter. It is spread over a bandwidth by using PN Spreading and modulated by the
modulator block. Modulated signal is then transmitted through the gateway by using Radio
transceiver. Gateway in transmitter side takes all signals from all connected nodes and
sends the signal to the gateway of the receiver. Receiver amplifies the signal, demodulates,
filters and converts into analog by using A/D converter. Analog signal is placed to PMF



Biosensors and Their Principles 137

bank. Digital backend operates both PMF bank and PN Correlator. The digital backend
operator is fully controlled by Protocol software, which contains estimation block,
translation block and Control block (enable/disable). As a result, data is processed by using
data detection, tracking and data recovery detection. In this flow, computer obtains the
signal blocks from sampling frequency block and signal tracking is done. Since signal
location in PMF varies with time and this dynamic change is traced by Tracking. Therefore,
stable data detection becomes possible.

Also, Computer takes the data from PMF Bank. Estimation block analyzes where each block
is. Afterwards, data is clustered and configured in accordance with PMF Number. If the
data is used, control block enables the signal. If not, it disables the signal. This control is
managed by the software.

Security of Wbsn

Security is one of the most important issues for WBSN systems since the application areas of
these systems are highly sensitive. For example, any intrusion to a system in military or
automotive industry can be directly related to life safety. Security of the system is as much
important as its sustainability. Security of WSN/WBSN systems can be improved using
more powerful protocols and crypto. So, a variety of forms are going to be exhibited in the
design and adaptation of networks. These requirements are going to provide forming of
architectural designs.

For the security of data and network; using new operational algorithms for nodes without
external influences and threats, confidentiality of data, providing long lasting network
operations, gathering the data without delay, broadcast and multicast identification systems
are the other fields which help to improve the security [70], [71].

The Radio Characteristics of Wbsn Communication Systems

Systems WBSN'’s data applications need communication rates from Kbps to Mbps. Average
distance of sink/base station is between 10 and 30 m. The signal that comes from sensor in
any node is transmit to the center of Adhoc system as WSN/WBSN. A node gets a decision
and this knowledge does not depend on network main communication and structure. High
speed of data transfer is required especially for image transmission in WSN/WBSNs.

Ethernet cards transfer data at 0.1 GHz (100 Mbit). Thus, a bit per 10 ns data pulse is achieved.
Following can be explained about the available radio waves: AM (amplitude modulation) radio
waves called as the carrier have 400 kHz frequency and transmit the data. Data is modulated as
amplitude. Receiver filters the data with 400 kHz and converts the data from the amplitude of
the wave which is known as demodulation. AM is not a good choice for modulation. Because
noise is embedded into the carrier, and so the quality of the data obtained from demodulation is
poor. Data can be transmitted to far distances, but the effect of noise is elevated.

Frequency modulation (FM) is another system that can carry data and transmit over a
carrier wave with modulation in frequency and this frequency is constant but amplitude of
the carrier changes. This is different to amplitude modulation method. FM baseband is
between 88 and 108 MHz. Frequency of the carrier is varied into UHF (ultra high
frequencies), VHF (very high frequencies) and UWB (ultra wide range) bands. Therefore,
different frequency bands are occupied for various data migration.
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GSM has the highest frequency band and data is carried as package-to-package in GHz
level. In WSN, error-free data transmission is important. Depending on how far and how
fast the data is transferred, wavelength must be selected. For example, a specific frequency
range is assigned in satellite communication. Because, noises introduced in atmosphere
levels must be separated. LNB (Low-noise block) can get very small signals. Reflected waves
are focused on LNB and amplified to a sufficient level to process.

In addition to these, another network called “PHS” is commonly used in Japan mobile
communication. PHS network provides good data communication in isolated locations
such as underground and tunnels. Therefore, PHS is an option to use in WBSN under
difficult environments. Available frequency bands for WBSN is from 6765 kHz up to 246
GHz [61].
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1. Introduction

Electromagnetic energy is the source of life in our universe. Living organisms require energy
to survive. Basic organisms provide this energy externally as a raw material (basic molecules
like sugar) and convert it to energy (digestion of food). However some organisms, like green
plants, can directly absorb radiation energy and store after a chemical conversion. Excessive
energy is stored with a chemical reaction as adenine triphosphate (ATP) synthesis. Complex
organisms digest more simple ones that contain readily synthetized ATP in an understanding
of a food-chain. Under specific conditions complex organisms, partly, can absorb radiation
energy and use it directly or store with ATP. Therefore, different bands located in certain parts
of wide radiation energy spectrum can be used directly or indirectly to maintain our life. With
this respect; interactions with radiation is mainly subjected within this context either with
positive and negative ways, however both paths can be a matter of survival.

In that broad spectrum of radiation energy only a small part is visible (between 400 to 700 nm
wavelength) for human beings (light). (Figure 1) However, mankind has converted or
digitalized rest of spectrum to monitor and understand how it works for many purposes, like
industry, navigation, communication, industry, research, military and medicine. Focus of this
chapter is centered on a specific form of radiation, L.A.S.ER. Amplified light generated by
stimulated of emission can be defined as purified and well-disciplined form of radiation and
therefore has a special importance in biomedical applications with its advanced features.
Moreover; developments in optics, computer hardware and software, electronics and
nanotechnology have widen the scope of LASER radiation in biomedical applications. This
chapter aims to give a basic understanding of laser and its place as a solution for several issues
struggled in clinical and laboratory environments of biomedical sciences. Innovative
techniques centered on laser application are also given besides emphasized basic technical
knowledge so that readers can develop their informative wallet to build up a vision for further
steps both in bio- and engineering sciences. This would also have a collateral effect to prepare
current reader as developers, researchers or users for the future.

2. History

Interaction of radiation energy with biologic systems is not a new concept and has been
focus of human beings for millenniums. Evidences in ancient Greek writings for use of sun
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light as a therapy under “heliotherapy” term was first mentioned by Licht in 1983 [1].
During those ancient eras sun light (helios) or ancient Sun god was believed to have a
blessing - healing (therapeutic) effect on living organisms. Healing effect of sun light has
been a fundamental belief of esoteric teachings without any scientific basis. This belief
continued during monotheistic religion for almost 400 years until rise of Holy Roman
Empire. Even the suppression of ancient Sun worship by Christian orthodoxy; power of
light has sustained in many teachings and illustrations of holy religions. Following
development of observatory medical sciences in 18th and 19th centuries, benefits of sun light
rediscovered for treatment of several diseases like scurvy, rickets, edema, rheumatic
arthritis, dropsy, and depression caused by dark habitation environments during progress
of coal industry. Increasing experimental sciences has proven that use of sun light has
positive results in treatment of certain diseases and moreover development in optics and
electromagnetic physics has brought evolvement of ultraviolet lamps and X-ray application
in therapeutic and diagnostic medicine.
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Fig. 1. Electromagnetic wave spectrum

Electromagnetic energy used in biotechnology has progressed with wider steps since "Zur
Quantum Theorie der Strahlung" had been postulated by Albert Einstein in 1917. This
explains the way how photoelectric amplification could emit a single frequency or
stimulated emission which explains the way how laser works. In this direction; different
groups worked on to improve more specialized and enhanced radiation energy source with
augmented features next 40 years. In 1955 Gordon and coworkers described microwave
amplification by stimulated radiation (MASER) using ammonia gas as the active medium,
which can be termed as the ancestor of laser. Following, Schawlow and Townes (1958)
applied this theory to light and named their invention as “optical maser”. Although this
development, Dr. Theodore Maiman (1960) pronounce “LASER” (Light Amplification by
Stimulated Emission of Radiation) term for his device using ruby crystal to produce red
laser beam at 694nm wavelength. Following the 1960s and rapid development in laser
technology including the use of wide range of alternative lasing media; new wavelengths
have been introduced to the market as summarized in table 1.

3. Laser physics — Components

Underlying physical principles relevant laser irradiation is basically same for all laser types.
Fundamental components of a laser energy producing devices are illustrated in figure 2 and
as follows:
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Fig. 2. Laser system illustration

3.1 Active lasing medium

Since the beginning of laser technology plenty of elements or mixtures are tested solely or in
combination with another, regarding their potential to generate laser beam. Active lasing
medium is a material, which can absorb energy given by the external source, to be excited
through changes in the electrons of its atoms, molecules or ions, and finally emit this
excessive energy as photons (Figure 3a,b,c).

. _ External energy
O pumpng

Empty orbit
(Potential orbit
for excited electrons)

Electrons at ground state

Fig. 3a. Stimulation (pumping phase). Excitation of the atom at ground state with external
energy source.
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Fig. 3b. Excited atom at higher energy status is ready to emit radiation while returning to its
ground status.
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Fig. 3c. Photons are emitted while excited atom are returning to ground state following
excitation phase.

Those releasing sequence (wavelength) is directly related with the type of lasing medium.
Different lasing mediums can be used in combination to alter the predefined wavelength
and/or carrier mediums that suspend the active lasing medium can also be excited and emit
photons at different wavelength. This modification gives the possibility of generating two
different laser wavelengths in one system, which can help to accelerate its effect on the
target. Lasing mediums can be pure or in combination with a host material as a mixture or
solution. Each medium has different photon emission nature that produces various
wavelengths specific to the lasing medium. Features of laser beam is directly related with its
wavelength (its place in the electromagnetic wave spectrum) and determined by its active
lasing medium. Type of the laser is named with its wavelength on the radiation spectrum
(like 810nm) or its active lasing medium (like diode laser). Active lasing mediums can be:

Gas

COy, argon, krypton and combinations like helium-neon and excimer lasers like argon-fluoride
(ArF) 193 nm, krypton-fluoride (KrF) 248 nm, xenon-chloride (XeCl) 308 nm, xenon-fluoride
(XeF) 353 nm are the most common types of gas lasers. Additionally xenon, nitrogen and
carbon monoxide are used with different purposes. Additionally metal ions as a vapor can be
used in combination with gas molecules to produce wide range of spectrum such as helium-
silver (HeAg) 224 nm, helium-cadmium (HeCd) 441.563 nm, 325 nm, helium-mercury (HeHg)
567 nm, 615 nm, helium-selenium (HeSe) between red and UV, strontium vapor 430.5 nm,
copper vapor (Cu) 510.6 nm, 578.2 nm, neon-copper (NeCu) 248 nm and gold (Ag) vapor 627
nm. Majority of the gas state laser mediums are pumped with electrical currency.



Biomedical Optics and Lasers 147

Liquid

Liquid lasing mediums have one dye material, which is active counterpart of lasing
(mostly a dye) and the solvent carrier (commonly an organic chemical solvent). Wide
range of chemicals can be used, like copper, chromium, dyes, metallic salts. The medium
can be fluent or even more dens (gel form). Coumarin, rhodamine and fluorescein are
used as dye materials as a solution in chemical solvents such as methanol, ethanol or
ethylene glycol. Periodic dielectrical stimulation of liquid crystal can be used for
modulation of wavelength and may help modifying wave forms and frequencies of the
generated laser beam.

Solid

Solid state lasing mediums are commonly in glass or crystal form. Active lasing material
carried by a host material. With this purpose most common host material is yttrium-
aluminum-garnet (YAG) combination. Several active lasing materials like neodymium
(Nd:YAG) 1.064 pm, erbium (Er:YAG) 2.94 pm, thulium (Tm:YAG) 2.0 pm, ytterbium
(Yb:YAG) 1.03 pm, holmium (Ho:YAG) 2.1 pm have been combined with this YAG carrier.
Also yttrium lithium fluoride (YLF) with neodymium (Nd:YLF-1.047 and 1.053 pm),
sapphire (aluminum oxide), like Ti:sapphire-650-1100 nm, Cr:sapphire (ruby laser-694.3
nm), and silica glasses (Nd:Glass -1.062 pm, ytterbium»O3-1.03 pm, Promethium 147
doped phosphate glass (147Pm*3:Glass)- 933 nm, 1098 nm, erbium doped and erbium-
ytterbium codoped glass-1.53-1.56 pm) are used. As shown, proper types and amounts of
dopants can help to generate different types of wavelengths. Commonly flash lamps or
other kind of lasers are used for pumping in beam generation.

Semiconductor

Semiconductors are solid state materials using semiconductors as gain media for lasing.
Light is emitted at an interband transition (conduction band). Most frequently used
semiconductor gain mediums are: GaAs (gallium arsenide), AlGaAs (aluminum gallium
arsenide), GaP (gallium phosphide), InGaP (indium gallium phosphide), GaN (gallium
nitride), InGaAs (indium gallium arsenide), GaInNAs (indium gallium arsenide nitride), InP
(indium phosphide) and GalnP (gallium indium phosphide). Combination of different
elements enables to modulate the band gap energy. Their rage in wavelength spectrum is
much of the visible, near-infrared and mid-infrared spectral region. Semiconductor lasers
are commonly laser diodes and pumped with an electrical current in a region where an n-
doped and a p-doped semiconductor material meet. On the other hand, optically pumped
semiconductor lasers are also used, where carriers are generated by absorbed pump light,
and quantum cascade lasers, where intraband transitions are utilized. Most semiconductor
lasers generate a continuous output. Pulses can be generated with switching on the pump
source only for certain time intervals, long enough to fulfill lasering process (quasi-
continuous-wave operation), which allows to gain significantly enhanced powers.
Ultrashort pulses can also be generated with mode locking (optical technique) or gain
switching (modulating pump power).

Biologic materials

Following the description of green fluorescent protein, which was extracted from a jelly fish
and has been shown as natural source biomolecules that emit back radiation after excitation
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[3] fluorescent proteins have evolved [4, 5]. Several fluorescent biomolecules have been used
as a lasing medium in vitro. Cells have recently been studied to be used as the source of
laser light, which remained alive even after prolonged lasing action. Such biologic lasing
units can be pointed out to be used for intracellular sensing, cytometry and imaging. [6]
Light-emitting ability of green florescent protein has been shown as a lasing medium which
can absorb blue light and then releasing identical particles of green light [7]. This
development can be a promising medical treatment tool to irradiate a tumor with laser
emitting cells or to mark them for imaging in the future.

3.2 Stimulated emission of radiation concept

Atoms of an active lasing medium are stimulated via external energy source (excitation
mechanism) and its electrons jump-up from their balanced orbital state to a higher orbit by
this absorbed incoming energy. Excitation phase help to transit the atoms to higher energy
state, which is also unbalanced state (Figure 3b). Those atoms at high energy state return to
their “ground state” spontaneously. Then, during transition of those charged electrons to
their original orbits (lower energy states), they emit the excess energy as photons (Figure 3c).
This emitting process generates identical photons at identical frequency and wavelength.
This also provides perfect spatial and temporal harmony (in phase with time and space) of
photons. Stimulation of atoms and emission of radiation, which has amplified properties
than ordinary light, occurs in the resonator cavity and can be defined as the core of “Light
Amplification by Stimulated Emission of Radiation-LASER” concept.

Wavelength of a laser defines its behavioral characteristics regarding interactions with
target materials. Today we have a wide range of laser wavelengths and some are in visible
light spectrum. Depending on type of the lasing medium, if the produced laser beam is
within the visible light spectrum, its color varies.

3.3 Energy source

Excitation or pumping of active lasing medium is carried out with different methods, so
that the atoms could be charged and transported to higher energy levels. As the pumping
process start energy loading affects the atoms gradually. Some atoms excited totally, some
less-excited and some are in ground sate. As the population of excited atoms is higher
than others amplified radiation is emitted. Therefore, lasing medium can’t emit radiation
until pumping energy level reaches to the excitation threshold. Each lasing medium has
its own stimulation method. With this purpose, pumping source should be powerful
enough to reach emitting threshold to start working the system shortly after turning on
the system, or multiple energy sources can be used simultaneously. This also helps to
generate high energy output. Energy pumping systems use different sources in
biomedical field.

Electrical

Electric current inside a noble gas medium creates glowing effect, which is also called
“Electric glow discharge”. It's simply used to pump diode lasers and semiconductor crystal
lasers. Similarly free electron lasers and some excimer lasers can be pumped with electron
beams.
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Optical

Optical pumping is used commonly through the lateral wall of the resonating cavity, which
is also termed as “side-pumping”. Earliest energy sources are flash lamps (xenon and
krypton). Arch lamps (xenon, krypton, argon, neon, and helium) and flash lamps are still
two of the most common optical pumping systems in use. Similarly some diode lasers also
can be source of optical pumping and excite solid state or liquid dye lasing mediums alone
or in combination of another pumping system. Correspondingly, sun beam has also been
used as a pumping source of a laser [8]. Microwaves or radiofrequency can be an alternative
source of pumping procedure.

Chemical

Chemical reactions can yield energy that can be used for energy pumping. Very high output
power (up to megawatt) levels and continuous wave mode can be generated with chemical
pumping technique. Chemical oxygen iodine laser (COIL)- 1.315 um, all gas-phase iodine
laser (AGIL)- 1.315 pm, and the hydrogen fluoride laser- 2.7-2.9 um and deuterium fluoride
lasers- 3.8 pm are the examples of this system. Chemical or optical excitation can be used
due to high control efficacy on energy pumping. Such high power lasers are mainly used in
industry and military.

Gas dynamic excitation systems are used alone or in combination.

Energy pumping mechanism of this system is a thermodynamic process and depends on
heat emission of a gas during sudden pressure decrease (adiabatic cooling). Preheated ad
pressurized gasses (mostly CO») is allowed to expand suddenly into a lower pressured
medium with a supersonic velocity. This leads adiabatic cooling, which reduces the
temperature and transfer the released energy to the active lasing material.

3.4 Optical resonating cavity

Of the main components of laser system is resonator cavity that surrounds active lasing
medium and energy source for pumping. During excitation procedure, especially with high
power laser systems, also excessive amount of heat is generated that may rise up to levels
that may damage the system. Even low power laser systems may necessitate a cooling
system around the lasing medium and energy source.

Photons generated in the cavity travel inside the cavity and reflected by two parallel mirrors
one on either pole of lasing cavity, so that they can be reflected in between until a parallel
beam profile is yielded (Figure 1). Of one is 100% reflective while the other is 90-95%
reflective due to collimation window that let the beam output leaving the cavity.

Since 1960’s, geometry of the resonating cavities has been developing, due to the difficulties
to produce entirely parallel mirrors. Also convex and concave mirror types have been
introduced with the development in optical science and correspondingly cavity designs
have evolved to obtain higher beam profile. However, even these advancements on
resonating cavity designs or mirror geometries there are limitations for diode lasers due to
their small size and production difficulties. [9]
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3.5 Cooling system

Present laser production process causes an important side-effect-excessive heating of the
optical resonating cavity. Pumping source itself is a primary cause of thermal increase.
Additionally, excitement of the active lasing medium can also lead increased resonation of
lasing molecules, which means rise of temperature. Temperature of the resonating cavity
can reach critical limit during operation, which may easily harm the system and cause
severe damages. Therefore, heat control of the laser system mostly inevitable to avoid
accidents. Laser cooling systems have been developed depending of the system
requirements, while some low-power diode (semiconductor) systems may not necessitate
cooling due to their low potential for heat production. More particularly; high repetition
rate lasers requires a cooling system. This system generally comprises a closed coolant
circulatory loop, which can be viewed in two pieces. First part of the loop is around the laser
cavity and an annular coolant heat exchanger forming another portion of the loop. Coolant
circulation means including an impeller extending into the loop adjacent an end of the
annular heat exchanger are disposed concentrically within the core of the heat exchanger.
Coolant absorbing heat generated by laser cavity transfers it to heat exchanger part to
discharge externally. Secondary cooling layer can be necessary for high power systems that
generate excessive heat.

Gases or liquids can be used as coolant. Water is presented as the more efficient and reliable
cooling medium due to its high dissipation rate. However; liquid coolants have become less
favorable due to their auxiliary requirements like filters, neutralizers, deionizers and
expansion chambers for problem-free circulation in the closed loop environment. Moreover,
corrosion and optical degradation associated with the use liquid coolants result in a
considerable decrease in reliability and greatly increases requirements for maintenance.
Furthermore axial flow impellers which are suitable for use in pumping compressed gases
are inherently much more reliable than liquid pumps. Additionally, flashtube replacement
in the presence of a liquid coolant is a wet dripping process. Of these issues another one is
that excessive water pressure creates vibrations in the laser system.

The heat transport capacity of compressed nitrogen is comparable to that of liquid laser
coolants but the effects of temperature extremes such as freezing boiling and expansion
associated with liquid coolants are avoided. The compressed gas coolants have proved to be
very efficient and therefore have increased greatly the life of the flashtubes.

3.6 Delivery system

Component of a laser system that is responsible to deliver the laser beam to, and/or the
receiving the light from the source and transmit to the target is “delivery system”. This can
be viewed into two parts as: main light carrier and a piece responsible to focus or defocus
beam on the target.

a. Main carrier

During manual operation clinicians require to aim the laser beam to a target area or point
for desired shooting. Therefore, besides main working laser system a visible guide laser
(mostly low power He-Ne laser) is required to help the user for proper aiming. Main carrier
should allow entry and transmission of two different (guide laser and main operational
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laser) wavelengths simultaneously without any interference. The delivery systems should
provide minimum energy output difference between source and tip for maximum power
gain.

Most common types of the carrier systems are optical fibers and hollow waveguides. Fiber
optic systems are consisted of a bare fiber core surrounded by fused cladding layer
basically. Light travels through the lumen at less than a critical angle to be totally
reflected whenever it hits the core-clad interface. Internal reflection allows the entire beam
energy to be disseminated along the length of the fiber. Fiber systems are highly flexible
and transmit radiation over long distances with constant beam diameter and minimal
energy loss. This gives the possibility to transfer laser beam into an area, which is
difficult to reach without a big access opening. Especially this is very helpful for surgical
applications where removal of lesions located in an inner cavity or deep tissue is required.
Such interventions (minimally invasive surgery) can be done via endoscopic systems from
a small entry hole or without opening a large tissue cut (incision). Choice of fiber diameter
can vary from 200pm, 300um to 600pm for systems used in medical treatments. It should
be considered that widening the laser beam to a wider lumen would lead divergence and
spreading the output onto a larger spot size. This would be helpful to reduce the power
on the target surface. On contrary; using fibers at thinner diameter keeps energy density
at high level on the target or allows application of the laser beam into a narrow spaces,
like a tooth canal. Though fiber optic systems are capable to transmit laser energy with
minimal loss, recent efforts on composition of fiber optic system have been given to
improve these features.

Clinician, with fiber systems, is capable to use the beam in contact mode without any
applicator device. Operator can touch the fiber tip on target tissue and directly give the
energy to the tissue, so the operation can be fulfilled with minimal energy loss and
highest efficacy on the target. This application method circumvents spreading of energy
to wider tissue surface that permits the surgeon to make an incision with minimal tissue
damage.

Hollow waveguide is the alternative light transportation system. Following the beam output
is expanded with an upcollimator, laser beam enters in to a hollow tube with reflective inner
layer. Straight beam is directed to the target via articulating joints with reflective mirrors.
Reflecting mirrors cause loss of power until it reaches to the target. During the travel of laser
light in the hollow waveguide it expands and though lenses focusing can be a problem to
keep the power loss at minimum level. This delivery system necessitates use of applicators
for focusing. CO2 and Er lasers commonly use this system.

b. Applicator

Laser beam transmitted via carrier system reaches an applicator (a hand-piece or
microscope) that adjust (mostly focus) beam profile and output according to the
requirements of application. Applicator can focus the beam at micro scale, so that operations
can be performed at the level of a single cell. Under the description of minimally invasive
surgery; lasers have in principle the capability to cut a cell or restructuring of target tissue
[10] Microbeam allows highly precise noncontact placement of foreign materials into
targeted cells without compromising cell viability, which has been extremely difficult task
for conventional techniques. Laser assisted delivery of exogenous material into a specific
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area of three-dimensional tissue, will help to understand the functioning of cellular
structure or understand physiologic turn-overs and pathologic changes of a healthy cell [11].
This technique can be beneficial to mark some cells with traceable materials (dye,
radioisotope, electromagnetic materials etc.) to follow their signals inside the body to
explore their behavior. Exogenous material implantation can be a novel application in
treatment of infectious diseases and cancer as well. Drug implanted immune system cells,
which are responsible from body defense, can be used in the short future to destroy or mark
the diseased area. Moreover; this method can be a promising for genetic studies.

Issues result due to collateral thermal damage to the surrounding living structures and
protein denaturation has been overcome with ultrafast (picosecond) shots, so that a clear
analysis possibility and problem-free wound healing could be yielded. [12, 13]. Use of such
novel applications is highly essential in surgical procedures where sensitivity is required
(like ophtamlology or central nervous system surgeries).

It's obvious that working at micro-scale would necessitate microscope use for proper
visualization and application features. Therefore, laser systems to be used for micro-scale
should be adapted to a microscope system. Some lens and mirror sequences can be used to
provide a beam spot-size at micro scale. Micromanipulator devices can also be adapted to
work with focused laser beam for precise operational performance. Robotic control feature
opens a new era in laser applications with higher safety and more accuracy for the laser
procedures that requires repeatability [14]. Automation of laser shooting with
micromanipulator system also shortens the operation time and precise execution of surgical
plans defined by the surgeon [15].

Major disadvantage with focusing is that the focus distance between the applicator tip and
the tissue is constant. To work on a large object with a constant spot-size is almost
impossible. A serial production unit it’s easy to keep the optics fixed and move the object,
however in the surgery room it’s not wise. Therefore, surgeon should move the applicator
connected to articulated tube system, which is not flexible and difficult to manipulate, to
make a clean cut on the tissue. However; under this condition beam divergence and
alignment can change and nonhomogenous irradiation profile is created. On the contrary,
applicator provides a divergent beam profile to spread the beam on the target so that wider
spot-size.

4. Features of laser
4.1 Monocromatic

Day (or ordinary bulb) light is a composition of different colors, which means it contains
more than one wavelengths (for us: colors), in other term it's polychromatic (Figure 4).
One of the differences from day light is that laser consists of only one wavelength-
monochromatic. Regarding the monochromacity; all energy is used to produce
one wavelength at high power in a laser system, while same amount of energy is diverted
and generates multiple wavelengths (polychromaticity) with ordinary light system.
That makes laser energy more profitable to produce one wavelength higher effect on the
target and more power with same energy. Also light emitting diodes (LED) are
monochromatic.
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Fig. 4. Comparison of ordinary light and laser regarding mono-, or polychromocity.

4.2 Collimation

Ordinary light produced by bulb or fluorescent tube and light emitting diode (LED) etc. are
radiated from one point uniformly in all directions. Some lens and mirror systems have been
used to produce parallel beam with limited success and can’t overcome divergence issue,
while laser systems can produce almost parallel beam profile-collimated. (Figure 5) As the
divergence ratio of beam rises, power density of beam spreads on a larger target area
proportionally (inverse square law).
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Fig. 5. Illustration shows emitted beam propertes of ordinary light, laser and LED light

Power density (irradiance) is also inversely proportional with square of distance between
beam source and target. (Figure 6) Therefore, minimal divergence and use of all energy in
one direction in a collimated beam lumen make laser able to transfer majority of output
power to the target even at longer distances.

Non-collimated source =

o
. .

Incident power
(Powery) d

\
=

fo fo fo

Collimated source Irradiance (W7cm?) = PZ\zlvezrn
I

Fig. 6. Irradiace (power density) relationship with divergence and distance.
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If needed for special conditions (cutting or drilling materials or tissues), laser beam can be
focused with lens systems so hat smaller spot-size can be yielded. Focusing the beam
provides higher power density in the projection area on target and makes it possible to work
at micro scale. In contrast; divergence can be created intentionally with defocusing lens
systems, if needed to irradiate a wider area at single shot. However, it should be kept in
mind that irradiating at defocused mode yields lower power density on target. This can be a
practical way of reducing power density on the target, especially used in low level laser
therapy. Or, defocusing the laser beam can be required to vaporize or process a large area in
a short time. Higher power settings are should be used for this purpose.

4.3 Coherent

Photons of generated radiation energy have a releasing sequence and it also determines
sequence of collision with the target. When laser is considered, generated photons
resonating are synchronized. In other words; laser photons act together in one direction and
hit the target simultaneously-coherent. On the other hand; non-laser sources (even LED
beam) generate energy pulses sequentially and hit the target asynchronously (Figure 7a,b).
That also explains the power of laser beam of which photons hits the target together at the
same moment that brings additive effect. This feature of laser loads energy more easily at
shorter exposure time and can be more destructive as well.

a. LED Source b. Laser Source

Amplitude Amplitude

Coherent

Non coherent

Time

Fig. 7. Comparison of (a.) LED and (b.) laser sources regarding coherency.

5. Modes of operation

Generated laser beam can transfer the energy to the target. Given energy is directly related
with the output amplitude and time. Laser systems emit the photons as long as the
stimulation energy is given and this creates a continuous beam output, which is also named
as continuous wave (CW) mode. CW output transfers energy to the target without
interruption (Figure 8a) that creates high thermal effect at collision site. It's mostly used to
destroy the aimed target by loading excessive energy and rise the temperature until it's
burned out. On the other hand beam output can be delivered as interruptedly (pulsed
mode) (Figure 8b).

Interruption (energy off) periods and pulse (energy on) durations can be modulated up to
operator’s purpose. Pulsed beam creates beating effect on the target that particularly benefited
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Fig. 8. Working modes of laser. Line graphic show (a.) continuos wave and (b.) pulsed beam
profiles.

to destroy more solid materials, like ceramics, metals, bone or enamel of tooth, with less or no
thermal effect. Depending on the length of on/off periods (pulse duration/intervals between
pulses) transferred energy varies, as well as amplitude (Figure 9).
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Fig. 9. Transferred energy amount is related with pulse duration and intervals between two
pulses. Given energy is related with magnitude of power (W) and pulse length in one pulse
cycle, and repetition rate (Hz) in unit time.

Though same amount of energy output is yielded; different pulse durations or repetitions
rates affect the target in different ways. Longer pulses act like CW and tend to create more
thermal damage on the target and heat it easily; while short pulses create mechanical beat
effect with less or minor thermal damage like hammering. With this purpose shorter pulse
rates (ultrafast lasers) were introduced at microsecond (106 second), nanosecond (10~
second), picosecond (10-12 second) and femtosecond (1015 second) ranges. Depending on the
type of laser system optically methods like mode locking or pumping power modulation
(gain switching) or Q switching techniques are used to generate pulse mode operations.

Q (Quality) switch

Q switch is a device placed inside the resonating cavity to prevent light from transmitting
outside the resonating cavity basically. It comprises various attenuators to causes very low
or rather high losses, respectively, for a laser beam sent through it. This helps to produce
short intense pulses with high peak-power. Mostly they are used where the pulse duration
is typically in the ultrafast range.
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High thermal effect is also used to destroy a tumor tissue or stop bleeding in the operation
theater, killing microorganisms or welding of metals in industry but also in tissue closure
instead of stiches. Welding technique will be detailed more under “Welding” topic.
Additionally, it can be beneficial to heat deeper tissues, of course at lower power settings,
intentionally for therapeutic purposes. This stimulates tissue regeneration and blood
circulation on the target area, in cases when increased tissue metabolism is aimed to resolve
inflammatory conditions [16]. Thus, pulsed energy at high frequencies and at proper
amplitudes can breakdown molecular links of a substance in crystal form and may create
cracks or even break them apart with micro-explosions. This helps the clinicians to remove
hard tissues like bone, enamel or dentin of a tooth for treatment of different conditions.

6. Light-tissue interaction

Interaction phenomenon occurs between at least two entities. Interaction of two entities is a
happening depends on natures of two components of interaction (laser and target).
Basically, two kinds of interaction can be identified regarding the way of affected side:
photon influence on tissue or tissue influence on photons. Regarding these interaction paths
uses of electromagnetic energy on organisms can be roughly classified as:

1. Evaluation and research step: In other terms “tissue influence on photons”

2. Impaction step: “Photon influence on tissue” term describes; modification of tissue by
laser photons’ energy. In other terms; photon bombing modifies physical (photothermal
effect) or chemical (photochemical effect) properties of target material. Type and degree
of interaction is affected by several factors. power density,

a. Surgical aim: cutting, evaporation, coagulating, welding and dissecting, at high
power settings.

b. Therapeutic aim: tissue regeneration via inducing ATP synthesis inside the cells,
cell replication, blood circulation and, reduction of pain, tissue swelling (edema),
etc. at low level power settings.

c. Production or modification of biomaterials: machining, processing, welding,
coating and oxidizing.

Despite plenty efforts are given for the impaction step tissue-photon interactions, evaluation
and research step is used to test results of clinical applications or material production steps.
Use of biomedical optics and software simulations both for tissue impact and evaluation
processes take place within this chapter to guide research scientists, professionals in
biotechnology and medical health care.

Those features of laser beam which makes it a new tool in field of medicine. Diagnostic
value of laser is also mentioned in this chapter as well as its therapeutic use. The
professionals working in biomedical or health sciences will be able to learn about clinical
uses of laser systems with clinical cases treated as well as gaining vision for the research and
development branch of our science.

In order to understand the way how radiation energy is used in biomedical field; beam-
target material (tissue) interaction knowledge should be digested. Understanding the
working modes, power density and wavelength variation help to realize what kind of effects
laser energy has on the target materials. Regardless the type (wavelength) of laser, when the
beam is directed to a tissue, it follows 4 action paths as it touches the surface reflection,
transmission, scattering, absorption (Figure 10).
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Fig. 10. Tissue interaction of laser beam.

First two types of interactions can be considered as “tissue influence on photon” is used for
diagnostic sensing, imaging, and spectroscopy of tissues and biomaterials. This step of
interaction aims to collect signals released from tissue of echo of sent photons. Those
collected signals are processed and analyzed to evaluate the condition on tissue site or
examined material or process.

6.1 Reflection

Some part of electromagnetic energy is reflected back by the tissue surface, which is a good
example for tissue effect on laser photons. This kind of optical performance is commonly
used for diagnostic or imaging studies to keep patient records. This reflected beam is read
by a group of sensors and delay for reflection time is used to calculate the distance between
the beam source and target point to scan surface morphology (Figure 11).
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Fig. 11. Laser scanning process. Laser beam is sent to the surface to be scanned and distance
between source and arget is calculated with reflection time. Computed raw data helps to
reconstruct target surface topography 3 dimentionally.

3D scanning is a core application depending on used many fields of biomedical
technologies. Replication of an object depends on scanning part and lasers can give an
excellent alternative with high resolution in a short scanning time. Three dimensional laser
scanning of macro structures of an organism, like part of (face, hand etc.) or full body [17] is
helpful to lineout a topographical profile to measure or diagnose morphological
abnormalities. This technique helps the clinician to compare soft tissue topography and
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landmarks before [18] and after a surgical intervention or to show the patient an estimated
treatment outcome before the surgical procedure. Facial templates based on 3D laser face
scans can be used to treat some face deformities by guidance of growing skeleton during
childhood [19]. Laser surface scanning is also a useful tool to keep records of patients
undergoing interventions at face and head.

Three dimensional digital face records obtained from laser scanning can be archived, before
and after images can be compared so that success of intervention that affects the face
appearance can be visualized. [20, 21] Also face images taken before the intervention can be
processed to predict and show the patient end result beforehand [22]. Or image galleries can
be a good source to be worked on retrospectively. Similarly dental casts of the patients can
be scanned for similar reasons. Also scanned dental models can be superposed to computed
tomographic or magnetic resonance imaging data to integrate facial stereophotogrammetry
acquisition [23], which helps clinicians to diagnose or treatment planning. Laser scans at
micro-scale can be valuable for production of dental restorations. Impressions taken from
dental arch can be scanned entirely or partially with laser or ordinary light at micro-scale to
produce die used preparation of dental restoration precisely [24].

Currently optoacoustic tomography systems using 2 lasers operating in the near-IR spectral
range (755 and 1064 nm) allow 3D imaging of individual organs and blood vessels through
the entire body in animal models [25]. This novel method, in the future, would open a new
era for imaging for human body.

Besides quantitative static evaluation of the body structure; laser scan systems can aid
assessment of dynamic functions of externally, like recording of chest movements during
breathing. However, such 4D (time dependent 3D chest position) requires a long acquisition
time [26].

Laser has another point of interest in dentistry to differentiate carious tooth. This
methodology depends on difference between fluorescence degree of laser beam from health
and carious tooth structures [27].

6.2 Transmission

If target tissue is poor of light absorbing ingredient (chromofor), which is responsible to
soak the photon energy and stop the beam at superficial layers of the tissue, photons are
transmitted to deeper layers until all their energy is lost. Therefore, clinician should be well
instrumented concerning which wavelength is absorbed by which chromofor and if the
target tissue contains related chromofor or not. Based on this knowledge clinician can yield
superficial or deep tissue effect intentionally or accidentally.

Depending on absorption rate of laser energy by the chromofor while travelling inside the
tissue, some part of energy, gradually, can pass through all tissue layers entirely and may
exit from the other side of tissue. In such cases leaving part of the beam can be used to
measure some tissue ingredients via their transmission capability. With this aim the exiting
part of beam can be read by a sensor to evaluate absorption rate. Therefore transmission of
laser beam is a valuable feature used in diagnostic measuring. Pulse oxymeter devices read
transmitted part of beam from the finger-tip and calculate percentage of oxygen
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concentration in the circulating blood. This is a useful technique to monitor vital signs of a
patient closely without damaging any tissue. Similarly, working mechanism of laser doppler
flow-meter depends on transmitted laser beam trough a human tooth. This device is used to
test if there is a blood circulation inside the tooth pulp. According to this diagnostic value
clinician decides the treatment choice.

6.3 Scattering

Photons are spread out their directions during their transmission to the tissue depths, when
they hit any reflective structures located in the tissue. This leads change of beam direction
during the travel inside the tissue. This may cause defection of effect on desired tissue
depth.

6.4 Absorption

Photons transfer their energies to the target substance (chromofor). As a result of this action
the target structure gains and transform energy, which may change its physical, chemical
structure or increase the temperature. Energy absorption by chromofor occurs in 3 phases.
First one is the excitation of atoms. Likewise pumping phase of lasing medium, electrons of
chromofor atoms excited. As interaction at atomic level happens with gamma and X-rays,
this level is out of focus for this laser chapter. Second level of tissue-radiation interaction is
at molecular level, which stays within our biomedical interaction interest. Therapeutic laser
applications in medical field are based on this interaction level. Such reactions excite
electron bonds of biomolecules, which may break longer molecule bonds or can make
changes in carbon chain [16]. On the other hand, biomolecules’ oscillation can also be
amplified to higher modes, which result as temperature increase macroscopically
(photothermal reactions) or rotational stages can be seen in the molecules that result
photochemical reactions (photodynamic therapy). Especially when therapeutic applications
of laser are concerned those mentioned levels of interactions are our main effect mechanisms
inside the tissue. Use of laser in clinic for therapeutic aim; targets to increase blood
circulation at the lased area by heating affect and also promotes new material synthesis by
the tissue cells. Regarding the therapeutically applications lasers are set at low level power-
settings within certain time limits no to exceed to high photothermal reactions. Low-level-
laser therapies (LLLT) are predominantly used to cure diseases by promoting tissue
regeneration via photochemical activity and inducing blood circulation basically. [16].
However, as higher doses are applied or LLLT is continued over predefined time limits
photothermal efficacy of laser beam becomes prominent. Continuing photon energy transfer
or applying high doses associate an increase on oscillation (heat) of target molecule. At the
beginning, highly oscillating molecules transfer their heat to cooler neighboring areas
radially by means of conduction. This is closely depended on the tissue's thermal
conductivity and diffusivity. This generated heat (photothermal effect) can be neutralized by
this transfer mechanism and it’s reversible. If lasing continues or higher doses are applied,
tissue conduction can’t suffice to transfer all the heat loaded and local temperature reaches
to critical limit and cause coagulation of biomolecules that leads death (necrosis) of living
cells [28]. Results of this time dependent critical temperature increase are irreversible
(Figure 12).
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Fig. 12. Time dependent critical temperature limits lead coagulation of biomolecules and
tissue necrosis. Data according to Niemz MH and Steiner R.

Further energy loading by prolonged time or with higher power doses; increase local heat
until boiling level of water component. Seconds after this stage, water evaporates and the
soft tissue loses its volume related with its water component ratio. Especially soft tissues,
like mucosa, present a cavitation like crater on the surface of lased area. More lasing burns
biomolecules, likewise proteins etc., overlaying the tissue, which causes char formation on
the lased surface (Figure 13).
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Fig. 13. Laser tissue interaction

Even though, laser tissue interaction mainly depends on the type of laser (wavelength) and
also ingredients of tissue interacting with the laser beam; water is most commonly
mentioned absorbent of laser in the for wavelengths longer than 1200 nm and shorter than
200 nm. On the other hand, within the visible and near ultra-violet spectrum, water can be
considered as transparent and transmitted through the tissue depths. Regarding the tissue
composition laser beam may cause deep hazardous effect under such conditions. Therefore,
for example, clinician who’s going to work with a laser at wavelength between 200 to 1200
nm should know that the beam would easily penetrate deeply a tissue with high water
component, like mucosa. Light absorbing organic molecules can be classified into two
groups. Of the first contains amino acids and nucleus acid bases and other group the so-
called chromophors. Also chromophors can be defined, mostly, as molecular structures
which absorb light in the visible spectrum. Line graphic in Figure 14 summarizes atomic
absorption co-efficiency over wavelengths of commonly used lasers for biomedical
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purposes. Based on this graphic clinicians determine which wavelength they should work
with according to their purpose.
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Fig. 14. Absorption spectrum of laser wavelengths.

Regarding this absorption co-efficiency graphic, erbium (Er:YAG and Er:Cr:YSGG) family
and CO; lasers had a great affinity to water and hydroxyl-apatite crystal and their photons
leave their energy on HA and water. This can be an example to choose a proper wavelength
to work on tissues with high HA concentration (like bone and tooth) or with high water
component like mucosa. Therefore, health care professionals dealing with tooth or bone in
their operational practice or researchers etc. should prefer wavelengths between 2780 to
10600nm to obtain highest efficacy. On the other hand, when a high bleeding risk is
expected during a soft tissue surgery, a wavelength that is highly absorbed by hemoglobin
(blood) should be chosen to be able to stop bleeding.

7. Principals to be acknowledged for dosing

An operator, who has the obligation to work with lasers, should be equipped with basic
knowledge of dosing and power-settings. It's necessary to universalize and application and
its repeatability. Keeping records of those measures is a must at least to correlate the results
with power-settings.

Watt (W) is used as power unit of laser equipment. Given energy (joule-]) is calculated with
multiplication of used power (W) and application time (seconds) for continuous wave modes.

Energy (Joule) = power (Watt) x time (seconds)

However, when pulsed systems are regarded; total given energy given in a single pulse
(pulse energy - ]), repetition rate in a second (Hertz- Hz) and time (s) must be considered as
in the following formula:

Energy (J) = pulse energy (J) x repetition rate (Hz) x time (s)

Energy density is termed to calculate the amount of energy delivered over a surface during
laser therapy. This term defines the distribution of energy over a surface, so that a routine
clinical application of the treatment method can be prescribed for all users as shown below:

Energy density (Fluence) (J/cm2)= power (W) x time (s) / area (cm2)

Clinicians should be founded of all those knowledge in order to prescribe a universal
power-setting for clinical application to treat different diseases. Similarly, keeping records
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related with a treatment operation is important regarding compare healing results and
power dosing. So that; in case of a postoperative complication clinician can be able to look
back to the records of the operational procedure and may decide to reduce the power
settings for the next patient to avoid such unintentional malpractices.

8. Clinical applications

Today, parallel to development of technology in health sciences, radiation has found a wide
scope of use for diagnosis and imaging of many diseases and their treatment. Integration of
computer and machine engineering to radiation tools spawned a new generation of
radiation emission tools with higher capabilities on precise power control. Herewith,
selective effectiveness of irradiation on parts of living organism is aimed in current studies.
Irradiation is also X-ray, gamma radiation, infra-red, ultra-violet waves, microwaves and
ultrasonic energy are also used with this purpose. Radiation energy with its wide use in
biosciences has a special importance, however and in spite of such apparently wide
acceptance sources for the professionals in bioengineering field is quite limited. The context
of second part related with “Clinical applications” aimed to pull out and emphasize the
concepts related laser energy used in medical sciences and literature review to purify
knowledge for undergraduate, postgraduate biomedical engineers, health care
professionals.

Laser systems have been in use in the medical sciences for diagnostic and therapeutic
purposes since the 1970s. Clinical applications of laser beam can be explained with “photon
influence on tissue” concept basically. Laser energy is used to modify tissue structure both
in photochemical and photothermal actions. Depending on energy/power used during
medical applications, lasers can be classified into 2 types: high power applications and low-
level-laser therapy (LLLT).

8.1 Surgery
8.1.1 Soft tissue cutting (incision)

High power lasers can cut like a knife or ablate (remove large volumes) soft tissues with
their photothermal effects. With this respect almost all surgical branches benefit the
advantages of laser tool. Most prominent practical applications of lasers are in surgical field
due to their heat production capability. Thermal damage capability of beam at desired focus
diameter enables high power lasers a preferable surgical tool to cut the tissue precisely at
smaller spot-sizes [29]. Especially, when incision on mucosa (rich of water component) is
considered erbium family lasers would be more advantageous over other wavelengths due
to high specificity to water molecule and low collateral thermal effect [30].

Surgical procedures in ophthalmology necessitate high precision for incision or disruption
of transparent tissue at a certain depth. It's been presented that femtosecond lasers with low
thermal collateral effect and 1.5microm spot-size can achieve subsurface scleral
photodisruption can be achieved in vitro for a variety of intrascleral incisions [31].
Moreover, when precision of incision geometry and depth on a curved eye surface is
considered computer guided laser beam with minimal spot size can provide prestigious
advancement on surgical practice [32].
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Laser cutting of delicate soft tissues has also another focus on laser-assisted microdissection,
which will be discussed under research section in this chapter.

8.1.2 Tissue ablation (vaporization)

Surgical procedures targeting removal of a pathologic tissues extending on large tissue
surfaces of occupying large tissue volumes, especially with bleeding tendency, can safely be
removed with laser ablation quickly [33, 34, 35, 36]. Depending on wavelength selection
laser can help the operator to ablate tissue superficially without damaging underlying
biomaterial, likewise dental implant exposure lying beneath the oral mucosa (Figure 15).

Fig. 15. Tissue ablation with Nd:YAG laser. a. Oral mucosa covering dental implant, b.
Mucosa ablation, c. Exposed dental implant (arrow)

Tissue ablation with laser beam is an advantageous technique especially for removal of
lesions operated endoscopically and can also provide less bleeding [37]. Owing that the
beam focusing ability lasers can compromise application scope like making incision at a
small size spot or tissue ablation at larger spot sizes (Figure 16).
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Fig. 16. Focusing and defocusing. Laser beam creates deeper impact at a narrow diameter at

surface when focused. If defocused, damage depth is more superficial but damage area on
the surface is wider. To defocus the beam d;<d>.

Additionally, collateral thermal damage potential of laser ablation technique also widens
safety of the operational procedure by killing cells neighboring vaporization center. So that
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any remnants of malignant tumor cells, if present within the thermal necrosis zone, are
killed and any recurrence risk is minimized [38]. Antitumoral action of laser energy can also
be achieved photochemichal reactions. This concept will be mentioned within
photodynamic therapy section at following context. Like tumor resection in all surgical
branches, laser energy has been attributed within the extent of ophthalmology for
phacoemulsification of eye lens to be replaced with an artificial one [39].

Among other surgical applications selective and precise tissue ablation is required in
ophthalmology. Besides lesion or excessive tissue removals [40]; automated tissue ablations
at micron-scale are also very common to modify refractive index of transparent part of eye
to correct some visual deficiencies like myopia, hyperopia, and astigmatism [41].

Similarly, dermatology and plastic and reconstructive surgery clinicians take the advantage
of laser ablation for removal of several lesions appearing on skin [42]. With cosmetic
purposes scar tissues, tattoos and skin discolorations are also removed with lasers. When
pigmented lesions are the target to be destroyed with photoablation, laser systems with
wavelengths lower than 1064nm are preferred due to their absorption spectrum by
pigmented materials. In the present application protocols lasers present successful results
and therefore are inevitable for the cosmetic procedures like hair removal and acne
treatments. Photothermal and photochemical efficiencies take action simultaneously with
these clinical purposes and result least thermal collateral damage on surrounding tissues.
Thermal injuries of tissues, especially the skin, would easily cause scarring which leads
contraction following tissue healing. In an esthetic point of view tissue contraction is an
outcome that can be interpreted with 2 controversial effects. It can be regarded as a negative
outcome that may lead uncontrolled scarring with unpleasant esthetic appearance for the
patient at first sight. However; on contrary, if laser irradiation procedure can be fulfilled
precisely on the skin, the tissue contraction can be an advantageous application to tighten
up loosened aging skin [43].

8.1.3 Blood coagulation (hemostasis)

Besides cutting laser with wavelength can easily coagulate the blood and be able to stop
blooding simultaneously [44]. That gives a clear vision for the operator especially in body
regions like oral cavity (Figurel7) with high bleeding tendency.

Fig. 17. Use of Nd:YAG laser to stop bleeding with its phothermal efficiency during intraoral
soft tissue surgery.
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This shortens the operational time for the surgeon, lead less edema and relapse risk [36, 45]
and provides a clear vision during the operation. Laser can also be a surgical tool for
coagulation solely in association with scalpel surgery. This method is identified as “Laser
assisted surgery” concept that can be adapted to almost all surgery disciplines using laser.
When vascular pathologies of organ systems are considered, laser system with high
coagulation effect can easily help the surgeon to remove vascular pathologies with life-
threatening bleeding risk more safely, due to its blood-stopping effect [46-51]. This feature
of laser beam makes it a superior tool to scalpel when removal of lesions with high bleeding
tendency [52] or surgical approaches of patients receiving anticoagulant therapy [53] or
bleeding tendencies [54] are considered.

Lasers carried with fiber optic systems are compatible with endoscopic surgical applications
where the surgeon can operate the field with via fiber optic visualization systems. Deep
organ systems, like gastrointestinal tract, respiratory system (nose, sinuses, throat, lungs
etc.), urinary tract, abdomen, central and peripheral nerve systems, joints and canals of
glands can be operated with small entry holes on the skin. Fiber systems can carry laser
beam to the target through narrow entry holes without damaging surrounding healthy
tissues. Similarly intraocular bleeding, which may cause blindness very easily can be
stopped with laser coagulation without touching any tissue [55].

8.1.4 Bone surgery

Though laser has been a focus of many experiments on living organisms since the beginning
[56], its potential for bone cutting has been pointed out during 1975 [57]. Since beginning of
1980’s, following development of CO; [58] and erbium family lasers [59], researchers have
widened operational scope of laser systems for bone removal. Even though; erbium lasers
looks like similar bone removal capacity as with mechanical instruments, bone healing
following removal procedure is still controversial due to collateral heat production with
laser beam [60, 61].

8.2 Photodynamic therapy

Photodynamic therapy (PDT) is a technique to sensitize target cells or microorganisms to
light source and destroy them more efficiently with photochemical reaction based on
photon energy transfer and conversion. Extrinsic dye material (photosensitizer) and
intrensic molecule (oxygen) act as mediators to facilitate the transformation of molecular
oxygen from triplet to singlet units via photon energy. Singlet oxygen is highly toxic to
the living organisms and destroys the pathologic (tumor) cells, or microorganisms with
laser at lower power settings. Although the first article appeared in 1956 [62], it was
discovered more than 100 years ago by observing the killing of microorganisms when
non-toxic dye (photosensitizing agent) and visible light were combined in vitro.
Afterwards, it has become popular technique, due to its low systemic toxicity rate and
precise application manner as a treatment for cancer, ophthalmologic disorders and in
dermatology. Recently, interest on antimicrobial PDT has evolved and become a focus,
due to antibiotic resistance and issues with distribution of antimicrobial drug. It has been
indicated as a therapy for a large variety of local infections. Advantages of PDT include
equal killing effectiveness regardless of antibiotic resistance, and a lack of induction of
PDT resistance. It should be considered that antimicrobial effect would diminish when the
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light is turned-off. However, on the other hand less than perfect selectivity to
microorganisms is a remarkable advantage of antimicrobial PDT. Several dye materials
are used to sensitize the microorganisms via light activation. Even use of hemoglobin
(blood) as a dye material with antimicrobial PDT over some oral microflora pathogens,
like bacteria and fungus, in vivo has been shown to be effective [63]. PDT has been
successfully used to kill pathogens and even to save life in several animal models of
localized infections such as surface wounds, burns, oral sites, abscesses and the middle
ear. A large number of clinical studies of PDT for viral papillomatosis lesions and for acne
refer to its antimicrobial effect, but how important this antimicrobial efficacy is unclear for
overall therapeutic outcome. Antimicrobial-PDT for periodontitis is a rapidly growing
clinical application and other dental applications are under investigation. PDT is being
clinically studied for other dermatological infections such as leishmaniasis and
mycobacteria. Owing that the rise of antibiotic resistance; antimicrobial PDT applications
looks like to have promising future. Advancement on bio-nanotechnology (NT) indicate
innovative application spectrum in bioscience. Especially recent researches present
similarities in clinical design and mechanistics. NT offers the ability to miniaturize the
light source and optimization, enhancing targeting and intensity of the photodynamic
reaction as well as a far greater insight into dosimetry and mechanisms of action [64, 65].

8.3 Tissue welding

In surgical branches wound closure has a specific significance, which is directly affect
results of wound healing after the intervention. Moreover; some specific fields may require
water or air tightness besides simple closure. Conventionally, tissue closure is carried out
with simple sutures (stiches), however simple suturing cannot fulfill 100% secure air- or
water tightness. Therefore photocoagulation of laser energy had been pointed out as an
alternative and superior method for cases where wound sealing is required. Depending on
the laser light sources used photothermal effect has another application in surgical practice
like adhesion of two soft tissue parts. This is conventional technique to close surgical wound
sites without sutures (stiches) based on coagulation of an organic soldering material, which
adheres two parts of tissue and hold them together until the tissue heals [66] even in cornea
closure [67]. Tissue welding method can bring an innovative ease for the procedures where
suturing difficulties are faced, especially in endoscopic interventions [68]. This is a
promising technique for blood vessel [69] and nerve bundle [70] anastomosis. Water-
tightness of tissue closure has a specific importance for the cardiovascular surgery, but also
for neurosurgical procedures. Therefore; laser tissue welding has been studied and results
showed that its able to repair cerebro-spinal fluid leaks [71]. Most studies present results
with enhanced tissue healing with laser tissue welding, most probably due to its collateral
therapeutic effect, series besides anastomosis capability. Besides albumin [72, 73], synthetic
polymers are also shown as the source of soldering materials for tissue welding. CO, [74]
and diode-980 and 1064 nm [75] lasers are most commonly studied systems with successful
tissue welding results.

8.4 Therapeutic radiation

Use of laser radiation is not limited to only with destructive applications in medical field. It
has been demonstrated that laser energy at low doses has a positive effect on tissue
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regeneration by increased biomolecule synthesis, formation of connective tissue and
increased blood circulation via generation of new vessels [76]. By the way it stimulates
tissue healing while helping resolution of inflammation and pain [16]. Basically, photon
energy is converted to some important biomolecules like protein, collagen, DNA and/or
ATP via chemical reactions and can help to modify cell metabolism. That mechanism can
amplify cell replication capability that leads regeneration. Almost all kind of tissue cells can
be stimulated for reproduction. Damages due to trauma, infection, etc. can cause tissue loss
that can be repaired by low-level-laser therapy (LLLT). Following any injury inflammatory
chemical mediators are released by the organism, which cause pain and edema (swelling)
[77,78].

8.5 Dentistry

Besides use of laser energy for soft tissue removal or hemostasis (blood stopping) for oral
surgical purposes, it found a wide range of clinical and laboratory application spectrum in
field of dental medicine. When the term of “Dentistry” is uttered, first memory reminded is
painful drilling with noisy and vibrating rotary tools. However, by the evolution for laser
technology hard tissue removal has become more comfortable for the patients. Regarding
wavelength absorption graphic in figure 14 erbium lasers have highest absorption rate by
water and flowingly by HA. That makes erbium lasers most suitable spectrum for ablation
of hard tissues like enamel and dentin without thermal damage (Figure 18).

Fig. 18. Scanning electron microscopy shows smooth crater formation on tooth enamel with
Nd:YAG laser ablation. (Courtesy of A. Binnaz Hazar Yoruc.)

Non-thermal ablation capability of erbium has made it a novel technology for dental
applications like drilling of enamel and dentin [79]. Hard tissue removal with conventional
techniques, like rotary instrumentation, looks more faster than ablation with laser; loss of
vibration sense and selective ablation make laser more preferable tool than mechanic
systems especially in dental procedures when removal of old fillings are considered [80].
Moreover, laser assisted cavity preparation is also advantageous when composite filling
materials, which necessitate advanced roughness of the prepared surface, will be utilized
[81]. Removal of dentin with laser transmitted via a fiber optic cable helps the dental
clinicians for root canal preparation, where antibacterial efficiency is also required [82].
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However, low heat production risk of erbium makes it superior regarding thermal necrosis
of the living tissues like dental pulp [83] and bone marrow [84].

On the other hand, photothermal efficiency of laser beam is required in some cases like
hypersensitivity of dentin [85]. The term of dentin hypersensitivity is used in cases where
dentin tissue is exposed external environment due to several reasons and nerve fibers of
dental pulp are stimulated by external factors like cold or acidic substances. Laser beam acts
on the superficial dentin layer and melt it with its photothermal effect. This melted dentin
seals open dentine tubules and blocks communication between exterior and interior
environments of a tooth. This obliteration hinders entry of irritants into the dental pulp and
overcomes hypersensitivity issue.

When antimicrobial PDT is considered may be dental medicine is the field that most
frequently benefits from its advantageous features. Comparing other parts of the body
oral cavity has a quite rich microflora regarding variety and quantity of microorganisms.
Therefore, oral infections are very common in our mouth. Besides the photothermal
efficiency laser energy can kill microorganisms with its antibacterial PDT effect. Laser-
induced antibacterial PDT has become a novel method to treat some specific infections
were eradication of microorganisms is not possible with chemical or mechanical
techniques. Dental implants placed into the jaw bones are produced with a rough surface
to enhance implant-bone contact area with increased frictional forces. However, this
roughened surface is a proper environment for colonization of the microorganisms, which
leads infection of peri-implantar tissues (periinmplantitis). It is highly difficult to
eradicate all microorganisms penetrated into the deepest level of the rough surface with
chemical and mechanical methods. However, different types of wavelengths can help the
clinicians to kill all the bacteria living of the implant surface [86, 87]. Results of the recent
studies show that antibacterial PDT is a promising method for the treatment of
perimplantitis [88, 89].

Similarly root canal and periodontal pockets of the teeth are the sources of bacteria
colonization, which leads loss tooth. With this purpose, antibacterial effect of laser energy
looks like a promising tool in management of such endodontic [90] or periodontal
infections [91] to provide at least decrease number of pathogenic bacteria in the
periodontal pocket or root canals. However, when a periodontal pocket is considered,
complete total eradication of microorganism (sterilization) cannot be possible due to
irradiated pocket area cannot be isolated from the mouth entirely. Therefore, a
disinfection process can be uttered rather than sterilization. Even though reduction of
pathogenic bacteria account at the inflammation site co-works with our defense system
and help to resolve the local infection.

Several reasons may cause discoloration of teeth that can be attributed as a bad esthetic
appearance for some patients. In order to manage this discoloration chemical bleaching of
teeth have been a focus of cosmetic dentistry since 1940’s [92]. Likewise in all chemical
reactions increased heat factor catalyzes the reaction. Researchers realized to benefit
converting laser energy to heat and catalyze the bleaching process to shorten the operational
time in the office. Therefore, laser systems have become popular in the dental clinics owing
that energy transformation to heat induces chemical reaction of hydrogen peroxide during
whitening procedure with less regression [93, 94].
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9. Laser as a research tool
9.1 Laser spectroscopy

Spectroscopy is an outstanding analytical method, which contributes to present state of
atomic and molecular bioscience. This technique uses vibrational, rotational and other low
frequency echos in a sample material. It relies on inelastic (Raman) scattering of
monochromatic light, mostly a laser beam in the visible, near infrared, or near ultraviolet
range. This is a sample for tissue influence on laser photons. The laser interacts with
molecular vibrations, photons or other excitation in the system, resulting in an increase or
decrease the energy of laser photons. The shift energy provides information about the
photon modes in the system. Two of 3 dimensional analysis of any given material even at
micro, or nanoscale can be fulfilled with this method [95]. Therefore lasers spectroscopy is
an indispensable tool for researchers working all materials science. As a research tool with
its high and analytical capability spectroscopy has been used in many fields of
bioengineering and medical sciences [96- 98].

9.2 Confocal laser scanning microscopy (CLSM)

CLSM can provide high-resolution optical images at determined tissue depth selectivity.
Depending on the laser source and application modes diagnostic data can be yielded via
optical information of ultra-high resolution even in deep organ systems via ultra-thin
endoscopic probes, which makes confocal laser microscopy inevitable for the physicians
who are responsible to diagnose any kind of malignant tumor [99]. So that tissue
discrimination and manifold types of fluorescence detection can be achieved. Moreover,
optical features would explore 3-D capability of tissues and enhanced recognition of tissue
type and pathological status inside the living human body [100]. Early diagnosis of
malignant tumors via endoscopy helps the clinicians to save many lives.

It is also called as optical sectioning. CLSM images can be yielded layer by layer from deeper
levels of tissue to the surface and the data can be reconstructed by a computer to obtain
three dimensional topographic appearance of tissue. This can also be a very valuable data
for microbiology studies [101].

10. Bioindustry

Likewise in all industrial branches, use of laser technology brought novel advancements
occurred in bioindustry as well. Laser systems have taken place in production of
complicated or tiny objects with high precision and speed. With this respect laser
technology has a special importance both in fabrication and modification of production
cascade and repair processes. With material processing regard, increasing demand can be
seen in the market for laser systems due to non-contact processing, reduced need for
finishing operations, decreased processing cost, high productivity, improved product
quality, automation worthiness, greater material utilization and minimum heat affected
zone [102]. In biomedical perspective; laser systems adapted to production or repair
processes have widen applicability scope and speed with advanced precision and safety.
Owing that; production, modification, and assembling can be attributed as the major courses
of laser applications in bioindustry.
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10.1 Laser — Matter interaction

Regardless the type of procedure, which is being processed; laser-matter interaction,
likewise as between laser and tissue should be knowledge. In order not to exceed limits to
manufacturing technologies and keep the context as predetermined, rather giving detailed
opto-electric physics; briefly the laser-matter interaction can be defined as the same in
tissue-laser interaction. In addition to photothermal, photochemical and photomechanic
effects laser energy may have photomagnetic effect on materials [25]. Similarly, the
interaction is closely related with wavelength - matter reflectivity relation, produced
temperature, present surface films, angle of incidence and surface roughness, besides laser
beam (power settings, time, shot intervals, focusing, etc.) and matter properties. Laser
processing used to be most predominantly preferred in metal processing, however synthetic
material processing in bioindustry is also developing with a great acceleration recently,
especially in rapid prototyping.

Laser photon impacting the substance surface may or may not change its phase/state. With
this regard; phase/state changes can occur in 3 ways:

1. Solids undergo vaporization:
a. Machining (Drilling, cutting, surface roughening, engraving, scribing, marking
etc.)
b. Coating - deposition (Ceramic coating on metal etc.)
c. Laser assisted purification
d. Laser spectroscopy
2. Solids undergo liquid
a. Adhering (Welding - brazing)
b. Reclamation
c. Surface alloying - cladding
d. Manufacturing (Rapid prototyping - sintering)
3. Liquids undergo solid
a. Rapid prototyping

On the other hand no phase changes help to modify a solid matter to a desired status as
follows:

Surface hardening

Shocking - shot peening

Forming (Bending or straightening)
Semiconductor annealing

oo

10.2 Sintering

Laser sintering (LS) has been a focus of bioengineering interest since early 1990’s [103].
Basically, a focused laser beam moving on a material (metal, ceramic or polymer) powder
surface melts and fuses the powder at a desired shape layer-by-layer. Comparing to
conventional casting techniques porosity of the product can be altered as desired with LS.
Development of computer technology both in hard- and software contributed to an
astounding growth of laser systems. “Three-dimensional” modeling technique adapted to
computer guided finely focused laser beam now allows design and production of any object
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at micro scale. Especially modeling and rapid prototyping concepts have developed within
each other based on sintering from a laser perspective. These synergetic developmental
changes expand application scope and speed of laser in bioindustry. Rapid fabrication
(prototyping) of prosthesis or scaffold [104] with LS before the surgery has 2 major
advantages for the surgeon and the patient. First thing first, operator has the ability to work
on this study model before the surgery and is capable to prepare any kind of framework or a
template, even in complex 3D architecture, to be used as a fixation or stabilization material
etc. [105, 106]. On contrary, these time consuming preparation or adaptation steps of the
operational procedure should be fulfilled precisely during surgery when tissues are opened
and the clock is tick tacking. Secondly, the operator would be familiar with the scene that
he/she is going to face during surgery and can prepare and surgical template, which
provides a 100% precise bone drilling or cutting capability as planned previously [107].

Those 2 important developments on LS prototyping can be attributed as innovative
features that rise success rates of many surgical procedures in maxillofacial surgery,
orthopedics [108], neurosurgery [109]. Also bony defects to be repaired with a bone graft
replacement can be imagined initially with computed tomography. Advanced softwares
enable the operator to visualize and measure the defect area and create a suitable 3D
prosthesis to fit defect site perfectly and work as a graft material for replacement. Created
3D model in the digital environment (mostly prepared as a *.stl file) can be transferred to
a rapid prototyping laser machine to materialize solid graft material. Related with
features of prototyping method computer guided laser beam produce the design from
solid materials, powder or liquid feeds. Manufactured bone scaffolds made of
osteoconductive materials can serve as a tray for cell cultures with bioengineering
applications [110]. LS metals products, like dental crowns, provide superior bonding to
ceramic, as the bonding capability is closely related with chemical structure on the metal
surface rather than porosity value [111].

10.3 Machining

Laser technology has brought a fresh breath to manufacturing of metal instruments,
prosthesis of fixation devices etc. requiring precise cutting, drilling, engraving, labeling or
marking. Conventional techniques using mechanical removal of matter result thermal or
physical damage of the processed material that may disrupt its biologic performance. In
such cases high power lasers, especially with femto- or picosecond shots, can offer an
excellent procedure with minimal deformation and chemical damage on the processed
material.

10.3.1 Drilling, cutting

Under machining concept material processing drilling and cutting procedures is the two
most common ones covered. With this respect highest precision is obtained for drilling,
cutting etc. procedures with minimum crust and wastage, or no foreign body remnants
[112], which do affect tissue reaction to the product if it's going to be placed into a living
body. With this regard ultra-short laser pulses have a wide application scope in production
of metals, ceramics and organic materials with enhanced precision with minimal hazard
even on highly fragile materials like glass [113].
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10.3.2 Surface modification

Final stages of bioindustrial production process may necessitate surface modification of a
material at the end for several purposes like labeling, marking, coloring, engraving a specific
surface topography (microstructuring), surface hardening and coating the material with
another substance for environmental tissue adaptation or at least for marketing. Moreover,
laser ablation has been shown as a useful technique to strip (clean-up) a thin layer from the
surface of a metal for preparatory processes for further surface modification.

10.4 Microtexturing

In last 3 decades bioindustry has shown a growing interest in microtexturing (structuring)
of implant surfaces to improve their physical and biologic characteristics. Amount of contact
area between bone tissue and implant surface is highly important for the stability, which can
be attributed as the health and survival of implant. Therefore, in such cases surface
roughness is increased to gain maximum frictional forces in between. Conventional
chemical (acid etching) and mechanical (sand blasting) erosive techniques leaves
unintentionally foreign contaminants on the implant surface that may cause rejection of
implant by the tissue following an adverse tissue reaction. With this perspective, clean
surface roughening even at micro scale at a predetermined surface topography can be
available with laser systems (Nd:YAG, CO,, and excimer) with no foreign substance
contamination. Use of ultra-short pulses is indicated as a cost-efficient method
manufacturing of bio-friendly medical implant surfaces. [114] Nowadays, researches are
concentrated on nano-roughness concept instead of microtexturing [115, 116] due to this
nano-roughness can present more attractive physical topography for attachment of different
cell types selectively [117]. That laser induced biotechnology would bring the option to
modify the implant surface selectively depending on the environment to be faced, like to be
an attractive surface for tissue cells, while surface structure can be changed to protect
microorganism adhesions.

10.5 Surface coating/cladding - Alloying

Coating a surface has plenty of additive effects for biomaterials like improving
biocompatibility or corrosion resistance, surface roughness and chemical bonding capability,
therefore is a frequently subjected to many research studies [118]. Laser coating looks like a
promising method especially for composite material coatings even at ultra-thin layers on
biomaterials that would face complex tissue interactions selectively in bioengineering
applications [119]. Under this title; alloying with other metals likewise coating (cladding)
with different substances can be uttered, however surface alloying can offer superior
corrosion and wear protective coating nature when compared with ceramic coatings.

10.6 Surface heat treatment - Hardening

Photothermal effect of laser helps to treat surface of materials with heat, which helps
hardening on metals. This treatment modality used to manage wear reduction; however it has
currently found a place in production technologies to change metallurgical and mechanical
properties as well. Hardness, fatigue time and strength of metals can be augmented while
wear and friction features are reduced with laser heat treatment, if needed selectively.
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10.7 Coloring, labeling/marking

Like surface hardening procedures, laser energy can modify metal surfaces’ composition
and change its color. Many industrial manufacturers practice this technique for classification
or marking their products. Color coding is a user friendly technique preferred by
manufacturers that help management or classification of hand instruments or drills.
Similarly, simple marks showing length printed with lasers on gauges or drills (Figure 19)
provides a striking ease for the users to avoid complications during surgery.

e — et

Fig. 19. Surface modification with laser on drill for labeling and marking (Courtesy of Bicon
Co.)

10.8 Welding

In contrast to conventional welding techniques laser welding makes it possible to assemble
two metallic pieces with/without a soldering material remotely and can provide highest
heat source intensity on a very small spot size [25]. Therefore, its joining efficiency can be
attributed to be higher than other welding systems. Though high costs, this technique can be
automatized at atmospheric conditions with high precision with very short on/off timing
and cause minimal or no contamination and collateral damage. Materials like magnetic
metals of heat sensitive substances can be welded without any damage and shrinkage.
Therefore, besides manufacturing of instruments laser welding has been used dental
laboratories to joind dental prosthesis parts on standard master models [121]. Excimer,
Nd:YAG and carbonmonoxide lasers are more advantageous due to the shorter wavelength
natures over the CO, laser. Highly focused beam profile minimizes collateral thermal
increase in neighboring areas or tissues [122]. Specially designed laser tips (Figure 20)
contribute to focus condense the beam in a small spot widens safety limits and opens a new
area for laser welding to be performed inside the living organism, like metal welding in
mouth [123].

Fig. 20. Specially designed Nd: YAG laser tip for intraoral metal welding. (Courtesy of Prof.
Carlo Forniani)
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11. Laser safety

Lasers can potentially damage any part of our body unintentionally. Range of those
accidents is quite wide, between increased local blood flow at the target area (hyperemia) to
death. Therefore; regardless the reason use of laser necessitates some strict safety
regulations. Such regulations are issued by local authorities and owner of the laser system
has the primary responsibility to operate the system according to those regulations.
International standards like ANSI 136.1, 3, 4, 5, 6, 7 and IEC 60825 define classification of
lasers according to their hazardous risks and operational powers. Moreover; additional local
regulations, if present, should also be obeyed by the personnel dealing with laser operation.
First step of these laser safety precautions is training of professionals, who are going to work
in an operation environment where a laser works. Regardless their acts in the operation
room all personnel should have this basic training. People who are going to operate with
laser or laser technicians or laser safety operators responsible from maintenance and
management of laser should take advance training [124].

Concerning the damage risk and power of lasers those systems classify lasers Class 1, 1M, 2,
2M, 3R, 3B, 4. Class 3B and 4 are defined as hazardous for eyes respectively. Therefore,
safety precautions are at the highest level when other classes are regarded. When eye safety
is regarded; wearing goggles with wavelength specific filter is a must within the operation
room. Protective precautions like automatic door lock installation at the operation room,
isolating untargeted areas, placing warning signs outside the door and “laser safety
training” etc are inevitable. Class 3B and 4 class lasers are commonly used for medical
purposes for tissue removal or modification, making a cut (incision), eradicating bacteria,
killing tumor cells, etc., or biomedical research, or in bioindustry. Clinicians operate laser
must have “Laser Safety Training for Healthcare Professionals” certificate. However, health
care professionals working in laser operation site have the obligation to get orientation
training at least.
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1. Introduction

Health organizations are businesses in technological intensity. All hospitals contain several
technologies such as magnetic resonance (MRI) technology, laser technology, X-ray
technology, RF technology, micro-camera systems, ..etc. The management of these systems
that is called as “biomedical technology” is not easy. The basic principle of biomedical
technology management is based on safety. Especially, because the affected ones by the bad
management are patients, the importance of the biomedical technology management is
better understood. At this point, "patient safety" comes to the foreground. Patient safety is
the most critical international issue because of countless bad-practice events also related to
biomedical technology management.

Patient safety that is one of the basic components of quality of care is defined briefly as the
patient is not damaged and is not exposed to medical errors. The main target in the patient
safety applications is the establishment of a system to protect the patient from potential
damage and to eliminate the possibility of error.

Health organizations should create the safe, functional and supportive environment for
patients, relatives and employees. To achieve this goal, the physical environment, medical
and other equipment and human resources must be managed effectively. Systematic steps in
this regard will result in the expansion of patient safety practices. The main priority of
accreditation programs is to ensure the safety of patients and employees. More than 50% of
Joint Commission International accreditation standards are related to patient safety.

For quality studies focused on patient safety in health establishments, the safe use of
medical technology is necessary. When the medical devices’ qualifications, locations and
preventive maintenance applications are considered, it is seen that the safety of medical
devices is the most important issue to improve patient safety.

Factors affecting the patient directly in a hospital environment are medical devices and
device users. High-tech medical devices that are used for the purpose of both diagnosis and
treatment are the most important determining factors about patient safety. The design of
medical devices, the interactions with each other and insufficient training of users are
negative impacts on patient safety.

If these problems are examined one by one, it would be appropriate to consider the
systematic errors that are impressive on patient safety. In this study, all these effects
mentioned below will be handled one by one.
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e Interactions between medical devices

e  Sterilization

Re-use of single use devices

Medical device accidents and user errors

e The classification of clean room, particle measurement
¢ Radiation safety

e  Electrical safety and

e  Performance measurements of medical devices.

There are a number of recent studies about patient safety. Some of them are the surveys of
medical device accidents and user errors (Carol, 2003; Hijazi, 2011; Brennan, 1991; Sawyer,
1997; Sezdi, 2009a). Some of them are focused on only electrical safety (Barbosa et al., 2010;
Osman et al., 1996; Chakrabartty et al., 2010; Bakes, 2007; Sezdi, 2009b), whereas the others
examined both the sterilization and reusage of single use devices related to the patient
safety (Yoleri, 2011; Rice et al., 2009; Quirk, 2002; Northrup, 2000; Day, 2004; Koh, 2005;
Buchdid Amarante, 2008; Hailey et al.,, 2008). There are also studies that explain the
classification of clean rooms by measuring particles (Sezdi, 2009c). It is essential to collect all
issues in order to ensure the safety management of medical devices.

2. Interactions between medical devices

The medical devices affect each other because of several interactions. Particularly, in the
environments where many medical devices are connected to the patient such as operating
rooms, intensive care services,...etc.,, there may be interaction between the devices.
Especially, because of interference from radiofrequency energy that is called radiofrequency
interference (RFI), there are several failures that cause to serious injuries and death. The
reasons of the radiofrequency interference are the increasing numbers of electronically
controlled medical devices with inadequate electronic protection against RFI and the
increasing numbers of radiofrequency sources in the environment.

Mobile phones that are today’s indispensable communication tools, enhance the potential
for radiofrequency interference and have negative impacts on medical devices especially on
pacemakers, apnea monitors and ventilators. The impacts of mobile phones with different
frequency and UHF radio frequency receiver / transmitter on ventilators were examined in
many statistical studies and a highly interaction was observed (Gilligan et al., 2000; PMDA,
2006; Lawrentschuk et al., 2004, Tan et al., 2001; Bassen, 1998; FDA, 1997; Carranza et al.,
2011; Pressly, 2000; Hans et al., 2008).

For example, when a physiological monitor is used in conjunction with an electrosurgical
unit, the ECG or arterial blood pressure waveform disturbs. Burns under the ECG electrodes
may occur. During cardiac catheterization, ventricular fibrillation may occur.

If an anesthesia machine is used in magnetic resonance room, it creates the image distorts
because its metal parts cause magnetic effect.

For the elimination of the negativity, the electromagnetic compatibility (EMC) standards
related to medical devices and their placement in hospitals should be created. During new
devices are purchased, electromagnetic compatibility should be considered.
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3. Sterilization

Sterilization is the other important issue for patient safety because all materials in contact
with mucous membranes must be sterile. Sterilization is a process to destroy all
microorganisms found in or on a substance. In 1995, sterilization is defined by Association
for the Advancement of Medical Instrumentation (AAMI) as a process intended to remove
or destroy all viable forms of microbial life, including bacterial spores, to achive an
acceptable sterility assurance level (AAMI, 1995). Sterility Assurance Level (SAL) can be
defined as the probability to remain only one live sport when sterilization process is
repeated a million times.

Although there are a lot of sterilization method, the most widely used sterilization method
in a hospital environment is heat sterilization. The action mechanism of heat sterilization is
to destroy proteins in the cell directly. In heat sterilization, the effective factors are
temperature, time of the heat effect, the degree of moisture, the water content of
microorganisms, pH and osmotic pressure.

Heat sterilization is classified as dry heat sterilization and steam sterilization. For effective
dry heat sterilization, 175 °C process of 1 hour or 140 °C process of 3 hours is sufficient.
Because of lack of humidity in environment, sterilization takes longer. In this manner, glass
and metal instruments, oil and dust are sterilized.

Steam sterilization is performed at 121 °C under 1.5 atm pressure for 15 minutes. Usually,
the materials that do not deteriorate under heat and pressure, are made sterile. For steam
sterilization, the tool called autoclave is used. The basic principle is that every point of the
material to be sterilized comes into contact with saturated water vapor in adequate time. For
this reason, there are some principles to be followed during the packages are created and are
placed autoclave. These include:

e The material to be sterilized must be cleaned by applying pre-cleaning process and it
must be free from visible dirt.
Packet size must comply with the size of the autoclave.
e Packaging material must be able to allow access and exit of steam.
Non-woven packaging materials (plastic polymers, cellulose fibers and a specially
produced paper) should be preferred because of their small pores.
Labels reporting the contents of the package must be affixed on the packages.
Date of sterilization, shelf life and department must be written on the label.
Labeling process should not hurt the package.
Packages should be placed loosely in the autoclave to contact the steam at each points.
The materials that are not required packaging should be placed in the appropriate
baskets or containers.
e The tubes filled with fluid material to be sterile must not be loaded completely.
e  For the sterilization of materials in screw cap bottles, the caps should be loosened.

Material in the packages after the sterilization process must remain sterile until used. Sterile
exposure time depends on the quality of packaging material, storage conditions, transfer
conditions and the amount of materials. To maintain sterility after sterilization of the
material, the considerations are as follows:

e Sterile equipment in case of moving and storing a long period of time, should be
covered with a clean dust cloth.
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e  Sterile storage area must be close to sterilization area and entry to this room must be
limited.

e Storage area must have a ventilation system for the appropriate temperature and
humidity conditions. Temperature should be 18-22 °C and humidity should be 35-50%.

e  Packages should be kept in closed cabinets.

e If there is a damage on the package after sterilization, the material in the package
should not be considered sterile.

In health care facilities, the devices that require more attention are sterilization devices.
Because the materials and products in almost every department of the hospital have to be
sterilized, sterilization devices and process must be controlled in intensity (Rutala et al.,
2004; Dubois, 2002; McDermott, 2010; Kelkar et al., 2004). There are international standards
in order to conduct inspection of the sterilization process. The standard of ANSI / AAMI
ST79:2006 “Comprehensive guide to steam sterilization sterility assurance in health care
facilities” recommends developing and implementing procedures for sterilization
(ANSI/AAMI ST79, 2006). Sterility control is carried out in 3 main groups as physical
control, chemical control and biological control.

Physical control is the control whether the autoclave unit works at proper temperature,
pressure and time, or not. It is necessary to control the indicators of the device by the user
before each use, and to perform maintenance service and validations by the biomedical staff
periodically. Physical control gives us only information about the operation of the device, no
information about the success of sterilization. Special designed temperature and pressure
dataloggers are used for physical control of autoclaves (Figure 1). These are resistant to high
temperature and pressure.

Fig. 1. Temperature and pressure dataloggers for physical control of autoclave (Yoleri, 2011)

As an example, the results of the physical control of an autoclave for the sterilization
conditions of 121 °C, 1,5 atm and 15 minutes, can be seen in Figure 2.
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Fig. 2. The measurement results for the sterilization conditions of 121 °C, 1,5 atm and 15
minutes (Yoleri, 2011). Sterilization process generates where the fixed curve during
maximum pressure and max temperature.

Chemical indicators are used for chemical control. Chemical indicators are indicators which
give information about the sterilization process by changing their color in response to
chemical or physical conditions or changing from solid phase to liquid phase. A positive
result on a chemical process indicator does not mean that the material is sterile, it shows that
the required parameters of the sterilization process are fully implemented.

The mostly used chemical indicators are Bowie-Dick test apparatus. Bowie-Dick test
apparatus consist of a series of vapor permeation layer barriers. A complete color change
indicates the sufficient steam penetration (Figure 3(a), 3(c)). If the color change is non-
uniform or there is no any color change, it means that autoclave has an air suspension
failure (Figure 3(a), 3(b)) and it must be controlled.

[ anr o

(@) (b) ©
Fig. 3. The color changes on Bowie-Dick test apparatus (a) apparatus before application (b)
non-uniform color change indicates insufficient steam penetration (c) uniform color change
from yellow to black indicates sufficient steam penetration
(http:/ /www.scu.com.tr/ BOWIE&DICK %20TEST %20PAKET % C4 % BO0.pdf)
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Biological indicators are used for biological control. In biological indicators, there are
bacteria spores, known as the most resistant to sterilization. In the packet, biological
indicators are placed in the points that are thought as the most difficult points for
sterilization process. After sterilization, whether biological death has been ensured or not, is
controlled by applying reproduce test.

Association for the Advancement of Medical Instrumentation (AAMI) suggests that the
sterilized material to be implanted into the body should not be used until the reception of
biological indicator test results.

When properly used, sterilization can ensure the safe use of invasive and noninvasive
medical devices. The method of sterilization depends on the use of the medical device. To
perform sterilization techniques successfully, current sterilization guidelines must be
followed.

4. Re-use of single use devices

The other important problem in patient safety is the uncontrolled reuse of single use devices
(SUDs). Although the single use devices are the devices that are used for one patient-one
operation, it is possible to use them for second or more patient without any risk by applying
the reprocessing technique. A “reprocessed device” is explained briefly as an original device
that has previously been used on a patient and has been subjected to additional processing
and manufacturing for the purpose of an additional single use on a patient (Rice et al., 2009).
Reprocessing of medical devices may occur in a hospital or be contracted to a third-party
reprocessing facility. About 25% of hospitals in the USA use reprocessed single-use devices
in according to a survey by the Food and Drug Administration (FDA). 84% of the hospitals
use third-party reprocessors to sterilize the devices, while 16% of them reprocess the devices
in hospital (Quirk, 2002).

The approval of the reuse of single use devices is taken from FDA who is the authorized
foundation. The reason of this application is that the manufacturers determine generally
their devices as single use although the device can be used again after reprocessing.
Manufacturers qualify their devices as single use devices because they want more
production and more gain, and they want to launch their devices immediately without FDA
approval because FDA approval time for reusable devices takes more time and
manufacturers do not want to wait for a long time. Also, the manufacturer is not responsible
to prove that a device can not be reprocessed. Because of this, although manufacturers say
that the quarantee of working correctly of the reprocessed devices can not be given, FDA
say that reprocessing is safe if FDA’s requirements are performed (Northrup, 2000).

There are many studies about reusing of single-use devices. Some studies show that the
reuse of SUDs is potentially safe and effective with reprocessing protocols and standards,
while others do not recommend reprocessing and reuse because of the faulty devices (Day,
2004; Koh, 2005; Buchdid Amarante, 2008).

The FDA claims that the reprocessed device must be substantially equivalent to newly
manufactured devices (Emergency Care Research Institute, 2006). It recommends that a
medical device can not be reprocessed succesfully unless it can be cleaned, sterilized and
function tested. Cleaning means removal of visible contaminants including body waste, body



Medical Technology Management and Patient Safety 189

fluids, dirt, dust, etc. Sterilizing means meeting of domestic and international sterilization
standards. Function tests verify that a device will perform as intended (Selvey, 2001).

Food and Drug Administration (FDA) has developed a list of known reprocessed SUDs
(FDA, 2000). The list includes surgical saw blades, surgical drills, laparoscopy scissors,
orthodontic braces, electrophysiology catheters, electrosurgical electrodes, respiratory
therapy and anesthesia breathing circuits, endotracheal tubes, balloon angioplasty (PTCA)
catheters and biopsy forceps. But, there is still uncertainty regarding the safety and
effectiveness of the reuse of single use devices (Hailey et al., 2008).

Single use medical devices are classified by FDA according to the level and type of control
needed to ensure that the devices are safe. Class I devices require the fewer controls, while
Class II devices require “special controls”. Class III devices are the most important class and
are not adequate to reprocess.

Reprocessable Class I devices are devices that make contact and not penetrate intact skin.
These are;

¢  General use surgical scissors,

Non-electric biopsy forceps,

Orthopedic chisels, knives and saw blades,
e Surgical curettes and gouges,

e Rasps.

Class II devices are devices that contact intact mucous membranes and not penetrate
normally sterile areas of the body. These are;

e  Laparoscopic scissors, clamps, dissecters and graspers,
Compression sleeves,

Recording and diagnostic EP catheters,

e  Dirills and burrs,

e  Flexible snares.

Non-reprocessable Class III devices are devices that contact normally sterile tissue or body
spaces during use. These are;

e  Percutaneous and conduction tissue ablation electrodes,
e Transluminal coronary angioplasty catheters,
¢ Implanted infusion pumps.

During reusage of single use devices, two important risks should be considered. The first
and the most important risk is the infection risk. The other risk is that the single use devices
which are reused repeatedly, can not accomplish their function (Avitall et al., 1993, Rizzo et
al., 2000, Zimerman et al., 2003). For example, in the reuse of catheters, some function risks
may form. In the lumens, a contamination may occur, the catheters may slip and the
distance between the electrodes may change. The worst of them, the electrodes may destroy
the vessels by escaping from the catheter. Figure 4 shows the internal lumen of the reusable
forceps having deformations after reprocessing.

To minimize the risks that affect patient safety directly, it must be required to obtain the
information about the reuse of single use devices, to realize the applications standartly and
to control the hospitals.
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Fig. 4. Fig. 4. Photographs of the deformation in the lumen of the reusable forceps after
reprocessing (Rizzo et al., 2000)

For patient safety, FDA proposed a strategy on reuse of single use devices. In the document
that was published by FDA, the following steps are proposed to consider by hospital
management (Henney, 2000).

e Regulation of third party reprocessors that reprocess SUDs in the same manner as the
manufacturers of original equipment,

¢ Development of a device categorization system based on the risk level of SUDs,

e  Writing comments on a draft list of frequently reprocessed SUDs,

e Providing information from the original equipment manufacturers on SUD’s risk labels,

e Validation of procedure.

The testing procedures lead staff to develope specific protocols for cleaning, function testing
and sterilizing of each reprocessed device. The testing procedures are known as validation.

Validation of reprocessing is classified as process validation and design validation.

e Process Validation controls the process consistently that produces a product meeting its
predetermined specifications.

e Design Validation controls device specifications that conform with user needs and
intended use.

A validation of reprocessing is necessary with respect to following safety issues (Popp et al.,
2010):

e Physical safety (alteration of device’s dimensions, weakening of components, poor
performance, etc....)

e  Chemical safety (absorption of cleaning agents, disinfectants, sterilization agents, toxic
reactions, etc....)

¢ Biological safety (inadequate cleaning or disinfection of all surfaces, etc.....)

By doing validation studies, it can be proved that sterility will be achieved when the
temperature and humidity parameters are used accurately. Because of this, validation
studies must be established routine for each sterilization process.
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5. Medical device accidents and user errors

Medical device accidents and user errors are problems that must not be ignored and need to
focus on, because accidents occurred in the health sector cause patient death, or at least
cause an injury and disability. According to the Food and Drug Administration (FDA), in
the United States about 1,3 million people are injured each year by accidents caused from
medical devices (Carol, 2003; Rados, 2004). The FDA receives more than 95.000 medical
device accident reports annually (Hijazi, 2011). In 2002 alone, FDA declared the medical
device accidents of more than 111.000 causing serious injuries and deaths (Carol, 2003).

In a study performed by Harward Medical Practice Study, it was explained that 70% of
30.000 medical device injuries are caused by medical device accidents while 27,6% of them
are caused by pure negligence (Brennan, 1991).

Because the used devices are high-tech, accidents occur largely as a result of user error.

Many statistical studies show that user errors are not less. The user errors can be classified
in related to hardware design, software design, components and alarms of devices.

The errors related to hardware include control/display arrangement errors. Especially, in
the infusion pump display panel, the flow rate readout may be blocked from view. For
example, the top of the 7 is blocked from view and it can be read as 1 (Sawyer, 1997).

Software-related design errors result generally from unfamiliar language, symbols, codes
and functions that are hidden from the user. For example, in some cardiac output monitor
alarm may be disabled without the operator’s knowledge when the control buttons are
pushed in a specific sequence (Sawyer, 1997).

The most common errors reported to FDA are improper installations of device accessories.
Some commonly reported errors are tubing connected to the wrong port, loose connections
and accidental disconnections. According to Medical Device Recall Reports, several injuries
and deaths occurred because of the disconnections of the breathing tubes in the ventilators
due to poor tube and connector design.

Alarm problems are false alarms, delayed alarms, too sensitive or insensitive alarms,
inappropriate silencing and accidental disabling. There are many scenarios that cause
patient death. Low alarm intensity, high ambient noise, low battery conditions,
inappropriate alarm settings and other factors combine to create potentially dangerous
situations.

The accidents in the anesthesia machine come the first in the medical accident list. The
reason of the importance of the anesthesia machine accident is that the death of healthy
patient that is operated for a basic problem is not accepted.

In operations, the electrosurgical unit may cause accidents because of the uncontrolled
usage of patient electrode (damaged patient electrode or decreased patient contact). The
other risks that might be caused from the electrosurgical unit, are the explosion of the
anesthetic agent in the operation room and the possibility of the touching of the active
electrode to the healthy tissues.

Fires that occur during operations are discussed as medical device accident. Although there
are a lot of resources of the operating room fires, oxygen provider, area which collect
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ambient gas and the igniter are 3 points that should be considered. During the operation,
each of 3 parameters is in the responsibility of different people in the operation team.

Oxygen provider system is controlled by anesthesiologist who monitors the patient during
the operation. If too much oxygen, nitrous oxide, or other flammable gases accumulate
under the drapes fabric used in the operation, a tiny spark may cause an explosion. To
prevent the accumulation of oxygen or to control the amount of preparing solutions are the
responsibility of nurse in the surgery, while the use of electrocautery or laser devices that
could lead to the spark are under the control of the doctor. Because the 3 factors that could
cause a fire during the operation are under the control of 3 different people, very good
communication should be established in order to prevent fire. Lack of communication can
cause a very big explosion or fire (AMN Healthcare, 2008).

There are many accidents that are caused from which MRI's magnetic field strongly pull all
sorts of metal goods (scissors, hanger of saline physiology) near field (Figure 5). Although in
some MR imaging centers, it is aimed to prevent such accidents by placing the metal
detector at the entrance points, sometimes the cautions are skipped. In the patients, very
rarely 2 or 3 degrees of skin burns resulting from contact with the magnetic field windings
or cables may be observed (Sezdi, 2009a).

Fig. 5. Photographs of a hanger of saline physiology stucked to the MRI (Sezdi, 2009a)

"Risk Management" protocol within the scope of quality health care obliges to keep an
absolute record of medical device accidents (Nobel, 1996). In order to prevent the repetition
of these accidents, personnel training programs and security system are a contribution to the
work of “patient safety”, it can not be separated.

6. The classification of clean rooms, particle measurements

In hospitals, the operation rooms and intensive care rooms are known as clean rooms because
it must have the high quality air without the dust and the particles. The clean rooms are closed
places whose temperature, humidity, pressure and particles must be controlled.

In the clean room, the dust that is sourced from both the personnel and the patient and the
machines, causes the risk of infection. Particularly, in the intensive care rooms for babies, the
risk of infection is higher. By using the clean-air system, it is seen that the percent of
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infection risk decreases. But, this clean air system must be controlled by using the method of
“the clean room classification” (Sezdi, 2009c).

Clean rooms in hospitals are divided into 2 groups in terms of particle concentrations. Class
I rooms are areas that require high degree of hygienic conditions. These include:

e  Operating rooms

e  Sterilization rooms

e  Sterile equipment storage rooms

Intensive care patient rooms

Newborn baby rooms

e Surgical department

e  Patient rooms which is danger of infection

Class II rooms are areas that require normal hygienic conditions. These include:

Patient rooms

Emergency units

Laboratories

e  (Caesarean section rooms

¢ Radiology, nuclear medicine treatment rooms
¢  Morgue and autopsy rooms

Operating rooms are divided into groups in itself as 1A and 1B. 1A-class operating rooms
are operating rooms which require very high hygiene environment. In this type of operating
rooms, air flow is done with laminar flow units which produce low turbulent air flow. The
interventions in the Class1A-type operating room are as follows:

e Heart and vascular surgery

e  Brain surgery

Transplantation

Bone marrow transplantation

¢ Orthopedic or interventions after accident

Class 1B operating rooms are used for interventions that do not require low-turbulent flow.
The operations in the 1B-type operating rooms are as follows:

e  Arthroscopy

e  Thoracoscopy

e Laparoscopy

e  Bronchoscopy

¢  Endoscopy

e  Cardiac catheter examination

The classification of the operation room and the intensive care room is determined by the
international standard of particle measurements. The related standard is ISO 14644-
1:1999(E) “Cleanrooms and associated controlled environments Part 1: Classification of air
cleanliness”.

The main criteria for the classification of clean rooms is the particle dimension (0,1pm,
0,2pm, 0,3pm, 0,5um, 1um and 5um) and the particle concentration. In according to this
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standard, the mean particle concentration from each point must be equal to the limit particle
concentration or lower.

The maximum permitted concentration of particles for each considered particle size is
determined from the following equation (ISO 14644-1, 1999):

Cn=10Nx (0,1 / D208 (1)

where

Ca
N
D
0,1

is the maximum permitted concentration (particles/m?3 of air)

is the ISO classification number, which shall not exceed a value of 9.
is the considered particle size, in micrometers.

is a constant.

Table 1 presents selected particulate cleanliness classes and the corresponding particle
concentrations.

ISO Maximum concentration limits (particles/m? of air) for particles equal to and
Classification|larger than the considered sizes shown below.

Number (N) (0,1 um 0,2 um 0,3 pm 0,5 pm 1 um 5 um

ISO Class 1 10 2

ISO Class 2 100 24 10 4

ISO Class 3 1000 237 102 35 8

ISO Class 4 10 000 2370 1020 352 83

ISO Class 5 100 000 23 700 10 200 3520 832 29
ISO Class 6 1 000 000 237 000 102 000 35200 8320 293
I1SO Class 7 352 000 83 200 2930
ISO Class 8 3520 000 832 000 29 300
ISO Class 9 35 200 000 8 320 000 293 000

Table 1. ISO classification numbers related to particle concentration (ISO 14644-1, 1999)

In clean rooms, making the control of the patient lying area such as operating table in
operating room, patient beds in intensive care services, rather than controlling of HEPA
filters is important. At that points all particles in the air must be sucked back to the ground
and subdued.

For the particle measurements, a particle measurement test device is used. Measurements
are taken from different points whose number is calculated from the square root of the area
(m?2) of the clean room. For example, in a clean room of 25 m?, the measurements should be
taken from 5 different points. The measurement results are analyzed by comparing the limit
values in ISO 14644-1 standard.

Accordingly, although the clean room with laminar flow system should provide the
conditions of ISO Class 3, the clean room with HEPA filter should provide them of ISO
Class 5.

After validation, a full-fledged evaluation report including the main scheme and the
sampling plan of clean rooms, measurement results and calibration dates of measurement
devices, is prepared.
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7. Radiation safety

During radiation, if the prevention is insufficient, both the patient and the user are exposed
with high value dose and they are affected from high dose badly. Radiation doses cause
severe destruction on the skin and harm to human health depending on the level of dose.

The application of Radiation Safety Program is important in accordance with safety of both
patient and user. The objective of Radiation Safety is to provide standardization to prevent
radiation’s ill effect. The International Commission on Radiation Protection (ICRP), the
International Atomic Energy Agency (IAEA) and other various independent institutions
have been making publications in relation to ionizing radiation protection for more than
fifty years. Report 60 of the ICRP and the Basic Safety Standards that was published in the
IAEA report have three basic principles related to the radiation protection (ICRP, 1991;
IAEA, 1996).

For medical radiation application, the prevention method from radiation can be
summarized as the following three headings:

e Justification: do not permit the non-benefit radiation. By considering the harmful results
of radiation, the radiation with clear advantage is only accepted.

e Limitation: limitation of annual radiation dose. The annual radiation dose must not be
exceed the limit value.

e Optimization: to expose possible minimum dose. Except for radiotheraphy radiation,
the minimum dose is exposed to the person by considering the economic and social
factors.

The main two important issues of radiation management are, in general, the implementation
of a quality control program for usage of radiation and for monitoring the quantity of doses
received by individual patients, and continuous training of the device users.

For manageability of the radiation protection process, in each institution of radiation, a
radiation safety program and certain precautions for patients who are treated with
radioactive materials in unusual cases, must be followed.

Under this program, radiation safety training should take place in a serious way. A
radiation safety manual should be prepared and if needed, should be presented as a
resource accessible.

A committee related to radiation safety should be established, additionally effective and
efficient operation of this committee should be provided. Principles of radiation protection
should be ascertained and a procedure for application should be established. It is essential
to control whether safety rules are applied or not.

Working with radiation, precautions should be applied carefully. In the walls of the rooms
where all the devices that work with X-ray tube, as a minimum 1.5 mm thick lead shielding
material should be used. Lead apron must be used in scopy room and must be used during
shooting. Lead aprons are made from 0,25 to 0,5 mm lead equivalent material. Lead aprons
must be stored by hanging for not broken, never fold it. When working close to the X-ray
beam, equivalent lead thickness of protective gloves should be 0,5 mm. The doors must be
kept closed during the shooting.
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For the National Radiation Safety Program, each foundation that is related to the radiation
must be controlled.

8. Electrical safety

The electrical safety is essential in patient safety because of electrical shock. In cases of
electrical shock, the important thing is the electrical current flowing from human’s body.
The current not voltage is often the source of injury or death.

When an electrical current flows through the human body the effect of current is influenced
by two main factors. Firstly the amount of current and secondly the length of time that the
current flows.

The effect of current on the human body can be given as below (Webster, 1992):

- 0,5-10 mA threshold of perception

- 6,0-50,0mA let-go current

- 75,0 - 400,0 mA ventricular fibrillation

- 1-10 A myocardial contraction, burns and physical injury

When the electrical current exceeds a certain limit value, the electrical shock that are called
as “macroshock” occurs. In macroshock, the effect of current starts with a slight feeling on
the skin. By increasing the value of electrical current, muscle cramps and spasms, difficulty
breathing, ventricular fibrillation, burns and death occur.

In the invasive techniques that reduce or eliminate the resistance of skin, the patient is
unprotected against electrical shock. ECG electrodes reduce the skin resistance because
of the gel between them and increase the risk of electrical shock. However, intravenous
catheters serve as a good conductor mounted directly to the heart when the contrast
agent is used. As a result of leakage currents, electrical shock is seen in patients with
catheter and called as “microshock” (Barbosa et al., 2010; Osman et al., 1996; Sezdi,
2009b).

To prevent patients from electrical shock, the electrical safety measurements of the medical
devices should be performed by considering their different electrical specifications that are
expressed by standard symbols (Figure 6). Medical devices are classified as Class I and Class
II according to their electrical specifications. Class 1 devices are provided with basic
insulation. Class I equipment is fitted with a three core mains cable containing a protective
earth wire. Exposed metal parts on Class I equipment are connected to this earth wire
(Chakrabartty et al., 2010). Class I is the most common type.

Class II equipment is enclosed within a double insulated case and does not require earthing
conductors. Class II equipment is usually fitted with a 2-pin mains plug. Class II or double
insulated equipment can be identified by the Class II symbol on the cabinet (Chakrabartty et
al., 2010).

Because some medical devices have applied part which is designed to come into physical
contact with the patient, electrical specifications of applied parts must be known for safety
testing (Backes, 2007).
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Fig. 6. The most commonly used symbols for electrical specifications of devices (Backes, 2007).

F-Type Applied Part is electrically isolated from Earth. F-type applied parts are usually used
as either type BF or type CF Applied Parts.

Type B Applied Part is usually Earth referenced. Type B applications can not be used for
direct cardiac application.

Type BF Applied Part has a higher degree of protection against electrical shock. But like
type B, they can not be used for direct cardiac application.

Type CF Applied Part has the highest degree of protection against electrical shock. They are
suitable for direct cardiac application.

In order to control the electrical safety of medical devices, there are some standards that
were produced by the International Electrotechnical Committee (IEC). These standards are
IEC 60601 and IEC 62353. Although these standards have some differences about the
measurement technique of earthbond and leakage current, both of them are used for
electrical safety analyses of medical devices (IEC 60601-1; IEC 62353).

Earthbond measurements are performed to check the low resistance connection between the
earth and any metal parts. The resistance is measured between two probes. The first probe is
connected to the earth point and the other is connected to the metal parts of the medical
device.

Leakage measurements are performed from 4 different sources (Backes, 2007). These are;
Earth Leakage, Enclosure Leakage, Patient Leakage and Patient Auxiliary Leakage. In
according to the IEC 60601-1, the limits of leakage currents for different type applied parts
can be seen in Table 2.

o  Earth Leakage: It is the current flowing down the Earth conductor of the mains inlet
lead (Figure 7).
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Fig. 7. Schematic diagram of earth leakage

¢  Enclosure Leakage: It is the current flowing to Earth through a person by touching the
medical equipment (Figure 8).
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Fig. 8. Schematic diagram of enclosure leakage

e Applied Part or Patient Leakage: It is the current flowing through a person to Earth
from the Applied Part or the current flowing from a person to Earth via the Applied
Part (Figure 9).
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|
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Fig. 9. Schematic diagram of patient leakage

e Patient Auxiliary Current: It is the current flowing between parts of the applied part
through the patient (Figure 10).
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Fig. 10. Schematic diagram of patient auxiliary leakage

All leakage measurements are done by introducing conditions that could occur under
normal use and under a single fault condition (SFC). The leakage tests are performed as
follows:

1. Normal Supply Voltage
2. Normal Supply Voltage Open Neutral
3.  Normal Supply Voltage Open Earth
4. Reversed Supply Voltage
5. Reversed Supply Voltage Open Neutral
6. Reversed Supply Voltage Open Earth
Type B Type BF Type CF

Applied Parts Applied Parts Applied Parts
Leakage Current Type NC SFC NC SFC NC SFC
Earth Leakage 0,5mA 1mA 0,5mA 1mA 0,5mA 1mA
Enclosure Leakage 0,ImA | 0,5mA | 0,IlmA | 0,5mA | 0,ImA | 0,5mA
Patient Leakage (dc) 0,01mA | 0,06mA | 0,0lmA | 0,05mA | 0,0lmA | 0,05mA
Patient Leakage (ac) 0,ImA | 0,5mA | 0,ImA | 0,5mA | 0,0lmA | 0,05mA
Patient Auxiliary Cur. (dc) 0,0lmA | 0,05mA | 0,01lmA | 0,05mA | 0,0lmA | 0,05mA
Patient Auxiliary Cur. (ac) 0,ImA | 0,5mA | 0,ImA | 0,5mA | 0,0lmA | 0,05mA

Table 2. Limits of leakage currents for different type applied parts (Backes, 2007)

The electrical safety measurements of the medical devices are performed by using an
electrical safety analyzer. The analyzer has a software containing the standard of IEC 60601-
1 or IEC 62353, or both of them. When the electrical safety measurements are performed, the
results are compared to the limit values of the international standards that are loaded in the
analyzer and are printed as a report. The report gives the information about whether the
device is appropriate to the international standard or not.

For electrical safety, all hospital staff (medical personnel, technical and biomedical staff,
hospital management, and even patients) must take on the responsibility. Personnel
should not use an extension cord to connect the medical device to the network, should
notify the broken / cracked sockets and electric plugs to the relevant technical staff. Any
electrical appliance should not be used without a ground connection. Particularly,
electrically operated devices and electrical sockets in hospital should be tested in 1 time
per year.
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9. Performance measurements of medical devices

Patient safety and the quality of medical technology are provided by the performance
control of medical devices. Basically, if a sphygmomanometer (noninvasive blood pressure
device) does not measure correctly, or an electrocardiography (ECG) does not draw the ECG
trace sensitively, it can not be mentioned from the true diagnosis. Wrong diagnosis causes
wrong treatment and in this point, some contraventions on patient safety begins. In Figure
11 and 12, the photographs of the performance measurements for the patient monitor, the
defibrillator and the anesthesia machine can be seen as an example.
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Fig. 11. The performance measurements of the patient monitor and the defibrillator

Performance measurement is the measurement of the accuracy of the medical device or the
medical system by using the standard measurement system whose accuracy is known, and
is the determination and the record of the deviations. In shortly, by the performance
measurements, it is established whether the medical devices are appropriate to the
international standards or not, and the problems are also determined if the device is not
adequate to the international standards.

The objective of the performance measurement, is to be sure from the accuracy of the
medical devices, to minimize the risks and to provide international standardization.

For performance measurements, respectively, the following procedures are observed.

¢  The medical equipment inventory of the hospital is prepared.

e The medical devices whose performance measurement is needed or not, are
determined.

e  Performance measurement intervals are determined.

e  Performance measurement procedures and measurement forms are prepared.

e Performance measurements are performed in accordance with procedures at the
location of the devices and the measurement forms are filled.

e The devices are labeled with the green or red sticker to highlight the performance
measurement result.

e Performance measurement certificates are prepared and measurement results are
interpreted according to the acceptance criteria in the international standards.

e  Performance measurement certificates are archived.
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9.1 Medical equipment inventory

All medical devices in a hospital are listed in an inventory. The devices are labeled by using
Biomedical Code. Each Biomedical Code should consist of both Universal Medical Device
Nomenclature Codes (UMDNS) to define the device and the sign of location. For example
the code of ICU 11132 001 means the first defibrilator in intensive care unit. The code of
OPR 11132 001 means the first defibrilator in operation room.

9.2 Performance measurement intervals

Performance measurements are not performed for some medical devices that do not have
any risk on patients for example nebulizator or ache pump. The technological medical
systems including risk are classified as 3 groups. These are:

e High-risk system; They are intensive care, surgical, diagnostic and treatment systems.
Their failure or misuse may cause damage to the patient or staff.

e  Moderate-risk systems; In case of malfunction, improper use or lack of them, several
problems that do not harm the patient or staff seriously may occur in patient care.

e  Low-risk systems; The problems about patient care is minimum.

The performance measurement periods are determined by experienced users by considering
the device features and the usage conditions. Performance measurement period of devices
is calculated with the "Device Management Coefficient" which is used in "Clinical
Equipment Management" standards in the "Technology & Safety Management" series
developed by the Joint Commission (Fennigkoh et al. 1989). The equation of the "Device
Management Coefficient” is shown below.

Device Management = Device Function + Device Risk + Device Preventive Maintenance (2)
Coefficient Point Point Point

According to the standards, Device Management Coefficient can be maximum of 20 and the
devices with 12 or more coefficient are incorporated into the plans of performance
measurements (Fennigkoh et al. 1989). If the Device Management Coefficient is greater than
16, the device must be controlled every 6 months.

Device Function Point: It is scored by considering the importance of their function (Table 3)

Point Device function

10 Life Recovery Devices
Surgical and Intensive Care Devices
Physical Therapy Devices
Surgical and Intensive Care Patient Monitoring Devices
Other Physiological Monitors
Analytical Laboratory Devices
Laboratory Equipment and Supplies
Computers
Devices that belong to the patients
Other devices
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Table 3. The points for device function (Fennigkoh et al. 1989)
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Device Risk Point: Medical devices have different risks (Table 4) because their absence or
failure may cause different problems in patient care.

Point Device risk
5 Patient death
4 Patient or staff injury
3 Wrong diagnosis or treatment
2 Diagnosis and treatment delays
1 Risk not important

Table 4. The points for device risk (Fennigkoh et al. 1989)

Device Preventive Maintenance Point: Device preventive maintenance points (Table 5) are
determined by considering following cases.

e  Relevant codes and standards,

e The risks of the device,

e  The procedures and test ranges in the device’s user and service books,
o  The device malfunctions occurred before,

The service and media properties,

The usage frequency of the device,

The device status (old or new, the design problems).

Point The order of importance
5 Very important
4 Moderately important
3 Less important
2 The least important
1 Minimally important

Table 5. The points for preventive maintenance importance of device (Fennigkoh et al. 1989)

For the calculation of the “Device Management Coefficient”, defibrillator device can be
given as an example. Firstly, it's function score can be defined as 10 points because it is used
for life recovery. The risk score of it can be defined as 5 points because the patient injury or
death will be resulted if the device is corrupted or malfunctioning. Finally, the score of the
equipment preventive maintenance requirements can be accepted as 4 points by considering
the usage frequency of the devices and the risk of breakdown. With the total 19 points, it is
decided that the performance measurements of defibrillators should be done every 6
months. In this manner, to determine which devices are taken into the performance
measurement system, each medical device is separately handled and the points for all
devices are calculated.

9.3 Performance measurement procedures

Measurements are done in accordance to the international standards. Performance
measurements are generally performed by using IPM (Inspection and Preventive
Maintenance) system procedures that were prepared by Emergency Care Research Institute
(ECRI). The principle is to control all parameters of a medical device. The procedures consist
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of the test steps for both physical and parametrical control. In Table 6, the measurement
parameters of some medical devices are listed for illustration.

Fig. 12. The performance measurement of the anesthesia machine

The measurement procedures also consist of acceptable criterias. The results of
measurements are interpreted in according to the acceptable limit values. The medical
devices whose measurement results are in the range of acceptable values are appropriate to
the international standards and are labelled with yellow sticker. It means that the medical
device can be used. The medical devices whose measurement results are out of the range of
acceptable values are inappropriate to the international standards and are labelled with red
sticker. Red sticker means that the medical device should not be used and the device should
be controlled by technical personnel or related technical service.

9.4 Performance measurement certificates

The results of performance measurements are given in the calibration certificates. The
information to be included in a performance measurement certificate is given below.

e  The date of performance measurement,

e  The next performance measurement date,

e  Situation of the measurement,

Identity information of the institution performing the performance measurement,
Information of the test equipment used,

e  Environmental conditions at the time of measurement,

¢ Information obtained during the performance measurement,

e  Verification measurements and corrections.

There are some important issues that must be considered during the implementation of the
performance measurement method specified in the measurement instructions. They are
given below.
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Medical Device Parameters
PATIENT MONITOR Electrical Safety Tests
Heart Rate - Fibrillation Arrhythmia

Respiration Rate - Apnea

Invasive Blood Pressure

Noninvasive Blood Pressure

Cardiac Output

Oxygen Saturation Concentration

Temperature

ANESTHESIA MACHINE Electrical Safety Tests

Gas Concentration (Isoflourane,...... )
Tidal Volume

Minute Volume

Inspiration Time

Expiration Time
I/E Ratio
PEEP

Mean and Maximum Pressure

Oxygen Concentration
ELECTROCARDIOGRAPHY | Electrical Safety Tests
Linearity Test

Sensitivity Test

1mV Pulse Test
Paper Speed Test
DEFIBRILLATORS Electrical Safety Tests
Energy Measurement

Charge Time Test

Battery Test
ECG and Arrhythmia Simulation

Table 6. The measurement parameters of some medical devices

Performance measurements should be done by trained personnel.

The international traceability of the test equipment must be ensured.

The error rate used in the measurement process should be known.

o The accuracy of the test equipment must be very small than the accuracy of the device
which is tested.

e  Technical specifications of the device must be determined.

e The environmental conditions such as heat, moisture, vibration, dust, electromagnetic

field strength, temperature change rate etc. should be checked during the performance

measurements.
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¢ Measuring range must be identified and measurements must be screened in this range,
o  The repeatability of the measurements must be provided.

10. Conclusion

As a result, it is seen that one of the important components of patient safety is medical
device safety. By increasing medical device safety, patient safety increases.

By taking the necessary measures related to all considerations mentioned in the above
sections;

e  Prevention of medical accidents that may occur in the health establishment,
e Reducing the risk of infection,

¢  Ensuring the accuracy of medical devices,

¢  Routine controlling of medical devices,

e Increasing of both employee and patient satisfaction, are possible.

Therefore, the "patient safety" is under control as a result of good management of medical
technology.
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1. Introduction
1.1 Laser physics

Laser systems used in therapeutic medical field are specialized in terms of energy
production and optical delivery mechanisms. It is favorable that medical lasers should
have compact design especially important for a surgeon who is working in operation
room where bulky medical devices occupy wide spaces. With the developing technology,
especially in diode electronics, lasers of dimensions as small as i.e. 20x20x20 cm? can be
produced. Laser physics can be overviewed elsewhere written in any physics or
biomedical books. Here we will only mention about important mechanisms and general
knowledge.

1.2 Laser light

Since the word LASER is an acronym standing for Light Amplification by the Stimulated
Emission of Radiation, the term optical amplifier can be considered as a concise laser device.
In the atomic structure, electrons being in the quantized energy levels can only move with
respect to the Quantum Physics rules. As seen on Figure 1, motions of the electrons, in other
words electronic transitions cause the three main phenomena producing laser light. These
are spontaneous absorption, spontaneous emission, and stimulated emission that determine
the main features of the laser light.
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Fig. 1. Quantized energy levels, absorption and emission phenomena.

Spontaneous absorption, or simply absorption is the increase in an electron’s energy level by
capturing a photon’s energy. The captured energy here is the key process meaning the exact
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difference between the energy levels as the word “exact” means quantized here. After the
absorption, the atom changes its state from stable ground energy level E to unstable excited
energy level E;, Figure 2.
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Fig. 2. Schematic drawing of absorption.

Becoming unstable, the atom needs to be stable again so it emits a photon to become
stable again. This is called emission. During emission, the captured photon is released and
luminescence takes place. If the emission occurs spontaneously, the process is named
spontaneous emission, Figure 3; but we are not interested in this kind of emission in this
text.
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Fig. 3. Schematic drawing of spontaneous emission.

The last key process, stimulated emission occurs when another photon containing exactly the
same energy between Egand E; hits, or “stimulates” the electron being at the excited energy
level Ey, Figure 4. After this step, there are two photons identically the same with each other.
Their directions, wavelengths, and phases are the same. These two photons which form the
unique laser light are called coherent.
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Fig. 4. Schematic drawing of stimulated emission.

In order to keep laser light under control, its production requires some specifications which
are main parts of a laser devise: resonator, medium, and pump.

The resonator, or cavity, can be almost considered as a closed box. There are two mirrors
generally located face to face. One of them, My, is 100% reflective, and the other one, My, is
98-99% reflective. M, has a hole to allow the photons reflected from M; to escape and the
output is named as laser light.



Therapeutic Lasers and Skin Welding Applications 211

The medium is the substance to be used for generating photons from its electrons indeed. It is
situated in the resonator and determines the wavelength. Since the laser medium can be
solid, liquid, or gas, the wavelength range can be easily selected from UV to IR.

The pump is the energy source which starts the population inversion and it can be in
several ways such as electrical, optical, thermal, or chemical. The process population
inversion is the most important step of laser light production and can be basically
summarized as to make the number of atoms in the excited state more than the number of
atoms in the ground state.

In short, when the pump, resonator and medium come together, the pump starts population
inversion and photons released by spontaneous emission cause much more photons
released by stimulated emission. Thus photons proliferate and start to move back and forth
between the mirrors M; and M, until reaching certain intensity then pure laser light quits
the resonator that becomes the laser device.

1.3 Interaction mechanisms

Interaction of radiation with matter is summarized above, but, when the matter is tissue
specifically, the interaction mechanisms become important. There are mainly five different
laser-tissue interaction mechanisms observed on tissues. These are photochemical,
photothermal, photoablation, plasma-induced ablation, and photodisruption, see Figure 5. Main
concern of these mechanisms is the deposition of delivered laser energy which is
determined by laser parameters such as wavelength, spot size, exposure time, pulse duration,
repetition rate, etc.; optical tissue properties such as anisotropy factor, absorption and
scattering coefficients; and, thermal tissue properties such as heat capacity, heat conduction,
tissue density, etc. As a result of these parameters, there is one more important parameter
called thermal relaxation time.

As seen on Figure 5, if the exposure time lasts long, power density decreases; if the power
density increases, exposure time decreases, but both are almost always kept in between 1
J/cm?2 and 1000 J/cm2.
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Fig. 5. Laser-tissue interaction types. (Modified from Niemz.) [1]
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Photochemical interactions occur at very low power densities with relatively long exposure
time, from seconds to days. One of the best known applications is a kind of tumor treatment,
Photo-Dynamic Therapy (PDT), which uses a catalytic photosensitizer to destroy the tumor.

Photothermal interactions are very common medical applications and occur at relatively low
power densities. Depending on the exposure time, four major effects are observed on the
tissue; hyperthermia, coagulation, carbonization, and vaporization which determine the type of
treatment whether it is diagnostic or therapeutic. Energy of the photons is absorbed by the
tissue and transformed into heat, and, depending on heat propagation and deposition in
tissues, the photothermal effects originate. For example at room temperature (25°C), a tissue
normally can heat up to 37°C without any damage and after this point keeps heating with a
mild change in color. This change is named as hyperthermia and the tissue can still heal. After
50°C, enzyme activity decreases, cells cannot move and the irreversible damage coagulation
(a kind of sclerosis) occurs at 60°C. Actually, the temperature window 60 - 65°C are very
sensitive for the collagen structures covering tissues, because this is the basic principle of
tissue welding. If the coagulated tissue continues to heat, the water molecules being in the
tissue constituents start to vaporize (vaporization) and pressure starts to appear at the inner
structures at 100°C. Consequently, tissues start to leave the application area, thus, thermal
ablation happens with the thermal-mechanical effects. Since the expansion of the pressure
causes tissues to tear and burst, this type of ablation is completely different from the
photoablation. As a result of this, damages at the vicinity and the ablation crater on the
application surface form. Beyond 200°C, carbonization starts and is used to burn some kinds
of tumors on the surface. When the temperature reaches 300°C, melting is observed. All these
effects can be seen on Figure 6 [2].

LASER

Ablation
/ crater

Coagulation

Hyperthermia

Tissue

Fig. 6. Photothermal effects observed inside biological tissue (Modified from Niemz) [1].

Photoablation needs high energy photons from UV region of the electromagnetic spectrum,
so it occurs at relatively high power densities with short exposure times. Since the main
principle here is directly breaking the molecular bonds, edges of the ablation volume are
very smooth, clean, and regular. This process is mostly used for corneal shaping to achieve
vision correction in Ophthalmology.

Plasma-induced ablation is the ablation by ionizing plasma formation. Seen on the Figure x,
when the power density reaches 1012 -1016 W/cm?, an electric field larger than the average
Coulombic attraction force between the electrons and the nuclei occurs and creates a very
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large free electron density, the plasma, causing dielectric breakdown of the tissue. This is
called optical breakdown and the plasma absorbs very well from the UV to IR and creating
very clean ablation allows many treatments especially used in Dentistry.

Photodisruption is achieved by plasma formation again and observed on the soft tissues or
fluids. Since the formation of plasma needs higher energies, shock waves appear in the
tissue and ‘disrupt’ the tissue structure with a mechanical effect. Because of both the
plasma-induced ablation and photodisruption shares a big common area on the graphic,
Figure x, it is difficult to distinguish them from each other [1-3].

2. Skin welding applications

Improved wound healing strategies tried to be investigated by biomedical research groups.
Sealing a cut with beam of light to its immaculate state like in science fiction movies seems
far to be accomplished that is like earlier men's desire to fly. Will humanity eventually be
able to come closer the supernatural healing? The efficacy of wound closure strategies will
need to be tested step by step in scientific manner.

Closure or anastomosis of tissue by laser welding and soldering occur due to two
phenomena: First one is physical that is thermal and optical interactions of laser with tissue
and the second one is biological that is modifications of connective tissue proteins during
heating process and reassembly. Since the first application in 1964 on small blood vessels
with Nd:YAG laser by Yahr and Strully [4], different laser systems have been tried at
different tissue types, have transferred from laboratory testing to approved clinical practice
[5]. The first attempt came from Schober ef al [6] about finding molecular level changes of
laser irradiated tissue but process that is change in collagen fiber bundles with
interdigitation of altered individual tropocollagen units, denaturation and cross-linking of
tissue proteins seems to be structural mechanism of the welding effect, could not be
understood thoroughly [7-14].

Natural tissue repair is considered as three phases and followed by histological staining
techniques: (I) cellular migration and inflammation for the very first days; (II) fibroblasts
proliferation for 2 to 4 weeks, with new collagen synthesis; and (III) remodeling from 1
month to 1 year. This process includes collagen cross-linking and active collagen turnover
[15], in general. Healing phase further divided into phases of coagulation, inflammation,
matrix synthesis and deposition, angiogenesis, fibroplasia, epithelialization, contraction, and
remodeling, [16-18] in detail. Fibroblast cells, as being the principal source of collagen and
wound connective tissue, begin to synthesize and secrete measurable amounts of
extracellular collagen on the second or third day after wounding. Polymerization of collagen
fibers occurs in extracellular wound environment where monomers of collagen are secreted.
Tensile strength of collagen fibers increases as increase in covalent cross-linking among
fibers. At 1 week following wounding, immature collagen fibers become histologically
apparent in the wound [16, 19-21].

Requirement of mechanical assembly in any skin cuts or surgical incisions was carried out
by using conventional mechanical closure techniques for tissue bonding (sutures, staples,
and adhesives) are highly reliable procedures that have proven themselves over the years to
be good clinical practice [22-28]. These methods are favored due to reliability, cost-
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effectiveness and suitability of any type of tissue. The primary function of the suture is to
maintain tissue approximation during healing. Sutures placed in the dermal layer provide
tensile strength, and control tension for the outer layer [22, 29, 30]. In the selection of a
suture, a patient health status, age, weight, and the presence or absence of infection are as
important as the biomechanical properties of the suture, individual wound characteristics,
anatomic location, and a surgeon's personal preference and experience in handling a suture
material. Fundamental intention to any surgeon is choosing a method of closure that affords
a technically easy and efficient procedure, secure closure, minimal pain and scaring.
However, these conventional fasteners cause tissue injury due to their mechanical
penetration. Foreign body reaction is given rise because of nature of materials used [31, 32].
Tissue injury and foreign-body reaction can induce inflammation, granuloma formation,
scarring, and stenosis [33]. Sutures may not be suitable for microsurgical or minimally
invasive endoscopic applications [34]. Precision of alignment is so hard for staples and clips
due to relatively large force requirements for positioning. Most importantly, none of these
fasteners produces a watertight seal over the repair [35]. Besides the mechanical closure
methods, FDA approved biological and non-biological topical skin adhesive chemicals such
as fibrin glue and cyanoacrylate based compounds have been used in skin edges of wounds
from surgical incisions, and simple, trauma-induced lacerations [27, 36-38]. Adhesives may
be used together with dermal stitches although it cannot be used in place of that technique.
Chemical bonding of tissue has contraindications over hypersensitive patients to
cyanoacrylate or formaldehyde, wound with evidence of infection, mucosal surfaces [39, 40].
They are toxic to the tissues, not absorbed in the normal wound healing process, and cause
foreign-body granulomas and allergic reactions.

Increased instant wound strength,fluid-tight closure, low level risk of infection are the
advantages of laser tissue closure over conventional methods [35, 41-44]. On the other hand,
thermal damage to tissue was the biggest handicap of this technique. This is an unwanted
event opposed to the objective of laser tissue repair methods that is to obtain coagulation of
a desired volume of tissue with minimal effects in the surrounding tissue. Endpoint decision
for the tissue apposition and poor reproducibility are the other negative sides of application
[45]. Optimization of laser tissue closure is quite hard due to high number of tissue optical
and thermal parameters as well as laser parameters. Tissue optical and thermal parameters
cannot be changed but by addition of any external agent laser light can be localized in a
specific tissue region. On the other hand, laser parameters such as wavelength, fluence or
irradiance, pulse duration, repetition rate, irradiation time and spot size can be adjusted to
get successful tissue closure [5, 45, 48]. In the following sections optimization studies of any
of these parameters will be introduced.

2.1 Tissue closure and anastomosis by medical lasers

Two types of tissue welding can be defined: Laser Welding and Laser Soldering. In order to
hold together, target tissue is irradiated with laser application in laser welding method. In
the second type of application, use of soldering materials and wavelength specific
absorptive dyes can enhance tissue sealing with the selective heating of target tissue.

Photothermal interaction occurs in a way that, laser (photon) energy, applied directly to the
tissue surface is converted to the heat energy by molecular vibration of tissue chromophores
such as water, melanin, hemoglobin by absorption (Figure-7). The rate of heat generation
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depends on the rate of absorption of photons within the tissue [47]. Scattered light that is
absorbed may cause heating outside the laser beam. Increase in temperature to a certain
degrees causes structural changes (interdigitation) in tissue proteins such as collagen
and fibrinogen, in a way that they can bond each other in their open sites at the cooling
phase. can cause irreversible damage of the proteins of the tissue (Table-1). Thermal
response of laser irradiated tissue have been examined in detail and modeled by Welch et al

[47-51].
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Fig. 7. Heating of tissue by infrared mediated molecular vibration.

Temperature Molecular and Tissue Reactions

42-45 °C Hyperthermia leading to protein structural changes

hydrogen bond breaking, retraction

45-50 °C Enzyme inactivation

changes in membrane permeabilization, oedema

50-60 °C Coagulation, protein denaturation
~ 80 °C Collagen denaturation
80-100 °C Dehydration
-100 °C Boiling, steaming
100-300 °C Vaporization, tissue ablation
300 °C Carbonization

Table 1. Laser Tissue Interactions: Photothermal Effects [44]

Wide range of medical lasers has been used for laser tissue welding. Lasers mainly operate in
infrared region such as carbon dioxide (CO,), THC:YAG, Ho:YAG, Tm:YAG, and Nd:YAG,
and gallium aluminum arsenide diode (GaAlAs) lasers are suitable for tissue welding [52-55].
The CO, laser has been preffered repairing of thin tissues because of relatively short
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penetration depth (shorter than 20 pm) in tissue (Table-2). On the other hand, in thick tissues,
high irradiances or long exposure times are necessary for sealing of target tissue [47]. Those
types of applications cause undesired consequences such as carbonization of tissue and the
conduction of heat from the initial absorption zone to surrounding tissue [45].

Laser A(nm) 8 yuer [53, 54] 8 tissue [54, 55
Argon ion 488 23 m 0.8 mm
KTP/Nd:YAG 532 16 m 1.1 mm
HeNe 632.8 4.8 m 3.5 mm
GaAlAs 780 60 cm 7 mm
820 46 cm 8§ mm
870 25 cm 7 mm
Nd:YAG 1064 4 em 4 mm
Nd:YAP 1080 5 cm 4 mm
Ho:YAG 2100 0.2 mm 1 mm
ErYAG 2940 1 pm <1 pm
COy 10600 10 pm 20 pm

Table 2. Penetration Depths of Some Medical Lasers in Water and in Tissue

Temperature controlled laser systems have been developed to get rid of over-heating
consequently thermal injury to the surrounding tissue. Researchers applied radiometric
methods to determine the temperature of the surface of the heated cut and used computer
assisted temperature feedback control to maintain tissue surface temperature at some
desired level. The Applied Physics group at the Tel Aviv University developed a laser
fiberoptic system for monitoring and controlling the temperature [59, 60] for CO, laser
welding and/or soldering. Polycrystalline silver halides (AgClxBrl-x), which are highly
transparent in the mid-infrared spectral region (3 to 30 pm) used in optical fibers transmits
emitting infrared radiation from surface of laser application spot to radiometric detector
which is connected to the personal computer. The personal computer controls the power
emitted by the laser, and thus temperature. The system has been tried in various kinds of
tissues. Skin tissue closure in rabbits, wound healing pattern was observed on 3rd, 7th, 14th
and 28th post operative days of healing period by Simhon et al. [61]. Laser application along
incision was done spot by spot. The mean laser power density at the heated spots was 7
W/cm2. The spot size was 3 mm in diameter on tissue surface. Histology examinations
showed thermal injury, as basophilic coloring, necrosis or carbonization residues, the
presence of surface albumin residues, and degree of re-epithelialization. Laser skin closure
with thermal control was found to be more successful to other wound-closure modes.
Thermal damage was minimized by the use of a temperature controlled fiber optic laser-
soldering system. Tensile test performed as a complimentary for this study [62] revealed
immediate tensile strength values that were similar to those obtained with cyanoacrylate
glues. Moreover, laser-soldered incisions exhibited stronger long-term tensile strength and
presented better wound healing behaviour, akin sutured incisions.
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In vivo study was also performed in porcine model by Simhon etal. [63] aiming toward
clinical trials by evaluating the efficacy, reproducibility, and safety of the temperature
controlled laser system procedure in pigs. 500 mW CO; laser power was applied to the skin
tissue. Therefore, the optimal soldering temperature was found to be within the range of
65°C to 70°C. At this range, successive tensile strength and tight sealing of the wound was
accomplished.

The system has been tried also in soft tissue welding in different animals.

It was found that laser welded tissue has been much less scar tissue compared to control
group (standard suture) at the end of 30-day inspection period [64]. Rat intestine argon laser
(operates at multiple visible wavelengths from 488 nm to 515 nm, irradiance was 28 W /cm?2)
tissue fusion was carried out by Cilesiz et al. [65] found that laser-assisted intestinal
anastomoses provided an immediate fluid-tight closure compared to the suture control
anastomoses. Less thermal hazard were inspected when laser irradiation was controlled by
thermal feedback. At 3 weeks, all anastomoses were mechanically as strong as intact
intestine, although bursting/leaking pressure tests of laser-assisted anastomoses without
thermal feedback control (TFC) tended to be lower than all sutured anastomoses (control)
group and laser tissue welding with TFC group. Experimental findings indicated that;
although welds were initially weak, they were sufficiently stabilized to resist spontaneous
rupture in surviving animals. In similar study performed by Cilesiz et al., Ho:YAG (2.09 pm,
irradiance was 16 W/cm?) laser was used to anastomose rat intestine with and without TFC
at 90°C [66].

Simple and easy-to-apply methods are demanded in minimally invasive surgery. In a study
performed by Spector et al. [67] small bowel harvested from 6-month-old pigs was
successfully anastomosed by using albumin stent heated up by 828 nm GaAs semiconductor
laser diode which emission was delivered to the tissue by 600 um silica fiber. Experimental
setup was established such that the laser delivery fiber and the radiometer fiber was
positioned 8 mm from the tissue, producing a 3.4 mm diameter spot with a maximal power
density of 30 W/cm2. Albumin stent laser anastomosis of bowel sustained statistically
significant higher bursting pressures than those done by sutures. The addition of solder
materials (blood, fibrinogen, and albumin) and wavelength specific chromophore help to
strengthen the wound, to maintain edge alignment and to focus energy to the target region.
Furthermore, due to the increased absorption characteristics of the dyed tissue or solder,
low-level laser powers may be used to achieve the required effect, increasing the safety of
the technique. The combination of serum albumin and ICG dye with an 800-nm diode laser
has been tried in numerous of applications in order to nd optimal solder composition [67-
73].

One of the most comprehensive studies was performed by McNally et al [74] to investigate
the relative importance of these parameters to laser tissue soldering. Twenty five different
combinations of laser irradiance and exposure time were used. The effect of changing
bovine serum albumin concentration and indocyanine green dye concentration of the
protein solder on the tensile strength of the resulting bonds was investigated on ex vivo aorta
specimens irradiated with 808 nm diode laser delivered 400 pm-core silica fiber. Spot size at
the protein solder surface was 1 mm. Mechanical test and electron microscopy analysis were
performed in order to investigate bond stability in hydtarion point of view. It was observed
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that the failure mechanisms were of two kinds. The liquid protein solder broke into two
halves, but each remained attached to the tissue. On the other hand, the solid protein solder,
remained intact but detached from the tissue. The overall tensile strength of repairs formed
using the solid protein solder were significantly higher than the strength of the liquid
protein solder repairs was noted. Although achievements have come to a considerable point,
technical problems should be overcome. Three disadvantages of the solid protein solder
have been indicated [75]. First, a non-uniform solder coagulant generally results in because
of temperature gradient over depth of the solder. Second, the protein solder is soluble.
Third, the solid protein solder is not flexible enough to fit different tissue geometries.
Specially designed artificial solder- doped PGA membranes were tried for laser tissue
soldering by McNally et al. and Hodges et al. [69, 75]. The albumin protein solder and the
polymer materials are biodegradable. This brings about the minimal foreign body reaction
and infection. PLGA based synthetic materials were prepared. Average irradiances of 5.7,
11.3, and 17.0 W/cm? delivered to the solder surface [75]. Results showed that the solder-
doped polymer membranes improved repair strength as well as exibility during
application over previous published results with albumin protein solders. Moreover tissue
apposition can be established by rehydration of the solder-doped polymer membranes upon
application.

Lauto et al. examined in vitro and in vivo tissue repair with chitosan adhesive [76]. Chitosan
gels have been shown to induce no thermal damage to tissue and to produce better sealing
[77]. Chitosan adhesives provide manipulation of tissue without breaking or tearing. The
adhesive can be hold when manipulated with forceps and appeared to be well suited for
tissue repair A review paper about different tissue reconstruction strategies employing
adhesive biomaterials currently used in surgical and experimental procedures was written
by Lauto PhD. concluded that each of these adhesives has an optimal clinical application
depending on its physical-chemical characteristics (adhesiveness, fluid or solid consistency,
chemical or light activation for example). It is thus very likely that different bioglues will be
adopted by surgeons for their specific operative procedures, instead of a single product [78].

3. Materials and methods
3.1 Surgical applications

All experiments were performed under authorization of Institutional Animal Research and
Care Ethic Committee at Bogazi¢i University (BUHAYDEK, Date:1/12/2005, No:2005-6).
Male Wistar Rats, randomly selected, 7-9 months old, weighing 290-320 g, from
Psychobiology Laboratory of Bogazici University were used in all experiments mentioned in
this study. Rats were housed in plastic cages and maintained on a 12-h-light/12-h-dark cycle
in a temperature-controlled vivarium (22+2°C). Food and water were available ad libitum.

Surgery

Wistar rats were anesthetized with ketamine (10% ketamidor, RichterPharma, AG, Wels,
Austria) by intraperitoneal injection (1.65 ml/kg). Hair at the site of application was shaved.
Antiseptic Poviiodex Scrub (Kim-Pa flag Lab. Inc. Hadimkéy) was applied topically to prevent
infection and desiccation of the wounds. Three pairs of 1-cm-long full-thickness incisions (over
muscular layer), bilateral and parallel to the spinal cord, were done. Incisions were
implemented with sterile No.11 surgical blade (Tontarra Medizintechnik GMBH, Germany). In
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case of bleeding, incision site was compressed and any blood remnant was cleaned from top of
skin in order to prevent probable light absorption by blood remnant on the surface of skin
rather than skin tissue itself. Incision was closed with near infrared lasers (either 809 nm, 980
nm or 1070 nm) or suturing that was used as control group if included in any of experiment.

Post Surgery

After closure, Thiocilline (Abdi fbrahim flag Inc., Istanbul, Turkey) was applied on each
incision to inhibit any kind of microbial reactions on incisions. The length and the thickness
of the incisions were checked via digital caliper (Mitutoyo, UK). No food or water was given
24-h post-surgery. Investigation of healing was performed through 4-day period for
predosimetry studies and 21-day for comparative studies. 1st, 4th, 7th, 14th and 21st days
were selected as control days during healing period. On these particular days, skin samples,
closed either by NIR lasers or suture were collected for histology or tensile testing. During
healing period, each rat was kept in separate cage until histology examination or tensile test
on particular post operative days. At the end of the any experiment mentioned rats were
anesthetized first and then killed (cervical dislocation).

3.2 Closure methods: Laser systems and suturing
809-nm diode laser system

The 809-nm Diode Laser System have been designed and improved in Bogazi¢i University,
Institute of Biomedical Engineering, Biophotonics Laboratory [79]. The system is a computer
controlled high power 809-nm laser (10 W output power at 35 A applied current). User
interface was developed in C programming language communicates with the controller unit
of the diode laser system to set the operating parameters of the diode laser module [80].
Laser output ber was coupled with 400 nm fiber via FC (Fixed Connection) connector to
transfer laser energy to the target tissue part.

980-nm diode laser system

The 980-nm diode (OPC-D010-980-FCPS, Opto Power, Tuscon, AZ, USA) class IV laser was
controlled by a microcontroller-based controller instrument, which was designed and
manufactured by our group at Biophotonics Laboratory at Institute of Biomedical
Engineering, Bogazici University [81]. The laser unit can also be controlled using OPC
remote control module provided with the system. Either control device attaches to the laser
system via the 25-pin D-sub connector on the front panel. In general description, high power
diode laser system has 10W maximum optical output. The system provides output through
a 1 meter fiber-optic cable. Laser was delivered to the target tissue with a 400pm optical
fiber (Spindler-Hoyer, Gottingen, Germany) via subMiniature version A (SMA) connection.
The parameters (power, exposure time, number of cycles, and on-off duration of pulses) of
the laser were controlled with interface developed in LabView software (V 6.1).

1070-nm Ytterbium fiber laser

Device produced by IPG Laser GmbH and produces 20 Watts of optical power at a
wavelength of 1070 nm (YLM-20-SC Series, Germany). In order to set number of pulses,
power and exposure time, an external microcontroller based controller (Teknofil Inc.,
Istanbul, Turkey) was designed and used in experiments
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Laser delivery

Laser closure was performed that six spots were applied by a handpiece made up of
plexiglass material at a distance of 2 mm above 1-cm long incision (Figure 8). Each spot had
a 2 mm diameter and they slightly overlapped onto each other. Five seconds cooling time
interval was given between spots. Spot size (0.0314 cm?) was checked with a detection card
(VRC4, Thorlabs, NJ, USA) and power of the laser was checked with a powermeter
(Newport 1918-C, CA, USA) before each application.

Fig. 8. 6 laser spots along 1cm incision. 2 mm spot size was obtained from optic fiber that
was placed 2 mm above skin surface.

Suturing

A single, interrupted suture USP-3/0 metric silk (Dogsan Tibbi Malzeme San. A.S. Trabzon-
Turkey) was placed in the middle of the 1 cm long incisions. Distance between needle
entrances to the tissue was about 10 mm.

3.3 Histology examinations

Incision sites were removed one by one, in rectangular shape (1x2cm) from rat's dorsal skin
and stored in tissue fixative (10%PBS formaldehyde) until tissue processing that was
automatically performed by tissue processing machine (LeicaTP-1020, Germany). Paraffin
embedding and tissue sectioning were performed. Hematoxylin and Eosin (H&E) staining
was used for histological examinations. This stain gives idea about general tissue structure.
Hematoxylin, a basic dye, stains nuclei blue due to an affinity to nucleic acids in the cell
nucleus; eosin, an acidic dye, stains the cytoplasm, reticular and elastic fibers pink.

3.4 Image analysis

Histology samples were examined under light microscope (Eclipse 80i,Nikon Co., Japan)
and high resolution (2560x1920 pixel) images were taken with 5 megapixel CCD camera
(DS-Fil, Nikon Co., Japan) either one of the techniques: brightfield light, polarized light and
phase contrast condenser, to determine thermal effect of near infrared lasers to the tissue as
well as tissue closure abilities. Imaging software (NIS Elements-D, NikonCo., Japan) was
used to quantify parameters which give idea on how successfully an incision closed.
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Mentioned parameters are: Closure Index (CI) (Figure 9), Thermally Altered Area (TAA)
(Figure 10), Granulation Area (GA) and Epidermal Thickness (ET).

Fig. 9. Computation of Closure Index. C: Closed, NC: Non-closed, E: Epidermis, ScT:
Subcutaneous tissue, TI: Total Incision. X4, H&E, Brightfield.

H&E, X10

Polarized Light PhaseContrast

Brightfield

Fig. 10. Assessment of thermally altered areas (TAA). Image examined with bright field,
polarized light and phase contrast microscopy is same. The bright-field microscopy reveals
overall structure soft tissue sample. Incision line was indicated by arrow. The polarized
microscopy reveals the collagen molecules (C) that were not affected by heat. Denatured
collagen molecules loose their birefringent characteristic. The phase contrast technique
reveals the hyperthermal (HT) area. H&E, X10, ScaleBar is 100 um.

3.5 Tensile test

Dumbbell-shaped stripes, including incision site, was removed. In order to minimize
drying, tensile strength tests were performed in between 10 minutes after removal. Samples
were placed between single column universal testing machine (LF Plus, Lloyd Instruments,
UK) jigs' such a way that grips (TG34, Lloyd Instruments, UK) were as close as possible (2-4
mm). Jigs surfaces were notched like lock-and-key to prevent skin sample slipped through
jigs. Each sample was tested at 5 mm/min crosshead velocity. Force (N) and time (s) at
break point (this was determined as first opening anywhere along 1 cm long incision) were
recorded by software Nexygen Plus.
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4. Results and discussion

Laser tissue soldering (LTS) using a diode laser and an indocyanine green (ICG)/albumin
solder has been shown to be an effective technique by providing watertight sealant with
minimal damage to underlying tissue [82, 83]. Cooper et al. [83] tried power densities of 3.2, §,
15.9, 23.9, 31.8, 47.7, and 63.7 W/cm? at constant ICG concentration (2.5 mg/ml). 15.9W/ cm?2
power density was found providing the most controlled heating curve. At a power density of
159W/cm? or below, increasing ICG concentrations did appear to result in small, but
significant, increases in immediate tensile strength as well. 15.92 W/cm?2 power density showed
the optimal result in our study in a different aspect: thermal quantitative measurements. Results
favoured the 15.92 W/cm?2 power density in laser skin tissue soldering by giving less thermal
damage and higher closure rate. On the contrary, the results of the optimal parameter
investigation performed by McNally et al. Suggest that the strongest repairs are produced with
lower irradiances of around 6.4W/cm? after approximately 50 seconds exposure time by using a
solid protein solder composed of 60% BSA and 0.25 mg/ml ICG on ex vivo aorta specimens [74].
Another in vivo study performed by Capon ef al. [43] on mutant OFA Sprague-Dawley rats skin
incisions closed over transparent adhesive dressing (Tegaderm, 3M Health Care, Borken,
Germany) with the following parameters: 815 nm diode laser, 1.5 W; 3 seconds; spotdiameter: 2
mm; fluence: 145 J/ecm2 The parameters used in this study lead to a slow temperature increase
upto a plateau below the critical coagulation temperature (53°C-60°C),avoiding thermal damage
[49]. The optimal irradiance (47 W/cm?2) used in this study seems to be very similar to the value
reported by Abergel ef al. [84] (50 W/cm?). Three times higher laser irradiance was applied for
effective skin closure compared to current study without any thermal damage. High irradiation
was avoided by use of ICG and use of albumin supplied good apposition for tissue closure.

4.1 Closure index

Laser welding techniques aims immediate healthy tissue closure. So, histological
examination in the very early steps of recovery period revealed succes of this technique.
(Figure 11).
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Fig. 11. Closure index values of 809 nm, 980 nm, and 1070 nm laser irradiated and sutured
incisions. Cl is the ratio of closed segment to total incision (from skin surface to subcutaneous
layer). On day 1: immediate closing of laser groups, sutured incisions remained open [85].
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4.2 Thermally altered areas

Thermal effects such as hyperthermia and coagulation around laser irradiated area was
monitored and quantified (Figure 12).

4.3 Granulation tissue area and epidermal thickness

Granulation tissue had started to form on the 4th postoperative day only in the 809 nm and
1070 nm irradiated samples. Granulation tissue measurement on day 21 showed no
statistical difference between experimental groups.

Epidermal thickness (ET) normally starts at a higher value and gradually decreases to a
certain level, depending on the degree of the trauma. On day 21, the epidermal thicknesses
of all groups' incisions showed no statistical difference and were around the 35-40 pm level
(p<0.05). The most impressive results for epidermal thickness were obtained from the 1070
nm laser irradiated samples: there was almost no thickening ((35 pm following the operation
and during the 21-day recovery period.
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Fig. 12. The thermal hazard of 1070 nm laser welding was minimum on day 1 and on day 4
(p<0.05). Soldering (ICG+BSA) with the 809 nm diode laser was the most thermally
hazardous of all the lasers on day 4 (p<0.05). No tissue carbonization was observed in any of
the applications [85].
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4.4 Tensile tests

Overall tensile strengths are shown in Figure 13. Measurement was not applicable for
sutured incisions on day 1 (the incisions had not closed).

Tensile Test
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Fig. 13. Mechanical (tensile) test results. On day 1, the tensile strengths of the 809 nm closed
incisions were weaker than those of the welded incisions (**) (p<0.05). On day 21, tensile
strengths of the laser-welded incisions (980 nm and 1070 nm) were greater than in the
control group (*) (p<0.05) [85].

5. Conclusion

This study is a comprehensive comparative research which has accomplished the following
tasks:

1. Comparison of laser welding and suturing methods on a surgical skin incision

Two closure methodologies served a physical approximation for edges of incision. Laser
energy went one step further and managed to seal the gap leakproof. No redness which is a
sign of pus formation was observed macroscopically in any of the incision closed with either
lasers. Tensile strength gained at the end of the rst week of healing period for suture closed
incisions had been already achieved in 24 hours post surgery by laser welding. At the end of
21-Days follow up of recovery period, tensile strengths of laser-welded incisions were greater
than in the control group. This shows that laser welding is advantageous over suturing.

2. Comparison of effects of different wavelengths on skin tissue welding

Three near infrared wavelengths (809, 980 and 1070 nm) were compared and found to have
different welding abilities. Each of these wavelengths should be chosen for specific welding
purpose. For instance, any incision on face can be closed by 1070 nm laser for aesthetic
appearance whereas strong closure in skin tissue over joints can be obtained by 980 nm laser
application.

3.  Establishment of experimental protocols and measurement techniques

Full-thickness incisions were done through skin tissue. Laser applications were done
precisely spot by spot having cooling time intervals in between. Changes in tissue structure
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were observed by general staining method combined with special microscopy techniques.
Macroscopic and microscopic inspections were quantified, resulting in new terminology for
future studies: Closure Index, Thermally Altered Area, Granulation Area, and Epidermal
Thickness. All the mentioned inspections were performed on particular days at given period
of surgical incision healing. Progress of bonding was measured as tensile strength through
the same particular days, thus histological findings were evaluated from mechanical point
of view or vice versa.
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