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Preface to the Third Edition

I am delighted to place before you the third and enlarged edition of my popular book ‘Handbook 
of Biomedical Instrumentation’. This edition is totally revised and updated based on the 
tremendous technological advances which have penetrated in the field of health care technology 
during the last decade. Changes have been made in every chapter so that you can get the best. 

The technologies driving the medical equipment industry today include micro-electronics, 
micro-electromechanical systems, advanced signal processing, wireless communication and new 
energy sources for portable and implantable devices. The circuit design activity, which earlier 
used to be with the equipment designers is now shifted to the chip designers and manufacturers. 
For example, various texts on medical instrumentation have been discussing special features of 
bio-potential amplifiers for equipment circuit designers and maintenance engineers. Now you 
can have single chips for the entire analog front end along with A/D converter for an ECG/EEG 
monitor. Such is the power of micro-electronics that the task of equipment designer is much 
simplified. Reference to such integrated circuits is given wherever these have become available.

Several new topics have been included in the revised text. These include gamma knife, cyber 
knife, multislice CT Scanner, new sensors, digital radiography, PET scanner, laser lithotripter, 
peritoneal dialysis machine and new implantable devices. The existing material has been 
thoroughly revised, updated and better illustrated.

Information and communication technologies have made significant contribution in better 
diagnosis and treatment of patients and management of health facilities. With increased use of 
electronic medical records (EMR), telehealth services and mobile technologies like tablets and 
smart phones, physicians and patients are both witnessing the benefits that the new technologies 
are bringing in their lives. These developments have been included in this edition as a separate 
chapter on ‘Telemedicine Technology’.

As some technologies become easier to use, less expensive and equipment becomes more 
transportable, even complex technologies can diffuse out of hospitals and institutional settings 
into outpatient facilities and patients homes. Such equipment, especially those designed for 
home care have special features such as efficient power management and wireless connectivity. 
These features are appropriately addressed wherever relevant while revising the contents of 
the existing text.

Similarly, more and more implantable devices are preferred to treat numerous conditions, 
particularly in neurological stimulation to treat pain management, epilepsy and bladder control 
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etc. The implantable medical devices technology has been well established and these devices 
have been around for decades now. Such devices have been included wherever appropriate.

One of the distinctive features of the text is its visual impact by including good graphs and 
photographs of latest commercial equipment. The list of references has been expanded to include 
latest research material in the text. These will be useful for those who wish to pursue research 
career in this field.

I thank the readers once again for sending me the feedback and suggestions, which I have 
tried to incorporate in the revised edition. I do hope that the book would be found even more 
useful to students and professionals working in the field of bio-medical instrumentation.

The book continues to enjoy an enviable position in the field of biomedical instrumentation, 
both in India and abroad, for which I feel obliged to the students and the teachers for patronizing 
the book. I, on my part, has endeavoured to make the text more lucid and illustrations more 
meaningful wherever they required such an indulgence.

I am thankful to my wife Ramesh Khandpur, who has always been a source of encouragement 
and strength and in assisting me in my writing pursuits. My children are settled in their lives 
in their own way and now planning careers for their children who have all entered the teens. 
Their occasional visits to our house peps up my mood and vigour to undertake and complete 
such a task which I consider could be helpful to the society in some way. Thanks are also due 
to McGraw Hill Education for bringing out an excellent publication.

R.S. KHANDPUR



Preface to the First Edition

During the last two decades, there has been a tremendous increase in the use of electronic 
equipment in the medical field for clinical and research purposes. However, it is difficult to find 
a book which describes the physiological basis as well as the engineering principles underlying 
the working of a wide variety of medical instruments. The present volume has been written to 
fill this gap.

The book has been designed to cater to a wide variety of readers. The users of medical 
instruments would find the text useful, as they would be able to appreciate the principle of 
operation, and the basic building blocks of the instruments they work on everyday. An attempt 
has been made to present the highly technical details of the instruments with descriptive and 
lucid explanations of the necessary information. It thus provides a useful reference for medical 
or paramedical persons whose knowledge of instrumentation is limited. 

The field of biomedical engineering is fast developing and new departments are being 
established in universities, technical colleges, medical institutes and hospitals all over the 
world. In addition to graduate  engineers involved in developing biomedical instrumentation 
techniques, the book will find readership in the increasing number of students taking courses 
in physiological measurements in technical colleges.

With the widespread use and requirements of medical electronic instruments, it is essential 
to have knowledgeable service and maintenance engineers. Besides having a basic knowledge 
of the principles of operation, it is important for them to know the details of commercial 
instruments from different manufacturers. A concise description of typical instruments from 
leading manufacturers is provided wherever deemed necessary for elucidation of the subject 
matter. The book has been divided into four parts. The first part deals with recording and 
monitoring instruments. This part has 11 chapters.

The first chapter begins with the explanation that the human body is a source of numerous 
signals, highly significant for diagnosis and therapy. These signals are picked up from the 
surface of the body or from within. This requires electrodes of different sizes, shapes and types. 
Also, there are some parameters like temperature, blood flow, blood pressure, respiratory 
functions etc., which are to be routinely monitored. These parameters, which are basically non-
electrical in nature, are converted into corresponding electrical signals by various transducers. 
Electrodes and transducers constitute the first building blocks of most of the diagnostic medical 
instruments and are, therefore, described in the first part of this book.
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After picking up the signals of interest from the body, they are processed and presented 
in a form most convenient for interpretation. Display is generally on a picture tube for quick 
and visual observation or a record on graph paper. Such records facilitate a detailed study by 
specialists at a later convenient time. Display and recording systems, and the most commonly 
used biomedical recorders are covered in the subsequent three chapters. 

Next is a presentation of the various types of patient monitors. The systems aid the nurses and 
the medical personnel to quickly gather information about the vital physiological parameters of 
the patient before, during and after operation, and in the intensive care ward where the patient’s 
condition is kept under constant surveillance. 

Apart from the description of conventional equipment for monitoring heart rate, blood 
pressure, respiration rate and temperature, a separate chapter has been included on arrhythmia 
monitoring instruments. This class of instruments constantly scan ECG rhythm patterns and 
issue alarms to events that may be premonitory or life-threatening. The chapter also includes a 
description of ambulatory monitoring instruments.

Foetal monitoring instrumentation is another area where considerable progress has been 
reported in the last few years. Instruments for foetal heart rate monitoring based on the Doppler 
shift have become more reliable because of better signal processing circuitry and the use of 
microprocessors. Intelligence is now incorporated in the cardiotocographs to provide data 
processing for making correlation studies of the foetal heart rate and labour activity. 

Wireless telemetry permits examination of the physiological data of subjects in normal 
conditions and in natural surroundings without discomfort or obstruction to the person or 
animal under investigation. Telemetric surveillance is the most convenient method for assessing 
the condition of the patient during transportation within the hospital for making stress studies 
before discharge from the cardiac wards. The chapter on biomedical telemetry explains the 
techniques and instrumentation for monitoring physiological data by telemetry in a variety of 
situations. It also includes transmission of biomedical signals over the telephone lines for their 
study and analysis at a distant place.

An extensive use of computers and microprocessors is now being made in medical instruments 
designed to perform routine clinical measurements, particularly in those situations where data 
computing and processing could be considered as part of the measurement and diagnostic 
procedure. The use of microprocessors in various instruments and systems has been explained 
not only at various places in the text, but a full chapter gives a comprehensive view of computer 
and microcomputer applications in the medical field.

With the increasing use of monitoring and therapeutic instruments, the patient has been 
included as a part of an electrical circuit and thus exposed to the possibility of providing a 
pathway to the potentially fatal leakage currents. Such a situation particularly arises when 
he carries indwelling catheters. A full chapter on patient safety describes various situations 
requiring attention to avoid the occurrence of avoidable accidents. Precautions to be taken while 
designing electromedical equipment from the point of view of patient safety is also discussed. 

The next part details the various measurement and analysis techniques in medicine and 
comprises seven chapters. The first two chapters concern the measurement of blood flow and 
volume.

 Blood flow is one of the most important physiological parameters and is also one of the 
most difficult to measure. This has given rise to a variety of techniques in an effort to meet the 
requirements of an ideal flow metering system. Both invasive as well as non-invasive techniques 



Preface to the First Edition ix

have been developed. The ultrasonic Doppler technique has proved to be particularly useful 
in blood flow measurement. A detailed description of the modern methods of blood flow 
measurement including those making use of the laser Doppler technique has been given in 
Chapter 12. A separate chapter on cardiac output measurement details out the present state of 
art in this important area.

Pulmonary function testing equipment act as the additional means in automated clinical 
procedures and analysis techniques for carrying out a complete study of the lung function from 
the respiratory process. Besides the conventional pneumotachometry, several new techniques 
like the ultrasound spirometer and microprocessor based analysers are under development. 
The measurement of gases is also important for respiratory studies. Chapter 14 gives a detailed 
description of various instruments and systems for assessing pulmonary function. 

The measurement of gases like oxygen and carbon dioxide in the blood, along with blood 
pH form important test parameters for studying the acid-base balance in the body. Blood gas 
analysers have greatly developed in the last few years. The modern microprocessor controlled 
instruments include automatic sample dilution and data processing. A separate chapter on 
blood gas analysers gives details of modern instruments and their use in clinical practice. 
Oximeters are covered in Chapter 16, which describes various techniques of assessing the 
oxygen saturation level of blood both by invasive and non-invasive techniques. A chapter on 
blood cell counters touches upon electronic methods of blood cell counting and microprocessor 
based system for making calculations important in haematology.

The third part contains four chapters on medical imaging systems. The last decade saw 
an unprecedented progress in this area and resulted in the evolution and development of 
ultrasonic, computerised tomography and NMR scanners. Ultrasound has proved a useful 
imaging modality because of its non-invasive character and ability to distinguish interfaces 
between soft tissues. Ultrasonic imaging systems are now applied to obtain images of almost 
the entire range of internal organs in the abdomen. The chapter on ultrasound covers extensive 
information on this technology and includes the physics of ultrasound, pulse echo systems 
including M-mode echocardiography and a variety of scanning systems and techniques. CT 
scanners are considered as the most significant development since the discovery of X-rays. In 
spite of their inherent high cost, several thousands of these are now installed in hospitals around 
the world. Keeping in view the impact on medical diagnostics, a detailed description of the 
various scanning techniques in CT systems has been given in Chapter 19. The chapter also carries 
information on the basic X-ray machine and image intensifiers. Thermography—the science of 
visualizing and interpreting the skin temperature pattern—is another technique, which stands 
alongside X-ray, ultrasonic and clinical examination as an aid to medical diagnostics. Keeping in 
view its usefulness and recognizing the non-availability of information on this topic in most of 
the medical electronic instrumentation books, a separate chapter has been included in this text. 

The last part with six chapters is devoted to therapeutic instruments. Two types of instruments 
are commonly employed to meet cardiac emergencies. These are the pacemakers and the 
defibrillators. The technology of implantable pacemakers has considerably developed in the 
past few years, resulting in the availability of pacemakers with life long guarantee of their 
activity. This has become possible due to improvements in power sources, low drain current 
circuits and better encapsulation techniques. The availability of programmable pacemakers 
has further helped to individualise the pacemaker treatment. Similarly, microprocessor based 
defibrillators have appeared in the market to give the possibility of more efficiently delivering 
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the defibrillating discharge by appropriately adjusting the output on the basis of patient-
electrode impedance. These two topics are covered in two separate chapters. 

The use of high frequency in electro-surgical procedures is well established. There has not 
been very many changes in the basic design except for the availability of solid state versions 
with better safety provisions for the patients and operators. Application of lasers for bloodless 
surgery and for coagulation of fine structures in the small and sensitive organs of the body 
is now routinely practiced in many centres in the world. Separate chapters cover the high 
frequency electro-surgical machines and laser applications in medicine respectively.

The maintenance of renal function in acute and chronic renal failure through dialysis is a 
routinely practiced technique. Haemodialysis machines for use in hospitals contain a variety 
of monitoring and control facilities, and some of these functions have also been computerised. 
There have also been attempts to bring out a wearable artificial kidney so that patients suffering 
from this disease could enjoy a near normal life during their stay away from the dialysis centre. 
The chapter on haemodialysis machines includes a description of the well established machines 
with an indication of the efforts on the development of portable systems.

Physiotherapy instruments like the short-wave diathermy machine, microwave diathermy 
machine and ultrasonic therapy units have acquired an established role in the hospitals. 
Similarly, the technique of electro-diagnosis and electrotherapy are now routinely employed 
in the physiotherapy departments. An extension of this technique has been the development of 
small stimulators for a variety of applications like pain relief, control of micturition, epilepsy, 
etc. The information on these techniques is usually not available in the books on the subject. The 
inclusion of a full chapter on these techniques fulfils this gap.

A large number of references have been included at the end. This is to help the more interested 
readers to conveniently look for extra material on the subject of their interest. 

I am thankful to the Director, Central Scientific Instruments Organization, Chandigarh for 
kind permission to publish this book. I am also grateful to various manufacturers of medical 
electronic instruments who supplied valuable information on the products along with some 
interesting photographs.

Finally, I am extremely grateful to my wife Ramesh Khandpur who helped me in correcting 
and comparing the typed script. I also acknowledge the assistance provided to me in this work 
by my children Vimal, Gurdial and Popila. All of them bore the brunt of uncalled for neglect 
over a long period during the preparation of the manuscript.

R.S. KHANDPUR
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Fundamentals of 

Medical Instrumentation

During the last 50 years, there has been a tremendous increase in the use of electrical and 
electronic equipment in the medical field for clinical and research purposes. Many types of 
instrumentation systems are used in hospitals and physician’s’ clinics for diagnostic and 
therapeutic purposes. Their range is spectacular and variety baffling. It is difficult to imagine a 
field of activity in the health sector where instruments are not required and used.

1.1 ROLE OF TECHNOLOGY IN MEDICINE

It is well established that the practice of medicine these days is inherently dependent upon 
technology. This is evident as clinicians use a wide variety of technologies in diagnosing, treating 
and assessing the care of their patients. In the recent times, the developments in medical devices 
and equipment, information technology and biotechnology are playing a crucial role in better 
diagnosis and treatment of various diseases. Thanks to the continuous developments in these 
areas, countless lives have been saved and there is an overall improvement in the quality of life 
of human beings. 

Medical technologies such as better monitoring systems, more comfortable scanning 
equipment and minimally-invasive surgeries are allowing patients to spend less time in the 
hospitals and more enjoyable recovery time in the comfort of their homes. The integration of 
medical equipment technology and telehealth has also facilitated robotic surgeries, where in 
some cases, physicians do not even need to be in the operating room with a patient when the 
surgery is being performed. Instead, surgeons can operate out of their “home base”, and patients 
can have the procedure done in a hospital or clinic close to their own hometown, eliminating 
the hassles and stress of health-related travel. 

Medical technology has come a long way over the last several decades. CT, MRI, and 
ultrasound machines produce stunning images of your vital organs. Implantable defibrillators 
intervene when your heart rhythm goes hayway. Teletherapy machines use invisible rays to 
destroy tumours. Another type of machine takes over for your heart and lungs so that a surgeon 
can make repairs. If you go deaf, a cochlear implant may restore your hearing. Need a new knee 
joint? No problem. 

A traditional X-ray picture is made by aiming parallel X-ray beams at your body. A piece 
of film records the amount of X-ray energy that makes it through to the other side. In other 
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words, the image on an X-ray film is a shadow. Unlike a traditional X-ray, a CAT scan image 
is not a shadow. Because the X-ray beams rotate around your body, it is possible to calculate 
the relative density of specific points inside your body. The result is a finely detailed image of 
a cross-section of tissue. Repeat the process for adjacent tissue slices, and a three-dimensional 
image can be constructed.

Magnetic resonance imaging (MRI) added a new dimension to diagnostic imaging which led 
to one inventor calling it “wireless chemistry.” To get there, physicists first had to learn how to 
make atomic nuclei dance in unison. MRI uses magnetic fields and radio signals instead of X-rays.

Ultrasound continues to demonstrate unique advantages. Ultrasound is less expensive than 
CT or MRI; near ideal for 4D (3D plus motion) studies; and as a screening tool lends itself to 
workflow automation. An emerging application, strain imaging, could provide information 
about the structural integrity of living tissues that can’t be obtained by other means. Strain 
imaging distinguishes and quantifies tissues in terms of stiffness and softness. In essence, strain 
imaging shows how each spot of tissue moves and could be used to gauge the overall health of 
specific types of tissue such as heart muscle.

Nuclear imaging took off with the development of gamma camera, single photon emission 
computed tomography (SPECT) and positron emission tomography (PET). Despite their 
formidable names, SPECT and PET are simply two different ways of displaying metabolic 
activities—useful for detecting cancers and assessing the effectiveness of various treatments. 
A CT scan can show that there is a tumour; a SPECT or PET scan can show what the tumour is 
doing. Combine SPECT or PET with CT, and you can match the metabolic activity map to the 
patient’s anatomy with precision. 

Computers and communications have become ubiquitous in health care. Doctors are accessing 
diagnostic scans via smartphones. Patients and their families are finding specialists via the 
Internet. Wireless devices keep patients in touch with their health care providers and advisors. 
Personal health records enable patients to take a more active role in their own health care.

Medical technology has evolved a new way of connecting patients and doctors thousands of 
miles away through telecommunications. In today’s world, it has become possible for patients 
to hold videoconferences with their physicians to save time and money normally spent on 
travelling to another geographic location or send health information instantaneously to any 
specialist or doctor anywhere in the world to seek medical advice and assistance. With the ability 
to effortlessly carry the mobile devices around with them throughout the day, the doctors are 
never far from the information they need in managing a patient. 

Telemedicine goes beyond remote interpretation of scans. Robotic tools are being used in the 
operating room for greater precision and steadiness. But if a surgeon sitting across a room can 
operate on a patient using robotics, the same can be done a continent away. 

Information technology has made significant contributions in better diagnosis and treatment 
of patients and management of health facilities. With the increased use of electronic medical 
records (EMR), telehealth services, and mobile technologies like tablets and smart phones, 
physicians and patients are both witnessing the benefits that these new medical technologies 
are bringing in their lives.

As some technologies become easier to use and less expensive, as equipment becomes more 
transportable, and as recovery times for procedures are reduced, even complex technologies can 
diffuse out of hospitals and institutional settings and into ambulatory surgery centres, provider 
offices, outpatient facilities, imaging centres, and patients’ homes, making the technologies more 



Fundamentals of Medical Instrumentation 5

accessible. Telemedicine, or the use of technology to remotely diagnose and treat conditions 
through electronic envisioning and data transfer, can provide services to remote or underserved 
areas.

Radiation therapy is another important application—crucial to treating many types of cancer. 
A common trick of the trade is to aim multiple, low-level radiation beams coming from different 
directions at the target. Only tissue at the point of intersection is destroyed by systems such as 
the Gamma Knife and Cyberknife.

The success of the cochlear implant gives us reason to be optimistic that we will one day restore 
vision to the blind. Ophthalmology has its own story. A series of discoveries have led to laser-
based vision correction surgery, implantable lenses, and new ways to treat sight-threatening 
disorders such as detached retinas, glaucoma, and age-related macular degeneration.

Health technologies are thus essential for a functioning health system. Medical devices and 
equipment in particular, are crucial in today’s world in the prevention, diagnosis, treatment and 
rehabilitation of illness and disease.

1.2 LANDMARK DEVELOPMENTS IN BIOMEDICAL INSTRUMENTATION

There is ample evidence that humans have been using medical technologies since pre-historic 
times. However, the advent of modern medical technology was arguably in the mid-nineteenth 
century. Examples of some of the landmark medical technologies which have made unparallel 
contribution in diagnosis and therapy are illustrated below:

Discovery of X-rays: Wilhelm Rontgen, the German Physicist is generally credited as the 
discoverer of X-rays in 1895, because he was the first to systematically study them and also 
he is the one who gave them the name ‘X-ray’” to signify an unknown type of radiation. The 
discovery of X-rays enabled to see inside the human body for the first time as he demonstrated 
the first medical image of his wife’s hand taken 
with X-rays on December 22, 1895 (Fig. 1.1). This 
was an achievement that earned Rontgen the first 
Nobel Prize in Physics in 1901.

For about three-quarters of a century, X-rays 
was the sole mean with which internal anatomical 
structures of the body could be studied. It was 
only on October 1, 1971 that first CT (Computed 
Tomography) scanning machine built by Sir 
Godfrey Hounsfield was used at Atkinson 
Morley Hospital, London for a brain scan. This 
was followed by a whole body scanner in 1975.

Sir Hounsfield and Allan Mcleod Cormack 
who developed the diagnostic techniques of 
X-ray CT were jointly awarded the Nobel Prize 
in 1979 in the field of Medicine.

Today, the field of medical imaging, which 
includes a set of techniques that non-invasively 
produce images of the internal aspects of the 
human body, is a major part of biomedical 

 Fig. 1.1 Hand with a ring: Print of Wilhelm 
Rontgen’s first medical X-ray of his wife’s hand 
taken on 22 December 1895 (Courtesy: Wikimedia)



6 Handbook of Biomedical Instrumentation

engineering, medical physics or even 
medicine depending on the context. The 
popular imaging techniques include 
radiography (X-rays, fluoroscopy), 
Computed tomography, ultrasonography, 
nuclear medicine:  SPECT (Single Photo 
Emission Computed Tomography), 
PET (Positron Emission Tomography), 
MRI (Magnetic Resonance Imaging), 
thermography, endoscopy etc.

Development of Electrocardiography:
Another area which has made tremendous 
impact in the field of medical diagnosis 
is the science of electrocardiography. 
Invented in 1903 by Willem Einthoven, 
a Dutch doctor, the electrocardiography 
machine is used to detect, amplify and 
display the tiny electrical signals generated 
by beats of the heart over a period of time. 
Einthoven constructed a highly sensitive string galvanometer for recording the ECG waveform 
on a photographic paper. The original machine required water cooling for the powerful 
electromagnets (used in galvanometer), required 5 people to operate it and weighed some 300 
kg. Rather than using the modern type of electrodes, Einthoven’s subjects were required to 
immerse each of their limbs into containers of salt solution from which the ECG was recorded. 
Fig 1.2 shows an early commercial ECG machine.

Rapid technological advances in the following years have resulted in better and portable 
machines. The ECG instrumentation for example, has evolved from a cumbersome laboratory 
apparatus to compact electronic systems that often include computerized interpretation of 
the electrocardiogram. But much of the technology used in describing ECG originated with 
Einthoven, such as assignment of the letters P, Q, R, S and T to various parts of the ECG 
waveform is still in use.

Implantable Pacemaker: An artificial pacemaker which uses electrical impulses to regulate the 
beating of the heart has gone through interesting phases in its development starting with external 
pacemaker, weighing 45 kg and powered by a 12 volt automobile battery. Today’s implantable 
pacemakers with weight of just a few grams owe their existence to the development of the 
silicon transistor and subsequently to the integrated circuits. The first  clinical implantation of 
a pacemaker into a human was in 1958 (Fig. 1.3) and the device was designed by Rune Elmqvist 
and surgeon Ake Senning of Sweden. The first patient to receive the implantable pacemaker 
was Arne Larrson. The first device failed after three hours and the second device lasted for two 
days. Mr. Larrson went on to receive 26 different pacemakers during his lifetime. He died in 
2001, at the age of 86, outliving the inventor as well as the surgeon. Today’s pacemakers are 
externally programmable which allow the cardiologist to select the optimum pacing modes 
for individual patients while others have multiple electrodes stimulating differing positions 
within the heart to improve synchronization of the  ventricles of the heart. Some pacemakers 

 Fig. 1.2 An early commercial ECG machine built in 
1911 by the Cambridge Scientific Instruments Co., U.K.. 
The two hands and one foot is immersed in jars of salt 
solution which are connected to the machine and act 
as electrodes (Courtesy: http://en.wikipedia.org/wiki/
image:william_Einthoven_ECG.jpg)



Fundamentals of Medical Instrumentation 7

combine a defibrillator in a single device, 
which is implanted in patients who are at a 
risk of sudden cardiac death due to ventricular 
fibrillation and ventricular tachycardia.

Haemodialysis Machine: The development of 
a haemodialysis machine in 1943 constructed 
by Dr Willem Kolff, a Dutch physician, was 
another significant landmark in the history 
of medical engineering. The machine was 
built using a 20-meter long tube of cellophane 
sausage casing as a dialyzing membrane. The 
tube was wrapped around a slatted wooden 
drum. Powered by an electric motor, the drum 
revolved in a tank filled with dialyzing solution. The patient’s blood was drawn through the 
cellophane tubing by gravity as the drum revolved. Toxic molecules in the blood diffused 
through the tubing into the dialyzing solution. Complete dialysis took about six hours. The Kolff 
kidney effectively removed toxins from the blood, but since it operated at low pressure, it was 
unable to remove excess fluid from the patient’s blood. Modern dialysis machines are designed 
to filter out excess fluid while cleansing the blood of wastes.

The first successful Kolff machine was 
only in 1945 when used on a 65 years old 
comatose woman who regained consciousness 
following 11 hours of haemodialysis and lived 
for another seven years before dying of an 
unrelated condition. She was the first ever 
patient successfully treated with dialysis.
 Fig. 1.4 shows 1944 Kolff version of the kidney 
dialysis machine.

There are numerous such types of interesting 
instances about the developments of different 
devices, equipment and techniques which 
are assisting the healthcare professional in 
the efficient discharge of their duties. Listed 
below are few of the important landmarks in 
the history of development of various medical 
equipment:

1816 - Stethoscope invented

1851 - Ophthalmoscope invented

1895 - Use of X-rays in medical imaging

1896 - Sphygmomanometer (mercury based blood pressure meter)

1901 - First Electrocardiograph (ECG or EKG) Machine

1924 - First human electroencephalogram (EEG) performed

1927 - First practical modern respirator (“iron lung”) invented

1943 - First electron linear accelerator designed for radiation therapy developed

 Fig. 1.3 The first implantable pacemaker

 Fig. 1.4 Kolff version of kidney dialysis machine
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1945 - First practical human haemodialysis machine developed

1953 - Heart/lung bypass machine first used in surgery on humans

1955 - Ultrasound first used on pregnant women

1958 - First cardiac pacemaker implanted. 

1965 - First portable defibrillator installed

1972 - Computed axial tomography(CAT) scan for brain 

1973 - First whole-body CAT scan 

1975 - First positron emission tomography (PET) image

1977 - First whole-body magnetic resonance imaging (MRI) scanner.

  First cochlear implant surgery

1982 - First permanent artificial heart implant

1985 - Implantable cardioverter defibrillator (ICD)

1987 - First laser surgery on a human cornea

2004 - 64-slice CT scanner

1.3 PHYSIOLOGICAL SYSTEMS OF THE BODY

Human body is a complex engineering marvel, which contains various types of systems such as 
electrical, mechanical, hydraulic, pneumatic, chemical, thermal etc. These systems communicate 
internally with each other and also with an external environment. By means of a multi-level 
control system and communication network, the individual systems enable the human body to 
perform useful tasks, sustain life and reproduce itself. 

Although, the coverage of detailed information on the physiological systems is outside the 
scope of this book, nevertheless a brief description of the major sub-systems of the body is given 
below to illustrate the engineering aspects of the human body.

1.3.1 The Cardiovascular System

The cardiovascular system is a complex closed hydraulic system, which performs the essential 
service of transportation of oxygen, carbon dioxide, numerous chemical compounds and the 
blood cells to maintain optimum environment for cellular function. The environment is produced 
and maintained by the circulation of blood. The heart is the power source which provides energy 
to move the blood through the body and at the same time removes waste products — products of 
the cells’ metabolism — from the cell. Structurally, the heart is divided into right and left parts. 
Each part has two chambers called atrium and ventricle. The heart has four valves (Fig. 1.5):

consists of three flaps or cusps. It prevents backward flow of blood from right ventricle to 
right atrium.

valve has two flaps or cusps. It prevents backward flow of blood from left ventricle to 
atrium.

does not allow blood to come back to the right ventricle.

This valve prevents the return of blood back to the left ventricle from aorta.
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The heart wall consists of three layers. (i) The pericardium, which is the outer layer of the heart, 
keeps the outer surface moist and prevents friction as the heart beats. (ii) The myocardium is the 
middle layer of the heart. It is the main muscle of the heart, which is made up of short cylindrical 
fibres. This muscle is automatic in action, contracting and relaxing rhythmically throughout life. 
(iii) The endocardium is the inner layer of the heart. It provides smooth lining for the blood to flow.

The blood is carried to the various parts of the body through blood vessels, which are 
hollow tubes. There are three types of blood vessels. (i) Arteries are thick walled and carry the 
oxygenated blood away from the heart. (ii) Veins are thin walled and carry de-oxygenated blood 
towards the heart. (iii) Capillaries are the smallest and the last level of blood vessels. They are so 
small that the blood cells, which make blood, actually flow one at a time through them. There 
are estimated to be over 800,000 km of capillaries in human beings that include all the arteries 
and veins, which carry blood.

From an engineering point of view, the heart which drives the blood through the blood vessels 
of the circulatory system (Fig. 1.6) consists of four chamber muscular pump that beats about 72 
times per minute (on an average for a normal adult), sending blood through every part of the 
body. The pump acts as two synchronized but functionally isolated two stage pumps. The first 
stage of each pump (the atrium) collects blood from the hydraulic system and pumps it into the 
second stage (the ventricle). In this process, the heart pumps the blood through the pulmonary 
circulation to the lungs and through the systemic circulation to the other parts of the body.

In the pulmonary circulation, the venous (de-oxygenated) blood flows from the right ventricle, 
through the pulmonary artery, to the lungs, where it is oxygenated and gives off carbon dioxide. 
The arterial (oxygenated) blood then flows through the pulmonary veins to the left atrium.
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AV node
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 Fig. 1.5 Structure of the heart
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 Fig. 1.6 The circulatory system

In systemic circulation, the blood is forced through blood vessels, which are somewhat 
elastic. The blood flows from the left atrium to the left ventricle and is pumped through the 
aorta and its branches, the arteries, out into the body. Through the arterioles (small arteries), the 
blood is distributed to the capillaries in the tissues, where it gives up its oxygen and chemical 
compounds, takes up carbon dioxide and products of combustion.

The blood returns to the heart along different routes from different parts of the body. It 
usually passes from the venous side of the capillaries directly via the venous system to either 
the superior vena cava or the inferior vena cava, both of which empty into the right atrium. 
The heart itself is supplied by two small but highly important arteries, the coronary arteries. 
They branch from the aorta just above the heart. If they are blocked by coronary thrombosis, 
myocardial infarction follows, often leading to a fatal situation. 

The heart rate is partly controlled by autonomic nervous system and partly by hormone action. 
These control the heart pump’s speed, efficiency and the fluid flow pattern through the system.

The circulatory system is the transport system of the body by which food, oxygen, water 
and other essentials are transported to the tissue cells and their waste products are transported 
away. This happens through a diffusion process in which nourishment from the blood cell 
diffuses through the capillary wall into interstitial fluid. Similarly, carbon dioxide and some 
waste products from the interstitial fluid diffuse through the capillary wall into the blood cell.

The condition of the cardiovascular system is examined by haemodynamic measurements 
and by recording the electrical activity of the heart muscle (electrocardiography) and listening 
to the heart sounds (phonocardiography). For assessing the performance of the heart as a pump, 
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measurement of the cardiac output (amount of blood pumped by the heart per unit time), 
blood pressure, blood flow rate and blood volume are made at various locations throughout 
the circulatory system.

1.3.2 The Respiratory System

Respiration is the process of supplying oxygen to and removing carbon dioxide from the tissues. 
These gases are carried in the blood, oxygen from the lungs to the tissues and carbon dioxide 
from the tissues to the lungs. The gas exchanges in the lungs are called external respiration and 
those in the tissues are called internal respiration.

From equipment point of view, the respiratory system in the human body (Fig. 1.7) is a 
pneumatic system in which an air pump (diaphragm) alternately creates negative and positive 
pressures in a sealed chamber (thoracic cavity) and causes air to be sucked into and forced out 
of a pair of elastic bags (lungs). The lungs are connected to the outside environment through a 
passage way comprising nasal cavities, pharynx, larynx, trachea, bronchi and bronchioles. The 
passage way bifurcates to carry air into each of the lungs wherein it again subdivides several 
times to carry air into and out of each of the many tiny air spaces (alveoli) within the lungs. In 
the tiny air spaces of the lungs is a membrane interface with the hydraulic system of the body 
through which certain gases can defuse. Oxygen is taken into the blood from the incoming air 
and carbon dioxide is transferred from the blood to the air under the control of the pneumatic 
pump. Thus, the blood circulation forms the link in the supply of oxygen to the tissues and in 
the removal of gaseous waste products of metabolism. The movement of gases between blood 
and the alveolar air is basically due to constant molecular movement or diffusion from points 
of higher pressure to points of lower pressure.

 Fig. 1.7 The respiratory system
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An automatic respiratory control centre in the brain maintains heart pump operation at a speed 
that is adequate to supply oxygen and take away carbon dioxide as required by the system. In 
each minute, under normal conditions, about 250 ml of oxygen are taken up and 250 ml of CO2

are given out by the body and these are the amounts of the two gases, which enter and leave 
the blood in the lungs. Similar exchanges occur in reverse in the tissues where oxygen is given 
up and CO2 is removed. The exact amount of CO2 expired depends upon the metabolism, the 
acid-base balance and the pattern of respiration. The exchange of gases takes place in the alveoli 
and can be achieved by the normal 15-20 breaths/min, each one involving about 500 ml of air.

The respiratory system variables which are important for assessing the proper functioning 
of the system are respiratory rate, respiratory air flow, respiratory volume and concentration of 
CO2 in the expired air. The system also requires measurements to be made of certain volumes 
and capacities such as the tidal volume, vital capacity, residual volume, inspiratory reserve 
volume and expiratory reserve volume. The details of these are given in  Chapter 13.

1.3.3 The Nervous System

The nervous system is the control and communication network for the body which coordinates 
the functions of the various organs. Rapid communication between the various parts, the 
effective, integrated activity of different organs and tissues and coordinated contraction of 
muscle are almost entirely dependent upon the nervous system. It is thus, the most highly 
developed and complex system in the body. The centre of all these activities is the brain (central 
information processor or computer) with memory, computational power, decision making 
capability and a host of input output channels.

Equally fascinating as the central information processor are the millions of communication 
lines that bring sensory information into and control information out of the brain. Signals from 
a large number of sensory sensors which detect pressure, heat, cold, light, sound etc come to the 
appropriate parts of the brain, where they can be acted upon. Similarly, output central signals are 
sent to specific motion devices which results in motion or force in response to those signals. The 
brain continuously gets the feedback regarding every action controlled by the system through 
associated sensors. The information is in the form of electrochemical pulses or nerve action 
potentials that travel along the signal lines or nerves.

The nervous system consists of a central and a peripheral part. The central nervous system is 
(Fig. 1.8) made up of the encephalon (brain) and the spinal cord. The peripheral nervous system 
comprises all the nerves and groups of neurons outside the brain and the spinal cord.

The brain consists of three parts, namely, the cerebrum, cerebellum and the brain stem.

Cerebrum: The cerebrum consists of two well demarcated hemispheres, right and left and each 
hemisphere is sub-divided into two lobes: frontal lobe and temporal lobe in the left hemisphere and 
parietal and occipital lobes in the right hemisphere (Fig. 1.9). The outer layer of the brain is called 
the cerebral cortex. All sensory inputs from various parts of the body eventually reach the cortex, 
where certain regions relate specifically to certain modalities of sensory information. Various areas 
are responsible for hearing, sight, touch and control of the voluntary muscles of the body.

The cerebral cortex is also the centre of intellectual functions. The frontal lobes are essential 
for intelligence, constructive imagination and thought. Here, large quantities of information can 
be stored temporarily and correlated, thus making a basis for higher mental functions.

Each point in the motor centre in the cerebral cortex (Fig. 1.10) corresponds to a certain body 
movement. In the anterior part of the parietal lobe lies the terminal station for the nerve pathways 
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conducting sensation from the opposite half of the body. The sensory centre contains counterparts 
of the various areas of the body in different locations of the cortex. The sensory inputs come from 
the legs, the torso, arms, hands, fingers, face and throat etc. The amount of surface allotted to each 
part of the body is in proportion to the number of sensory nerves it contains rather than its actual 
physical size. The visual pathways terminate in the posterior part of the occipital lobe. The rest of 
the occipital lobes store visual memories, by means of which we interpret what we see.

On the upper side of the temporal lobe, the acoustic pathways terminate making it as a 
hearing centre. This is located just above the ears. Neurons responding to different frequencies 
of sound input are spread across the region, with the higher frequencies located towards the 
front and low frequencies to the rear of the ear. The temporal lobes are also of importance for 
the storage process in the long-term memory.

Cerebellum: The cerebellum acts as a physiological microcomputer which intercepts various 
sensory and motor nerves to smooth out the muscle motions which could be otherwise jerky. 
It also consists of two hemispheres which regulate the coordination of muscular movements 
elicited by the cerebrum. The cerebellum also enables a person to maintain his balance.
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 Fig. 1.8 The central nervous system. Human brain and the spinal cord
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Brain Stem: The brain stem connects the spinal cord to the centre of the brain just below the 
cerebral cortex. The essential parts of the brain stem are (i) Medulla oblongata which is the lowest 
section of the brain stem and contains centres for regulating the work performed by the heart, the 
vasomotor centres, which control blood distribution and respiratory centre which controls the 
ventilation of the lungs; (ii) the pons located just above the medulla and protruding somewhat 
in front of the brain stem; (iii) midbrain which lies in the upper part of the brain stem; and 
(iv) the diencephalon which is located above and slightly forward of the midbrain. One part of the 
diencephalon is the thalamus, which acts as a relay station for sensory pathways to the cortical 
sensory centre of the cerebrum. In the lower part of the diencephalon is the hypothalamus which 
has several vital centres for temperature regulation, metabolism and fluid regulation. They 
include the centres for appetite, thirst, sleep and sexual drive. The hypothalamus is important 
for subjective feelings and emotions.
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 Fig. 1.9 Cut away section of the human brain
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Spinal Cord: The spinal cord is a downward continuation of the medulla oblongata in the brain 
to the level of first lumbar vertebra. It consists of a cylinder of nerve tissue about the thickness 
of the little finger and has a length of about 38 to 45 cms. The cord consists of white matter on 
the surface and gray matter inside. The white matter contains fibres running between the cord 
and brain only. The cord containing motor and sensory fibres is responsible for the link between 
the brain and the body and reflex action. In the H-shaped gray matter of the spinal cord are 
located the neurons that control many reflexes such as the knee reflex and the bladder- emptying 
reflex. The reflex action is a result of the stimulation of the motor cells by stimuli brought in by 
sensory nerves from the tissues.

The central nervous system consists of billions of specialized cells about half of which, called 
neurons, are functionally active as signal transmitters while the other half (supporting cells), 
maintain and nourish the neurons. The fundamental property of the neurons is the ability to 
transmit electrical signals, called nerve impulses, in response to changes in their environment, 
i.e. stimuli. The central nervous system controls the voluntary muscles of the body and is 
responsible for all movements and sensations.

The basic functional unit of the nervous system is the neuron. A typical neuron consists of a 
nucleated cell body and has several processes or branches (Fig. 1.11). The size and distribution 
of these branches vary greatly at different sites and in cells with different functions, but the two 
main kinds are: the axone and the dendrite. The dendrites normally conduct impulses toward the 
cell body and the axons conduct away from it.

AxoneAxone

Impulse transmission

Dendrite

Cell body

 Fig. 1.11 Structure of the neuron and the phenomenon of impulse transmission

The neurons form an extremely complex network, which connects all parts of the body. While 
the size of the central body of the nerve cell is the same as that of other cells of the body, the 
overall size of the neuron structure varies from a millimetre or so in the spinal cord to over a 
metre in length. For example, the axones of the foot muscle originate in the lower part of the 
spinal cord, where the associated nerve cells are located.

The nervous system is the body’s principal regulatory system and pathological processes in 
it often lead to serious functional disturbances. The symptoms vary greatly depending upon 
the part of the nervous system affected by the pathological changes. The measurements on the 
nervous system include recording of electroencephalogram (EEG) and muscle’s electrical action 
potentials, electromyogram (EMG), measurement of conduction velocity in motor nerves, and 
recording of the peripheral nerves’ action potential, electroneurogram (ENG).

1.3.4 Other Systems

There are some other important functional systems in the body, such as digestive system, 
excretory system, reproductive system and the biochemical system which perform vital functions 
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required to carry out the various body functions. The coverage of all these and other systems 
is outside the scope of this book.

1.4 SOURCES OF BIOMEDICAL SIGNALS

Signals are functions of one or more independent variables and typically contain information 
about the behaviour or nature of some phenomenon. Systems usually respond to particular 
signals by producing other signals. The representation of a signal as a plot of amplitude versus 
time constitutes the waveform. The pattern of variations contained in the waveforms gives 
us information about the signal; for example, the contraction of the skeletal muscle results 
in the generation of action potentials in the individual muscle fibres, which gives rise to an 
electromyogram signal.

Biomedical signals are those signals (phenomenon that conveys information) which are used 
primarily for extracting information on a biological system under investigation. The process 
of extracting information could be as simple as feeling the pulse of a person on the wrist or as 
complex as analyzing the structure of internal soft tissues by an ultrasound scanner. Biomedical 
signals originate from a variety of sources (Fig. 1.12) such as:

Electroencephalogram (nervous system)
(Bio-electric)

Respiratory parameters (pulmonary system)

Esophagus temperature

Phonocardiogram (heart sounds) (Bio-acoustic)

Blood pressure
(cardiovascular system)
(Bio-mechanical)

Blood flow
(cardiovascular system)
(Bio-mechanical)

Galvanic skin
resistance
(Bio-impedance)

Electrooculogram (occular system)
(Bio-electric)

Electrocardiogram
(cardiovascular system)

(Bio-electric)

Impedance
pneumography
(Bio-impedance)

Electromyogram
(muscular system)

(Bio-electric)

Pulse oximetery
(pulmonary system)

(Bio-optical)

Pulse rate
(cardiovascular system)

(Bio-optical)

Magneto-encephalogram
(Bio-magnetic)

 Fig. 1.12 Sources of biomedical signals

Bioelectric Signals: These are unique to the biomedical systems. They are generated by nerve 
cells and muscle cells. Their basic source is the cell membrane potential which under certain 
conditions may be excited to generate an action potential. The electric field generated by the 
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action of many cells constitutes the bioelectric signal. The most common examples of bioelectric 
signals are the ECG (electrocardiographic) and EEG (electroencephalographic) signals.

Bioacoustic Signals: The measurement of acoustic signals created by many biomedical 
phenomena provides information about the underlying phenomena. The examples of such 
signals are:  flow of blood in the heart, through the heart’s valves and flow of air through the 
upper and lower airways and in the lungs which generate typical acoustic signal.

Biomechanical Signals: These signals originate from some mechanical function of the biological 
system. They include all types of motion and displacement signals, pressure and flow signals 
etc. The movement of the chest wall in accordance with the respiratory activity is an example 
of this type of signal.

Biochemical Signals: The signals which are obtained as a result of chemical measurements from 
the living tissue or from samples analyzed in the laboratory. The examples are measurement of 
partial pressure of carbon dioxide (pCO2), partial pressure of oxygen (pO2) and concentration 
of various ions in the blood.

Biomagnetic Signals: Extremely weak magnetic fields are produced by various organs such as 
the brain, heart and lungs. The measurement of these signals provides information which is 
not available in other types of bio-signals such bio-electric signals. A typical example is that of 
magneto-encephalograph signal from the brain.

Bio-optical Signals: These signals are generated as result of optical functions of the biological 
systems, occurring either naturally or induced by the measurement process. For example, blood 
oxygenation may be estimated by measuring the transmitted/back scattered light from a tissue 
at different wavelengths.

Bio-impedance Signals: The impedance of the tissue is a source of important information 
concerning its composition, blood distribution and blood volume etc. The measurement of 
galvanic skin resistance is a typical example of this type of signal. The bio-impedance signal 
is also obtained by injecting sinusoidal current in the tissue and measuring the voltage drop 
generated by the tissue impedance. The measurement of respiration rate based on bio-impedance 
technique is an example of this type of signals.

Signal to Noise Ratio (SNR): It is the measurement of the amplitude of variance of the signal 
relative to the variance of the noise. The higher the SNR, the better can you distinguish your 
signal from the noise.

1.5 BASIC MEDICAL INSTRUMENTATION SYSTEM

The primary purpose of medical instrumentation is to measure or determine the presence of 
some physical quantity that may, in some way, assist the medical personnel to make better 
diagnosis and treatment. Accordingly, many types of instrumentation systems are presently used 
in hospitals and other medical facilities. The majority of the instruments are electrical or electronic 
systems, although mechanical systems such as ventilators or spirometers are also employed. 
Because of the predominantly large number of electronic systems used in medical practice, the 
concepts explained hereafter are mostly related to electrical and electronic medical instruments.

Certain characteristic features, which are common to most instrumentation systems, are also 
applicable to medical instrumentation systems. In the broadest sense, any medical instrument 
(Fig. 1.13) would comprise of the following four basic functional components:
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 Fig. 1.13 General block diagram of a medical instrumentation system

Measurand: The physical quantity or condition that the instrumentation system measures is 
called the measurand. The source for the measurand is the human body which generates a variety 
of signals. The measurand may be on the surface of the body (electrocardiogram potential) or 
it may be blood pressure in the chambers of the heart. 

Transducer/Sensor: A transducer is a device that converts one form of energy to another. Because 
of the familiar advantages of electric and electronic methods of measurement, it is the usual 
practice to convert into electrical quantities all non-electrical phenomena associated with 
the measurand with the help of a transducer. For example, a piezo-electric crystal converts 
mechanical vibrations into an electrical signal and therefore, is a transducer. The primary 
function of the transducer is to provide a usable output in response to the measurand which 
may be a specific physical quantity, property or condition. In practice, two or more transducers 
may be used simultaneously to make measurements of a number of physiological parameters. 

Another term ‘sensor’ is also used in medical instrumentation systems. Basically, a sensor 
converts a physical measurand to an electrical signal. The sensor should be minimally invasive 
and interface with the living system with minimum extraction of energy.

Signal Conditioner: It converts the output of the transducer into an electrical quantity suitable 
for operation of the display or recording system. Signal conditioners may vary in complexity 
from a simple resistance network or impedance matching device to multi-stage amplifiers 
and other complex electronic circuitry. Signal conditioning usually includes functions such as 
amplification, filtering (analog or digital) analog-to-digital and digital-to-analog conversion 
or signal transmission circuitry. They help in increasing the sensitivity of instruments by 
amplification of the original signal or its transduced form.

Display System: It provides a visible representation of the quantity as a displacement on a 
scale, or on the chart of a recorder, or on the screen of a cathode ray tube or in numerical form. 
Although, most of the displays are in the visual form, other forms of displays such as audible 
signals from alarm or foetal Doppler ultrasonic signals are also used. In addition of the above, 
the processed signal after signal conditioning may be passed on to:

Alarm System—with upper and lower adjustable thresholds to indicate when the measurand 
goes beyond preset limits.
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Data Storage—to maintain the data for future reference. It may be a hard copy on a paper or on 
magnetic or semiconductor memories.

Data Transmission—using standard interface connections so that information obtained may 
be carried to other parts of an integrated system or to transmit it from one location to another.

In most of the medical instrumentation systems, some form of calibration is necessary at 
regular intervals during their operation. The calibration signal is usually applied to the sensor 
input or as early in the signal conditioning chain as possible.

In many measurements in the medical field, some form of stimulus or energy is given to the 
patient and the effect it has on the patient is measured. The stimulus may be visual in the form 
of flash of light or audio tone or direct electrical stimulation of some part of the nervous system. 
A typical example is that of recording of the evoked response with EEG machine when visual/
audible stimulus is given to the subject under test.

In some situations, it is required to have automatic control of the transducer, stimulus or 
signal conditioning part of the system. This is achieved by using a feedback loop in which part of 
the output from the signal conditioning or display device is fed back to the input stage. Control 
and feedback may be automatic or manual. Almost all measuring and recording equipment are 
now controlled by microprocessors as this makes it possible to design equipment that requires 
minimal user intervention, calibration and setup procedure.

Measurements on the human body can be made at several levels on the functional systems and 
subsystems. For example, it is easiest to make measurements on the human body as a whole due 
to accessible environment. Examples of measurement made on the human body are recording 
of electrocardiogram and measurement of temperature. The next level of measurements can 
be made on the major functional systems of the body such as the cardiovascular system, the 
pulmonary system and so on. Many of the major systems communicate with each other as well as 
with external environment. The functional systems can be further sub-divided into subsystems 
and organs and still smaller units up to the cellular and molecular level. Measurements in the 
medical field are made at all these levels with specially designed instruments with appropriate 
degree of sophistication.

Measurements in the medical field can be classified into two types: in vivo and in vitro. In vivo 
measurement is made on or within the living organism itself, such as measurement of pressure 
in the chambers of the heart. On the other hand, in vitro measurement is performed outside the 
body. For example, the measurement of blood glucose level in a sample of blood drawn from 
the patient represents in vitro measurement.

1.6  PERFORMANCE REQUIREMENTS OF MEDICAL INSTRUMENTATON
SYSTEMS

Information obtained from a sensor/transducer is often in terms of current intensity, voltage 
level, frequency or signal phase relative to a standard. Voltage measurements are the easiest to 
make, as the signal from the transducer can be directly applied to an amplifier having a high input 
impedance. However, most of the transducers produce signal in terms of current, which can be 
conveniently converted into voltage by using operational amplifiers with appropriate feedback.

To make an accurate measurement of voltage, it is necessary to arrange that the input impedance
of the measuring device must be large compared with the output impedance of the signal source. 
This is to minimize the error that would occur, if an appreciable fraction of the signal source 
were dropped across the source impedance. Conversely, accurate measurement of current source 
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signals necessitates that the source output impedance be large compared with the receiver 
input impedance. Ideally, a receiver that exhibits a zero input impedance would not cause any 
perturbation of the current source. Therefore, high-impedance current sources are more easily 
handled than low-impedance current sources.

In general, the frequency response of the system should be compatible with the operating range 
of the signal being measured. To process the signal waveform without distortion, the bandpass 
of the system must encompass all of the frequency components of the signal that contribute 
significantly to signal strength. The range can be determined quantitatively by obtaining a 
Fourier analysis of the signal. The bandpass of an electronic instrument is usually defined as 
the range between the upper and lower half-power frequencies.

The electrical signals are invariably accompanied by components that are unrelated to the 
phenomenon being studied. Spurious signal components, which may occur at any frequency 
within the band pass of the system are known as noise. The instruments are designed in such a 
way that the noise is minimised to facilitate accurate and sensitive measurement. For extraction 
of information from noisy signals, it is essential to enhance signal-to-noise ratio, for which several 
techniques have been put in practice. The simplest method is that of bandwidth reduction, 
although many sophisticated methods have been developed to achieve noise reduction from 
the noisy bio-medical signals.

The recent progress of digital technology in terms of both hardware and software, makes 
more efficient and flexible digital rather than analog processing. Digital techniques have several 
advantages. Their performance is powerful as they are able to easily implement even complex 
algorithms. Their performance is not affected by unpredictable variable such as component 
aging and temperature which can normally degrade the performance of analog devices. 
Moreover, design parameters can be more easily changed because they involve software rather 
than hardware modifications.

The results of a measurement in medical instruments are usually displayed either on analog 
meters or digital displays. Digital displays present the values of the measured quantities in 
numerical form. Instruments with such a facility are directly readable and slight changes in the 
parameter being measured are easily discernible in such displays, as compared to their analog 
counterparts. Because of their higher resolution, accuracy and ruggedness, they are preferred 
for display over conventional analog moving coil indicating meters. Different types of devices 
are available for display in numerical form. Light emitting diodes (LED) are used in small sized 
seven-segment displays. 

Liquid crystal displays (LCD) are currently preferred devices for displays as they require very 
low current for their operation. LCDs with large screen sizes and full colour display capabilities 
are finding extensive and preferable applications in laptop computers and almost in all medical 
instruments.

Since computers are used increasingly to control the equipment and to implement the man-
machine interface, there is a growing appearance of high resolution colour graphic screens to 
display the course of vital signs relating to physiological variables, laboratory values, machine 
settings or the results of image processing methods such as magnetic resonance tomography. 
The analog and digital displays have been largely replaced by video display units, which present 
information not only as a list of numbers but as elegant character and graphic displays and 
sometimes as a 3-dimensional colour display. Coloured video display units are employed in 
such applications as patient monitoring systems and colour Doppler echocardiography.
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A keyboard is the most common device connected into almost all form of data acquisition, 
processing and controlling functions in medical instruments. A keyboard can be as simple as a 
numeric pad with function keys, as in a calculator or complete alphanumeric and type writer 
keyboard with associated group of control keys suitable for computer data entry equipment. 

1.7 INTELLIGENT MEDICAL INSTRUMENTATION SYSTEMS

Intelligent technology is pervading every area of modern society, from satellite communications to 
washing machines. The medical instrumentation field is no exception from this reality. In this case, 
the goal of intelligent devices is to assure high quality of life by providing optimal healthcare delivery 
in home care, emergency situations, diagnosis, surgical procedures and hospitalization. Medicine 
is now equipped with more signals and images taken from the human body, complex models of 
physiological systems and armaments of therapeutic procedures and devices. Careful observation 
of this process shows a congestion of the decision-making activities of medical personnel. To solve 
this problem, some method of integrating all patient information into a concise and interpretative 
form is necessary. The availability of high performance microprocessors, microcontrollers and 
personal computers has given powerful tools in the hands of medical professionals which offers 
them intelligent and efficient monitoring and management of the patients.

1.7.1 Use of Microprocessors in Medical Instruments

The application of microprocessors in medical instrumentation has matured following a series of 
stages. In the first stage, the microprocessors simply replaced conventional hard wired electronic 
systems that were used for processing data. This resulted in more reliable and faster data. This 
was followed soon by the use of the microprocessor to control logic sequences required in 
instrumentation. Thus, the microprocessor replaced programming devices as well as manual 
programming, making possible digital control of all of the functions of the medical instruments. 
With the availability of more powerful microprocessors and large data storage capacity, it has 
become possible to optimize the measurement conditions.

Extensive use has been made of microprocessors in medical instruments designed to 
perform routine clinical measurements, particularly in those situations where data computing 
and processing could be considered as a part of measurement and diagnostic procedure. The 
incorporation of microprocessors into instruments enables to have a certain amount of intelligence 
or decision-making capability. The decision-making capability increases the degree of automation 
of the instrument and reduces the complexity of the man-machine interface. Life support systems 
have been designed with numerous safety back-up features and real-time self-diagnostics and self-
repair facilities. The reliability of many transducers has been improved and many measurements 
can now be made non-invasively because of the added computational ability of microprocessors. 
The computational capability makes possible features such as automatic calibration, operator 
guidance, trend displays, alarm priority and automated record keeping. Use of microprocessors 
in various instruments and systems has been explained at various places in the text.

Microprocessors have been used to replace the complicated instructional procedures that are 
now required in several medical instruments. Microprocessor based-instrumentation is enabling 
to incorporate the ability to make intelligent judgement, provide diagnostic signals in case of 
potential errors, provide warnings or preferably make appropriate corrections. Already, the 
microprocessors are assisting in instruction-based servicing of equipment. This is possible by 
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incorporating monitoring circuits that will provide valuable diagnostic information on potential 
instrumentation failure modes and guide the operator in their correction. The instrument 
diagnostic microprocessor programs would sense such a potential failure of the unit and the 
operator is informed to remove and service the defective part while the measurement work 
proceeds uninterrupted.

The heart of a microprocessor-based system is the central processing unit (CPU). It requests 
instructions prepared by the programmer, calls for data and makes decisions related to the 
instructions.

Microcontrollers which contain a CPU, clock circuitry, ROM, RAM and I/O circuitry on a 
single integrated circuit package have traditionally been characterized by low cost high volume 
products requiring a relatively simple and cheap computer controller. The design optimization 
parameters require careful consideration of architectural tradeoffs, memory design factors, 
instruction size, memory addressing techniques and other design constraints with respect 
to area and performance. Microcontrollers functionality, however, has been tremendously 
increased in the recent years. Today, one gets microcontrollers, which are stand alone for 
applications in data acquisition system and control. They have analog-to-digital converters on 
chip, which enable them direct use in instrumentation. Another type of microcontroller has on-
chip communication controller, which is designed for applications requiring local intelligence at 
remote nodes and communication capability among these distributed nodes. Advanced versions 
of the microcontrollers have been introduced for high performance requirements particularly 
in applications where good arithmetical capabilities are required.

1.7.2 Interfacing Analog Signals to Microprocessors

It is well known that we live in an analog world. Virtually, all information we need to acquire 
from the human body and eventually analyze is in the analog form i.e. the signals consist of many 
waveforms that continuously vary as a function of time. Examples include electrocardiograph, 
pressure signals and pulse waveform.

For interfacing analog signals to microprocessors/microcomputers, use is made of some kind 
of data acquisition system. The function of this system is to acquire and digitize data, often 
from hostile clinical environments, without any degradation in the resolution or accuracy of the 
signal. Since software costs generally far exceed the hardware costs, the analog/digital interface 
structure must permit software effective transfers of data and command and status signals to 
avail of the full capability of the microprocessor.

The analog interface system, in general, handles signals in the form of voltages. The physical 
parameters such as temperature, flow, pressure, etc. are converted to voltages by means of 
transducers. The choice and selection of appropriate transducers is very important, since the 
data can only be as accurate as the transducer.

Fig. 1.14 shows a block diagram of a universal interface circuit for connecting analog signals 
to microprocessors. It basically comprises a multiplexer, instrumentation (buffer) amplifier, a 
sample-and-hold circuit, analog-to-digital converter (ADC), tri-state drivers and control logic. 
These components operate under the control of interface logic that automatically maintains the 
correct order of events.

Multiplexer: The function of the multiplexer is to select under address control, an analog input 
channel and connect to the buffer amplifier. The number of channels is usually 8 or 16. Depending 
on its input configuration, the multiplexer will handle either single-ended or differential signals. 
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 Fig. 1.14 Interfacing analog signals to microcomputers

The address logic of most multiplexers can perform both random and sequential channel 
selection. For real time systems, the random mode permits the multiplexer to select any channel 
when the program responds to a peripheral service request. Sequential channel selection, as the 
name implies involves addressing each channel in order.

Buffer Amplifier: The buffer amplifier conditions the selected input signal to a suitable level 
for application to the A/D converter. Driven by the multiplexer, the buffer amplifier, which is 
usually an instrumentation amplifier, provides impedance buffering, signal gain and common 
mode rejection. It has a high input impedance, 100 Mohms or more to reduce the effects of any 
signal distortion caused by the multiplexer. The high input impedance also minimizes errors 
due to the finite on-resistance of the multiplexer channel switches.

To improve system sensitivity, the amplifier boosts the input signal. If it is required to have 
analog signals of differing ranges, connected to the multiplexer input, then a programmable gain 
amplifier would be preferable where the gain would be set in accordance with the multiplexer 
selection address. The use of programmable gain amplifiers removes the necessity to standardize 
on the analog input ranges.

Sample and Hold Circuit: The A/D converter requires a finite time for the conversion process, 
during which time the analog signal will still be hanging according to its frequency components. 
It is therefore necessary to sample the amplitude of the input signal, and hold this value on the 
input to the A/D converter during the conversion process. The sample and hold circuit freezes 
its output on receipt of a command from the control circuit, thereby providing an essentially 
constant voltage to the A/D converter throughout the conversion cycle.

The sample hold is essentially important in systems having resolution of 12-bits or greater, 
or in applications in which real time inputs are changing rapidly during a conversion of the 
sampled value. On the other hand, a sample hold may not be required in applications where 
input variation is low compared to the conversion time.

A/D Converter: The A/D converter carries out the process of the analog-to-digital conversion. 
It is a member of the family of action/status devices which have two control lines—the start 
of conversion or action input line and the end of conversion or status output line. An A/D 
converter is a single chip integrated circuit having a single input connection for the analog 
signal and multiple pins for digital output. It may have 8, 12, 16 or even more output pins, each 
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representing an output bit. The higher the number of bits, the higher the precision of conversion. 
Each step represents a change in the analog signal: 8-bits gives 256 steps, 12-bits provides 4096 
steps and we get 32768 steps with 16 output bits.

The key parameters in A/D converters are:
Resolution of the A/D converter is a measure of the number of discrete digital code that 
it can handle and is expressed as number of bits (binary). For example, for an 8-bit con-
verter, the resolution is 1 part in 256.
Accuracy is expressed as either a percentage of full scale or alternatively in bits of resolution. 
For example, a converter may be termed 12-bit accurate if its error is 1 part in 4096. The sources 
of error contributing to the inaccuracy of a converter are linearity, gain error and offset error.
Integral non-linearity is a measure of the deviation of the transfer function from a straight line.
Off-set error is a measure of the difference of the analog value from the ideal at a code of 
all zeroes.
Gain error represents the difference in slope of the transfer function from the ideal.
Speed of an A/D converter is generally expressed as its conversion time, i.e. the time 
elapsed between application of a convert command and the availability of data at its 
outputs. The speed of D/A converter is measured by its settling time for a full scale 
digital input change.

Each of the above parameters is temperature-dependent and they are usually defined at 25° C.

Tri-state Drivers: The tri-state drivers provide the necessary isolation of the A/D converter 
output data from the microprocessor data bus and are available as 8-line units. Thus, for the 10 
or 12 bit converters, two drivers would be required which would be enabled by two different 
read addresses derived from the address decoder.

Some A/D converters have in-built tri-state drivers. However, because of their limited drive 
capability, they can be used only on lightly loaded buses. For heavily loaded systems, as in 
microcomputers, the built-in drivers are permanently enabled and separate tri-state drivers 
employed for the data bus isolation.

Control Logic: The control logic provides the necessary interface between the microprocessor 
system and the elements of the acquisition unit in providing the necessary timing control. It is 
to ensure that the correct analog signal is selected, sampled at the correct time, initiate the A/D 
conversion process (start-conversion = SC) and signals to the microprocessors on completion of 
conversion (end of conversion = EOC).

Output Interface: Digital output signals often have to be converted into analog form so that they 
can be used and acted upon by external circuits, e.g., oscilloscope, chart recorder, etc. Therefore, 
digital-to-analog (D/A) converters are used for converting a signal in a digital format into an 
analog form. The output of the D/A converter is either current or voltage when presented with 
a binary signal at the input.

The input coding for the D/A converter is similar to the output coding of the A/D converter, 
while full-scale outputs are jumper-selectable for 0 to ± 1, ± 5 and ± 10 V. D/A converters 
generally deliver the standard 4 to 20 mA output and loading can range from 50 W to 4 kW.
The important parameters which govern the choice of an A/D converter or D/A converter are 
resolution, measurement frequency, input characteristics, offset error, noise, microprocessor 
compatibility and linearity, etc.
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Multi-channel data acquisition systems with built-in A/D converters are now available in an 
integrated form, reducing the cost and size of the overall system. One such example is AD7329 
integrated circuit from M/s Analog Devices. It has an 8 channel multiplexer followed by a track-
and-hold and successive–approximation analog to digital converter.

1.7.3 PC-based Medical Instruments

An area of intense commercial activity in the field of medical instruments is due to the popularity 
of the so called personal computers (PC) or home computers. The low cost and increasing 
power of the personal computers have made them popular in the medical field. Also, software 
for personal computers is largely commercially available and the users can purchase and use it 
conveniently. Personal computers are now widely used in the medical field for data collection, 
manipulation and processing and are emerging as complete workstations for a variety of 
applications. A personal computer becomes a workstation with the simple installation of one or 
more “instruments-on-a-board” in its accessory slots, and with the loading of the driver software 
that comes with each board. The concept has proven to be ideal instrument, providing a low 
cost yet highly versatile computing platform for the measurement, capture, analysis, display 
and storage of data derived from a variety of sources.

Fig. 1.15 illustrates the typical configuration of a PC-based workstation. It is obvious that the 
system is highly flexible and can accommodate a variety of inputs, which can be connected to a 
PC for analysis, graphics and control. Basic elements in the system include sensors or transducers 
that convert physical phenomena into a measurable signal, a data acquisition system (a plug-in 
instrument/acquisition board), an acquisition/analysis software package or programme and 
computing platform. The system works totally under the control of software. It may operate 
from either the PC’s CD and/or hard disk drive. Permanent loading or unloading of driver files 
can be accomplished easily. However, for complex applications, some programming in one or 
several of the higher level programming languages such as ‘C language’ may be needed. Data 
received from the measurements can be stored in a file or output to a printer, plotter or some 
other device via one of the ports on the computer.
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phenomena

Biomedical
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Transducers Signal conditioning Data acquisition board
or module

Personal computer

Software

 Fig. 1.15 Typical configuration of  a PC based  medical instrument

PC-based medical instruments are gaining in popularity for several reasons including price, 
programmability and performance specifications offered. Software development, rather than 
hardware development, increasingly dominates new product design cycles. Therefore, one of the 
most common reasons why system designers are increasingly choosing PC and PC architecture 
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is for its rich and cost effective software tool set. This includes operating systems, device drivers, 
libraries, languages and debugging tools. Several examples of PC-based medical instruments 
can be found at various places in the book.

1.8 CONSUMER AND PORTABLE MEDICAL EQUIPMENT

In view of the increasing aged population, there are passionate efforts to take professional 
treatments beyond the hospital and into physicians’ offices and patients’ homes. Both clinical 
and home health equipments, such as blood pressure monitors, pulse oximeters and blood 
glucose meters, are challenged to extend battery life and make devices more wearable and 
accessible—without sacrificing accuracy or reliability. By developing innovative ways to 
increase integration, lower noise, and lower power consumption, the manufacturers are making 
healthcare more flexible, affordable and accessible.

Traditional clinical equipment such as digital stethoscopes, patient monitoring, ECG, EEG, 
and pulse oximetry have all become more portable through improvements in battery and battery 
management technologies, and the proliferation of wireless communications technologies like 
Bluetooth® and ZigBee®. The addition of features like touch screen control and audio feedback 
has taken away the complicated mix of knobs and dials and replaced them with menu-driven 
displays and user prompts. Extended battery life, ultra-low power and fast response times are 
driven by users’ desire to quickly know their health status; even on the go.

Whether developing a glucose meter, blood pressure meter, blood gas analyzer, digital 
thermometer, or a heart rate monitor there are system circuit blocks that are common to each: 
Power/Battery Management, Control and Data processing, Amplification and A/D Conversion, 
a display, and the sensor element itself. These are microcontroller controlled handheld devices 
that operate on battery and take measurements using various bio-sensors/transducers, with the 
topology of these blocks differing with the sensing, processing and information display. The 
common core subsystems are shown in Fig. 1.16.
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 Fig. 1.16 Block diagram of a typical portable medical instrument system (Courtesy: Texas Instruments)
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Analog Front-End/Sensor Interface-Bioelectric – Biosensor signals in portable meters 
are in general, slow moving and very low in amplitude. Front-end amplification may 
be required prior to A/D (analog-to-digital converter) conversion. Front-end excitation, 
if required, can be accomplished with a discrete or integrated DAC (digital-to-analog 
converter) within the microcontroller.
Microcontroller – The microcontroller executes the signal measuring processes and 
controls interface with memory and peripheral devices. As power consumption is criti-
cal, the broad product portfolio of the Ultra low power MSP430 family makes it an ideal 
processor choice. Their high level of integration simplifies the design and reduces system 
cost as buffer amplifiers, data conversion, LCD controllers, and user/keypad interface 
are internally provided.
Connectivity – For portable medical applications, connectivity has become critical as 
consumers and caregivers are requiring data to move from medical devices to data hubs 
such as computers and mobile phones. Power consumption, data rate and range are the 
three key considerations when selecting a wireless interface. The Zigbee protocol pro-
vides worldwide coverage, a moderate data rate and duty cycle, and supports a mesh 
network allowing multiple sensors in the same system with a wide range. Bluetooth and 
Bluetooth Low Energy protocols provide for limited range but higher data rate. 
Power Management and Conversion – Making power management decisions early in the 
design cycle will help define system-level tradeoffs necessary to meet run-time targets. 
Smaller portable medical products may use disposable batteries, whereas larger port-
able systems might leverage rechargeable battery chemistries. Features such as dynamic 
power path management (DPPM) permit the system to draw power independently of 
the battery charging path. This allows a device with completely discharged batteries to 
be used as soon as it is plugged in, rather than waiting for the batteries to recharge.
Audio Amplifier – The audio amplifier amplifies the audio signal coming either from a 
pulse width modulator (PWM) circuit or a DAC which can be used to notify users when 
measuring results are available. The DAC provides output voice instructions from speech-
synthesizer software.

1.9 IMPLANTABLE MEDICAL DEVICES

Implantable medical devices have been around for decades. Early on, most of the established 
applications for   medical devices focused on cardiac rhythm management. Such devices were 
used to treat irregular heart rhythms, such as bradycardia (heart beating too slow) or tachycardia 
(heart beating too fast).

In today’s world, implantable devices provide therapy to treat numerous conditions, 
particularly in neurological stimulation to treat sleep apnoea, pain management, Parkinson’s 
disease, epilepsy, bladder control and gastrointestinal disorders. Implantable systems can 
now provide precise dosage and interval delivery of drugs to more effectively treat patient’s 
conditions while minimizing side effects. These implantable devices pose a great challenge to 
the integrated circuit designers (McDonald et al., 2011).

Fig. 1.17 shows a block diagram of a typical implantable medical device with external 
controller. A vast majority of the integrated circuits supporting the implantable device can be 
divided into the following sections:
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 Fig. 1.17 Implantable device with external controller (Courtesy: Cactus Semiconductor)
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The sensing and stimulation sections of an implantable IC can be referred to collectively as the 
analog front end (AFE). The AFE’s unique requirements are responsible for many IC technology 
challenges. These analog interfaces often require high voltages for sensing or for delivering the 
required therapy. 

The sensing function allows a medical device to determine what action to take and/or what 
therapy to deliver. Examples of sensing in an implantable application would be detecting heart 
rhythm irregularities, or sensing the amount of glucose in the bloodstream. Various types of 
sensors exist, such as pressure, magnetic, inertial, touch, optical, temperature, voltage and 
current sensors. Many sensors are developed using micro-electromechanical systems (MEMS) 
technology. Mechanical aspects of the design present similar challenges in size. As mentioned 
previously, MEMS-based sensors are becoming more prevalent. Benefits include low cost, 
low power, miniaturization, high performance and integration. The availability of MEMS and 
sensors (transducers) in standard IC processing can provide further advances in integration.

Stimulation, or therapy delivery is based on the sensing of the condition being monitored, such 
as heart rate or glucose levels in the blood. However, some implantable devices run in “open loop” 
where the device is programmed in the doctor’s office to deliver a specific therapy. Once the device 
is turned on, the device delivers the programmed therapy with no real-time closed loop feedback.

The “brain” of the implantable integrated circuit is the CPU, often referred to as the microcontroller 
or microprocessor. The microprocessor executes the program memory and establishes the register 
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contents that control the AFE. The control of the AFE output is often derived from the analysis 
of the incoming data that has been digitized by an analog-to-digital converter (ADC) and read 
by the microprocessor. In many cases, the ADC may be built into the same integrated circuit as 
the microprocessor. In other cases, the ADC is considered part of the AFE. The microprocessor, 
combined with memory storage devices, can be referred to as the digital backend. Memory storage 
is essential for an implantable device for program and data storage.

Communication must occur between the implantable device and an external controller. 
Communication is necessary for initial setup of the implantable device and for monitoring 
and control of the implantable device. There are numerous communication standards that 
may be used to communicate between the implantable unit and the external controller or 
programmer. These standards include medical band radio MedRadio or Medical Implantable 
Communication Service (MICS), Bluetooth and Bluetooth Low Energy and antenna. In some 
systems the communications link may also be used to recharge the battery. This eliminates the 
need for two coils in the controlling unit and two coils in implantable device.

Power management involves such means by which the use of power for the implantable 
device is optimized and conserved. It is critical in the development of implantable devices. 
Implantable devices are powered by some type of battery or charge storage device such as 
a capacitor. Though many of these power sources are rechargeable, the recharging process 
involves patient interaction or may be otherwise inconvenient. Thus, maximizing the battery 
life or time between recharges is important.

In order to address the size, weight and power challenges of the system, battery technology 
is a key component. For example decades ago, batteries accounted for a majority of the weight 
and size of a pacemaker. Through the reduction in power requirements and advances in battery 
technology, the size and weight of the implantable device has dropped significantly. However, 
battery size still contributes to the overall size of the system.

To meet the overall system level requirements, such as functionality, performance, size, 
weight and power of implantable devices, advanced packaging technologies, low-power 
microcontrollers, sensors and RF technologies allow for innovative design solutions to develop 
system-on-chip products.

1.10 MICRO-ELECTRO-MECHANICAL SYSTEMS (MEMS)

Micro-Electro-Mechanical Systems (MEMS) are the integration of mechanical elements, sensors, 
actuators and electronics on a common silicon substrate made using micro-fabrication technology. 
Thus, MEMS are a broad set of technologies developed with the goal of miniaturizing systems 
through the integration of functions into small packages. Micro-fabricated components are small 
sized, light weight, rugged and consume low power.

MEMS find a number of applications in the biomedical field for making in vivo measurements. 
Some of the devices for which MEMS have been developed are:

Micro-pump – used to pump small amounts of fluid, all the way down to pico-liters.

(force to voltage).
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Fig. 1.18 shows two examples of use of 
MEMS as a sensor and a micro-gear.

Integrated circuits (ICs) are fabricated 
using micro-fabrication techniques. However, 
they involve electrons and move them about, 
amplify, attenuate etc. ICs are based on the 
transistor—a basic unit or building block of 
ICs. Most IC’s are silicon based, depositing a 
relatively small set of materials. On the other 
hand, MEMS do not have a basic building block 
i.e. there is no MEMS equivalent of a transistor. However, some MEMS are silicon based and use 
surface micromachining (CMOS-based) technology.

What differentiates many MEMS devices and products from ICs is that the processes used 
to fabricate can be radically different and non-compatible. So, MEMS are far more complex 
than ICs, and hence, these applications need to draw from a large variety of technologies to be 
successful. ICs and MEMS can be integrated on one chip if the processes are compatible.

The advantages of MEMS are low cost, low power consumption, miniaturization, integration 
and high performance.  MEMS technology has been rapidly growing since the last two decades 
and now they are not just restricted to  electrical and mechanical systems but are widely being 
used in physics, chemistry, biology, medicine, optics and aerospace. MEMS technology is thus 
diverse and includes many sub-fields such as Optical MEMS, RF MEMS, BioMEMS etc.

BioMEMS stands for biomedical micro-electro-mechanical systems. They have emerged as a 
subset of MEMS devices for applications in medicine, biology and biomedical research. In general, 
BioMEMS can be defined as devices or systems, constructed using micro/nano scale fabrication 
techniques and are used for processing, delivery, manipulation, construction or analysis of biological 
and chemical entities (Bashir, 2004). Fig. 1.19 shows typical examples of the various research areas 
resulting from the integration of biomedical disciplines with micro- and nano-scale systems.
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 Fig. 1.19 Integration of micro/nano scale systems with biomedical sciences (Redrawn after Bashir, 
2004) (a) Areas on the right: Applications of biology to micro/nano scale systems and materials. (b) Areas 
on the left: Applications of micro/nano systems to biological problems.
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 Fig. 1.18  Typical examples of MEMS (a) Micro-
sensor (b) Micro-gear
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1.11 WIRELESS CONNECTIVITY IN MEDICAL INSTRUMENTS

Connectivity plays an important role in modern clinical, patient monitoring, and consumer 
medical devices. Connectivity for portable medical applications has become critical as data is 
required to move from medical devices to data hubs such as computers and mobile phones. 
The world is going wireless and medical applications are no exception. They offer a number of 
advantages over wired alternatives, including: ease of use, reduced risk of infection, reduced 
risk of failure, reduced patient discomfort, enhance mobility and low cost of care delivery.

Portable devices such as heart rate monitors, pulse oximeters, spirometers and blood 
pressure monitors are essential instruments in intensive care. Traditionally, the sensors for 
these instruments are attached to the patient by wires; and the patient sequentially becomes 
bed-bound.  In addition, whenever patient needs to be moved, all monitoring devices have to 
be disconnected and then reconnected later. All these time-consuming jobs can be dispensed 
with and the patients liberated from instrumentation and bed by wireless technology. Integrated 
medical and wireless technology, devices could communicate with a gateway that connects to 
the medical centre’s network and transmits data to health data stores for monitoring, control, 
or evaluating in real time or offline after storage.

Continuous and pervasive medical monitoring is now available with the present day 
wireless healthcare systems and telemedicine services. In emergency situations, real-time 
health parameter is crucial. According to the American Heart Association, treatment of a patient 
experiencing ventricular fibrillation within the first 12 minutes of cardiac arrest brings a survival 
rate of 48% – 75%. The survival rate drops to 2% – 4% after 12 minutes. With wireless continuous 
medical monitoring systems, patients’ information such as blood pressure, heart rate, and 
electrocardiogram can be sent instantly to specialized medical centers to store and process 
properly. Medical emergencies can be detected sooner and proper treatment can be applied 
timely. Health care effectiveness in several situations is improved significantly with the use of 
wireless communication technologies.

Portability requirements call for these devices to be small in size, consume minimal power and include 

Fig. 1.20 shows various wireless technologies and their range of applications. Some of the 
important standards governing the applications of wireless technologies are:

1.11.1 WiMAX (Worldwide Interoperability for Microwave Access)

WiMAX (Worldwide Interoperability for Microwave Access) is a wireless communications 
standard designed to provide high data rates, with the 2011 update providing up to 1 Gbit/s 
for fixed stations. The name “WiMAX” was created by the WiMAX Forum, which was formed 
in June 2001 to promote conformity and interoperability of the standard. The forum describes 
WiMAX as “a standards-based technology enabling the delivery of last mile wireless broadband 
access as an alternative to cable and DSL”.

It is based on IEEE 802.16 standards. With advantages in mobility, WiMAX technology is an 
excellent choice for telemedicine service providers in both fixed and mobile environments. As 
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an example, in pre-hospital management system in an ambulance, diagnostic images could be 
transmitted from the ambulance to the hospital and doctors can start diagnosing while patient 
is on the way to the hospital.

1.11.2 WLAN (Wireless Local Area Network)

The first and oldest wireless technology used in medical application is wireless local area 
network (WLAN). The standards of WLAN were first introduced in 1997, namely IEEE 802.11. 
The capacities of IEEE 802.11 standards evolved from 1– 2Mbps in the initial version to 54Mbps 
in IEEE 802.11a and IEEE 802.11b. IEEE 802.11a has a range of 100 feet and 802.11b has coverage 
of 350feet outdoors and 150 feet indoor. Many extensions of 802.11 have been released, including 
those with higher throughput of up to 200Mbps. Nowadays, WLANs are provided in almost all 
modern hospitals. Patient’s data is easily transferred around the hospital. WLANs are widely 
used in telemedicine, healthcare data transmission, and many other applications which will be 
discussed in the later sections.

1.11.3 WPAN (Wireless Personal Area Network)

WPANs are gaining in popularity, with wireless motes available from industry. A number of 
physiological monitoring systems based on the motes have been proposed and deployed in 
real clinical settings. In addition to patient monitoring, these systems can be used for patient 
tracking in situations where location information is essential. WPAN usually uses Zigbee or 
Bluetooth standards.

1.11.4 WBAN (Wireless Body Area Network)

Recent technological developments in low-power integrated circuits, wireless communications 
and physiological sensors promote the development of tiny, lightweight, ultra-low-power 
monitoring devices. A body-integratable network, so-called WBAN, can be formed by integrating 
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 Fig. 1.20 Wireless connectivity and their areas of applications (Courtesy: Waegemann, 2003)
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these devices. WBAN with sensors consuming extremely low power is used to monitor patients 
in critical conditions inside hospital. Outside the hospital, the network can transmit patients’ 
vital signs to their physicians over the Internet in realtime. WBAN usually uses Zigbee, or UWB 
standard.

1.11.5 Wireless Connectivity with ZigBee

With the use of ZigBee wireless sensors, the patients can move around inside hospitals, or in 
their homes, and the sensors will still monitor and send critical health data to the hospital or 
doctor. Being independent of a patient’s exact geographical location has a positive impact on 
both the patient and the hospital. The ZigBee standard provides a simple, reliable, low-cost 
and low-power standards-based wireless platform for medical application development.

ZigBee is a wireless mesh network standard. The data is transmitted over longer distances 
by passing data through intermediate devices to reach more distant ones, creating a mesh 
network. ZigBee operates in the industrial, scientific and medical (ISM) radio bands; 868 MHz 
in Europe, 915 MHz in the USA and Australia and 2.4 GHz in most jurisdictions worldwide. 
Data transmission rates vary from 20 kilobits/second in the 868 MHz frequency band to 250 
kilobits/second in the 2.4GHz frequency band.

ZigBee builds upon the physical layer and medium access control defined in IEEE standard 
802.15.4 (2003 version) for low-rate WPANs (Wireless Personal Area Network). The specification 
goes on to complete the standard by adding four main components: network layer, application 
layer, ZigBee device objects (ZDOs) and manufacturer-defined application objects which allow 
for customization and favour total integration.

1.11.6 Wireless Connectivity with Bluetooth

Bluetooth is a wireless technology standard for exchanging data over short distances. Bluetooth 
solutions are designed for low-cost, low-power and short range connectivity. The technology 
enables direct wireless communication to cellular phones, laptops and other Bluetooth enabled-
devices such as sports and fitness watches, GPS/handhelds, and other personal monitoring 
devices. It was originally conceived as a wireless alternative to RS-232 data cables. It can connect 
several devices, overcoming problems of synchronization.

Bluetooth is managed by the Bluetooth Special Interest Group (SIG), which has more than 
18,000 member companies in the areas of telecommunication, computing, networking, and 
consumer electronics. Bluetooth was standardized as IEEE 802.15.1, but the standard is no longer 
maintained. The SIG oversees the development of the specification, manages the qualification 
program, and protects the trademarks.

Bluetooth operates in the range of 2400–2483.5 MHz. This is in the globally unlicensed 
Industrial, Scientific and Medical (ISM) 2.4 GHz short-range radio frequency band. Bluetooth 
uses a radio technology called frequency-hopping spread spectrum. The transmitted data is 
divided into packets and each packet is transmitted on one of the 79 designated Bluetooth 
channels. Each channel has a bandwidth of 1 MHz.

Bluetooth is a packet-based protocol with a master-slave structure. One master may 
communicate with up to 7 slaves in a piconet; all devices share the master’s clock. Bluetooth 
provides a secure way to connect and exchange information between devices and is principally 
designed as a low-bandwidth technology.
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1.12  GENERAL CONSTRAINTS IN DESIGN OF MEDICAL
INSTRUMENTATION SYSTEMS

Medical equipment are primarily used for making measurements of physiological parameters 
of the human body and also in some cases a stimulus or some kind of energy is applied to the 
human body for diagnosis and treatment. Some of the important factors, which determine the 
design of a medical measuring instrument, are:

Measurement Range: Generally the measurement ranges are quite low compared with 
non-medical parameters. Most signals are in the microvolt to millivolt range.

Frequency Range: Most of the bio-medical signals are in the audio frequency range or 
below and that many signals contain dc and very low frequency components.

These general characteristics of physiological signals limit the practical choices available to 
designers of medical instruments. Besides, there are some additional constraints, which need to 
be considered while designing a measurement system for medical applications. Some of these are:

Inaccessibility of the Signal Source: One of the major problems in making measurements from 
a living system is the difficulty in gaining access to the source of the physiological variable 
being measured. For example; measurement of intracranial pressure in the brain requires the 
placement of a sensor in the brain, which is quite a difficult task. Besides, the physical size of 
many sensors may put a constraint for its use on the area of interest. Evidently, such inaccessible 
physiological variables must be measured indirectly. The typical example of making indirect 
measurement of blood pressure on the brachial artery is that of using cuff-based Korotoff 
method. In such cases, corrections need to be applied to data that might have been affected due 
to the indirect measuring process.

Variability of Physiological Parameters: Physiological variables of interest for measurement 
from the human body are rarely deterministic as they are generally time-variant. In other words, 
many medical measurements vary widely among normal patients even when conditions are 
similar. Therefore, the physiological variable must be represented by some kind of empirical, 
statistical and probabilistic distribution function.

Many internal anatomical variations exist among patients and therefore, the variability 
of physiological parameters from one patient to another is a normal observation. Therefore, 
statistical methods are employed in order to establish relationships among variables.

Interference among Physiological Systems: Many feedback loops exist among physiological 
systems and many of the interrelationships amongst them contribute to this inherent variability 
of physiological signals. In other words, stimulation of one part of a given system generally affects 
all other parts of that system in some way. Also, unlike many complex non-medical systems, a 
biological system is of such a nature that it is not possible to turn it off and remove parts of it 
during measurement procedure to avoid interference from undesirable physiological signals.

Transducer Interface Problems: All measurement systems are affected in some way by 
the presence of the measuring transducer. The problem gets compounded while making 
measurement on the living system where the physical presence of the transducer may change 
the reading significantly. Also, the presence of a transducer in one system can affect responses 
in other systems.

Adequate care needs to be taken while designing a measuring system to ensure that the 
loading effect of the transducer is minimal on the source of the measured variable.
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High Possibility of Artifacts: The term artifact refers to an undesirable signal that is extraneous 
to the physiological variable under measurement. The examples of artifacts are 50 Hz electrical 
interference, cross talk and noise generated within the measuring instrument. A major source of 
artifacts in medical instruments is due to the movement of the subject. Many of the transducers 
are sensitive to the movement and therefore, the movement of the subject result in generating 
spurious signals, which may even be large enough to obscure the signal of interest. This type 
of situation puts a heavy demand on the signal conditioning part of the measurement system.

Safe Levels of Applied Energy: Nearly all biomedical measurements require some form of 
energy to be applied to the living tissue or some energy gets applied as an incidental consequence 
of transducer operation. For example, ultrasonic imaging techniques depend upon externally 
applied ultrasound energy to the human body. Safe levels of the various types of energy on the 
human subjects are difficult to establish. However, designers of medical instruments depend 
upon a large number of studies carried out by numerous researchers, which establish the 
threshold of adverse affects by the applied energy.

Patient Safety Considerations: Medical instruments have to be physically connected to the 
patient in some way or the other. In case it happens to be an electric or electronic equipment, the 
possibility of an electric shock hazard is very strong unless adequate measures have been taken 
in the design of the equipment. In addition, the equipment is used by non-technical medical and 
paramedical staff and their safety needs also to be ensured. Various organisations at national and 
international level have laid down specific guidelines to provide for the safety and effectiveness 
of the medical devices intended for use on human subjects.

Reliability Aspects: In case of life saving equipment like defibrillators, their failure to 
operate or provide desired output can become a potential life threat for the patient. Therefore, 
equipment must be reliable, simple to operate and capable of withstanding physical abuse due 
to transportation within the hospital or in the ambulances and exposure to corrosive chemicals.

Human Factor Considerations: As a result of the increasing complexity of medical devices and 
systems, the demand of physicians and paramedical staff using the equipment continue to grow. 
The equipment requires a high amount of information exchange between itself and the user in 
order to monitor and control the technical functions of the system. Furthermore, medical staff 
generally has only little experience in working with complex technical system. There is a risk that 
the medical staff is not able to master the equipment adequately for every task. This inadequacy 
can increase the probability of error and reduce the quality and reliability of a clinical procedure.

As a result, the desired or intended performance of the whole system may not be achieved due 
to deficiencies in man-machine interaction. The user interface design issues therefore assume 
more and more importance in case of medical equipment.

Government Regulations: During the initial stages of introduction of technology and a range of 
diagnostic and therapeutic devices in the medical field, there was almost no government control on 
their design, testing and sales. Situation is rapidly changing and government regulations are being 
introduced to ensure that the equipment perform their intended function and are safe to operate 
and function. Designers of medical instruments should therefore be fully conversant with all such 
regulations on a particular product or system issued by national and international agencies.

It is thus obvious that there are many factors that impose constraints on the design of medical 
instruments. In addition to these, there are general considerations, which need to be considered 
into the initial design and development of a medical instrument. These factors are:
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Signal Considerations: Type of sensor, sensitivity, range, input impedance, frequency response, 
accuracy, linearity, reliability, differential or absolute input.

Environmental Considerations: Signal-to-noise ratio, stability with respect to temperature, pressure, 
humidity, acceleration, shock, vibration, radiation etc.

Medical Considerations: Invasive or non-invasive technique, patient discomfort, radiation and 
heat dissipation, electrical safety, material toxicity etc. 

Economic Considerations: Initial cost, cost and availability of consumables and compatibility with 
existing equipment.

Obviously, a project for a commercial medical instrument is quite complex which must take 
into consideration several factors before it is launched for design and development. In addition, 
the association of the engineering design team with motivated medical professionals is essential 
for the success of the project. This association is useful not only during the development process, 
but also for the clinical trials of the product so developed.

1.13 REGULATION OF MEDICAL DEVICES

The medical instrumentation industry in general and hospitals in particular are required to be 
most regulated industries. This is because when measurements are made on human beings and 
by the human beings, the equipment should not only be safe to operate but must give intended 
performance so that the patients could be properly diagnosed and treated. Adequate measures 
need to be evolved so that the users of medical equipment are not subject to legal, moral and 
ethical issues in their practice since they deal with the health of the people which could at 
times be as vital as the question of life and death. To minimize such type of problems, various 
countries have introduced a large number of codes, standards and regulations for different types 
of equipment and facilities. It is, therefore, essential that design and maintenance engineers 
understand their significance and be aware of the issues that are brought about by technological 
and economic realities.

Regulations: A regulation is an organisation’s way of specifying that some particular standard 
must be adhered to. These are rules normally promulgated by the government.

Standards: A standard is a multi-party agreement for establishment of an arbitrary criterion for 
reference. Alternatively, a standard is a prescribed set of rules, conditions or requirements concerned 
with the definition of terms, classification of components, delineation of procedures, specifications 
of materials, performance, design or operations, measurement of quality and quality in describing 
materials, products, systems, services or practice. Standards exist that address systems (protection 
of the electrical power distribution system from faults), individuals (measures to reduce potential 
electric shock hazards) and protection of the environment (disposal of medical waste).

Codes: A code is a system of principles or regulations or a systematized body of law or an 
accumulation of a system of regulations and standards. The most familiar code in USA is the 
National Electric Code issued by National Fire Protection Association (NFPA). In India, it is the 
National Electric Code issued by the Bureau of Indian Standards. Thus, a code is a compilation 
of standards relating to a particular area of concern. For example; a state government health 
codes contain standards relating to providing health care to the state population.

Specifications: It is a set of documents used to control the procurement of equipment by laying 
down the performance and other associated criteria. These documents usually cover design 
criteria, system performance, materials and technical data. Standards, codes and regulations 
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may or may not have legal implications depending upon whether the promulgating organisation 
is government or private.

1.13.1 Types of Standards

There are in general three type of standards for medical devices:

Voluntary Standards: Developed through a consensus process where manufacturers, users, 
consumers and government agencies participate. They carry no inherent power of enforcement 
but provide a reference point of mutual understanding.

Mandatory Standards: Required to be followed under law. They are incumbent on those to whom 
the standard is addressed and enforceable by the authority having jurisdiction.

Proprietary Standards: Developed either by a manufacturer for its own internal use or by a trade 
association for use by its members. They can be adopted as voluntary or mandatory standards 
with the consensus/approval of the concerned agencies.

1.13.2 Regulatory Requirements

Most major world markets regulate medical equipment. In 1976, the US Congress approved 
Medical Device Amendments to the Federal Food, Drug and Cosmetic Act which empowered 
the Food and Drug Administration (FDA) to regulate nearly every facet of the manufacture and 
sale of medical and diagnostic devices. The term “Medical Device” in this law means “any item 
promoted for a medical purpose that does not rely on chemical action to achieve its intended 
effect”. Further amendments to the Act have been made with the primary purpose to ensure the 
safety and efficacy of new medical devices prior to marketing of the devices.

Most countries of the world have their own internal agencies to set and enforce standards. 
For example, in India, the agency responsible for laying down standards for various products 
and services is Bureau of Indian Standards (BIS). However, in the present world of international 
cooperation and trade, it has become necessary to adopt uniform standards which could be 
applicable across national boundaries. There are two organisations at the international level 
which are active in this area.

International Electro-technical Commission (IEC): Deals with all matters relating to stand-
ards for electrical and electronic items. Membership in the IEC is held by a national com-
mittee for each nation. The IEC cooperates closely with the International Organization for 
Standardization (ISO) and the International Telecommunication Union (ITU). In addition, 
it works with several major standards development organisations, including the IEEE with 
which it signed a cooperation agreement in 2002, which was amended in 2008 to include 
joint development work.

One of the notable standards developed under IEC is 60601–1, Safety of Medical Electrical 
Equipment, Part–I: General Requirements for Safety (1988) and its Amendment (1991) and the 
document 60601-1-1, Safety Requirements for Medical Electrical Systems.

The IEC 60601-1 is the regulatory standard addressing many of the risks associated with 
electrical medical equipment. To ensure that a device complies with IEC 60601 is a complex task 
and the design methodologies should be such as to achieve the required isolation to make the 
equipment safe. The organisations such as Underwriters Laboratories (UL) and International 
Electro-technical Commission (IEC) ensure that all medical electronic products provide a high 
level of safety for the operator and the patient. The standard defines both mechanical and 
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electrical requirements intended to reduce the electrical hazards both under normal and single 
fault conditions. In medical devices, electrical safety is not considered to be dependent on 
voltage, but on leakage currents. This is because even a very low voltage, when applied to 
internal tissue/organs, can cause leakage currents through the body which may be fatal. IEC 
60601-1 specifies the requirements for leakage currents.

There are collateral (horizontal) standards, which supplement the core requirements 
by providing technology-related safety requirements. The naming convention for collateral 
standards is IEC 60601-1-xx. Technologies addressed by collateral standards include medical 
systems, EMC, X-ray radiation, and programmable systems. There are also particular (vertical) 
standards, which supplement the core requirements by providing device-specific safety and 
performance requirements. The naming convention for particular safety standards is IEC 60601-2-
xx. Specific devices addressed by particular standards include RF surgical devices, ECG monitors, 
infusion pumps and hospital beds. There are approximately 40 Part 2 standards (Mathew, 2002). 

The third edition of IEC 60601-1 was introduced in December 2005. The standard has been 
renamed “General requirements for basic safety and essential performance” to reflect the fact 
that inadequate equipment performance may give rise to hazards. The new standard states 
that the manufacturer must have in place a risk management process in order to ensure that 
the equipment design process results in equipment that is suitable for its intended purpose and 
that any risks associated with its use are acceptable.

In Europe, the Medical Devices Directive (93/42/EEC, Article 3) requires medical devices to 
meet the “essential requirements.” Compliance is presumed by conformity to the harmonized 
standards in the Official Journal of the EC (93/42/EEC, Article 5). IEC 60601 + regional deviations 
(EN 60601) is a harmonized standard. Similarly, IEC 60601 forms the basis for national medical 
equipment safety standards in many countries, including Japan, Canada, Brazil, Australia and 
South Korea. IEC 60601 is a series of standards. 

International Organization for Standardization (ISO): This organisation oversees as-
pects of device standards other than those related to electro-technology. The purpose 
of the ISO is to facilitate international exchange of goods and services and to develop 
mutual cooperation in intellectual, scientific, technological and economic ability.

In addition, many agencies promulgate regulations and standards in the areas of electrical 
safety, fire safety, technology management, occupational safety, radiology, nuclear medicine, 
clinical laboratories, bio-safety, infection control, anaesthesia equipment, power distribution 
and medical gas systems. There are thousands of applicable standards, clinical practice 
guidelines, laws and regulations. In addition, voluntary standards are issued by a large number 
of organisations and mandatory standards by numerous government agencies. Biomedical 
engineers are therefore, advised to consult the relevant international/national standards for 
effective discharge of their professional duties.

There are multiple interpretations for the terms listed below. For the sake of clarity, they are 
defined as follows: 

Health technology: The application of organised knowledge and skills in the form of devices, 
medicines, vaccines, procedures and systems developed to solve a health problem and improve 
quality of life. It is used interchangeably with health care technology.
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Medical device: An article, instrument, apparatus or machine that is used in the prevention, 
diagnosis or treatment of illness or disease, or for detecting, measuring, restoring, correcting or 
modifying the structure or function of the body for some health purpose. Typically, the purpose 
of a medical device is not achieved by pharmacological, immunological or metabolic means.

Medical equipment: Medical devices requiring calibration, maintenance, repair, user training, 
and decommissioning—activities usually managed by clinical engineers. Medical equipment 
is used for the specific purposes of diagnosis, treatment, or rehabilitation of disease or injury, 
and can be used either alone or in combination with any accessory, consumable or other 
medical equipment. Medical equipment excludes implantable, disposable or single-use 
medical devices.

All electrical equipment are categorised into classes according to the method of protection 
against electric shock that is used. For mains-powered electrical equipment there are usually two 
levels of protection used, called “basic” and “supplementary” protection. The supplementary 
protection is intended to come into play in the event of failure of the basic protection.

Class I product (General Controls): A product that is provided with a reliable protective earth 
such that all accessible metal parts can’t become live in the event of a failure of basic insulation 
and therefore will provide protection against electric shock in the case of the failure of basic 
insulation. 

Class I equipment have a protective earth. The basic mean of protection is the insulation 
between live parts and exposed conductive parts such as the metal enclosure. In the event of a 
fault which would otherwise cause an exposed conductive part to become live, the supplementary 
protection (i.e. protective earth) comes into effect. A large fault current flows from the mains part 
to earth via the protective earth conductor which causes a protective device (usually a fuse) in 
the mains circuit to disconnect the equipment from the supply. The effective resistance of the 
ground conductor should be less than 0.1 ohm. 

In Class I equipment, the controls authorized by law are sufficient to provide reasonable 
assurance of the safety and effectiveness of the device. Manufacturers are required to perform 
registration, pre-marketing notification, record keeping, labeling, reporting of adverse experiences 
and good manufacturing practices. Obviously, these controls apply to all three classes.

Class II product (Performance Standards): This applies to devices for which general controls 
alone do not provide reasonable assurance of safety and efficacy, and for which existing 
information is sufficient to establish a performance standard that provides this assurance. 
However, until performance standards are developed by regulation, only general controls apply. 
A Class II product is without a protective earth. 

The method of protection against electric shock in the case of Class II equipment is either 
double insulation or reinforced insulation (typically a plastic enclosure). In double insulated 
equipment the basic protection is afforded by the first layer of insulation. If basic protection fails, 
then supplementary protection is afforded by a second layer of insulation preventing contact with 
live parts. Class II medical electrical equipment should be fused at the equipment end of the supply 
lead in either mains conductor or in both conductors if the equipment has a functional earth. 

Class III product (Pre-market Approval): This applies to devices which are used to support or 
sustain human life or to prevent impairment of human health, devices implanted in the body 
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and devices which present a potentially un-reasonable risk of illness or injury. These are highly 
regulated devices and require manufacturers to prove their safety and effectiveness prior to their 
market release. Usually, Class III is a product with internally powered source, such as a battery. 

Also, Class III equipment is defined as that in which protection against electric shock relies on 
the fact that no voltages higher than safety extra low voltage (SELV) are present. SELV is defined 
in turn in the relevant standard as a voltage not exceeding 25V ac or 60V dc. 

It may be of interest to note that software which is being increasingly used in medical devices 
has become an area of utmost importance because several serious accidents have been traced to 
software bugs and problems. In view of this, there is an increased requirement for maintaining 
traceability of devices to the ultimate customer, post marketing surveillance for life-sustaining 
and life-supporting implants, and hospital reporting system for adverse incidents.

1.13.5 Equipment Types based on Degree of Protection

Different pieces of medical electrical equipment {APPLIED PARTS} have different areas of 
application and therefore have different electrical safety requirements. For example, it would not 
be necessary to make a particular piece of medical electrical equipment safe enough for direct 
cardiac connection if there is no possibility of this situation arising. Fig. 1.21 shows the three 
types of equipment based on the degree of protection.

Type B

Type BF

Type CF

Type F

Type T

Non-isolated applied
part

Isolated applied part

Isolated applied part
suitable for direct
cardiac application

Food device

Transportable device

 Fig. 1.21 Types of equipment based on the degree of protection

Type B equipment: Class I, II or III; adequate protection against electric shock with regards 
to leakage current and reliability; suitable for external use and internal applications except 
catheterization.

BF equipment: Floating isolated applied part. It is only intended for connection to patient’s skin 
but has floating input circuits. No connections between patient and earth.

CF equipment: Class I, II or III providing a higher protection against shock intended for direct 
cardiac applications. Minimum required resistance between mains lead and earth  = 20 M W and 
70 M W between mains leads and applied parts connected to patient.

Applied Part: A part of the equipment which in normal use necessarily comes into physical 
contact with the patient for the equipment to perform its function; or can be brought into contact 
with the patient; or needs to be touched by the patient.  
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1.14 ROLE OF ENGINEERS IN HEALTHCARE FACILITIES

It is almost inconceivable to think about providing healthcare in today’s world without medi-
cal devices, equipment and technologies. In the early stages, the focus was to develop such 
technologies that could help to extend the physicians’ senses in the area of observation and 
measurement of physiological parameters. Up to about 1950s, only a few medical instruments 
were available and consisted mainly of the X-ray, ECG machine, sphygmomanometer and the 
thermometer. Thus, for the most part, diagnosis was based more on symptoms than any testing. 
Treatment of the patient was based on the clinical acumen and experience of the physician and 
was done mostly through the administration of drugs. Since the hospitals had little to offer in 
the way of treatment of the sick, much of the twentieth century’s early healthcare was done in 
homes where the patient’s family provided nursing care with instructions from the physicians.

The scenario has changed now. The research and development efforts of the engineering 
community and the medical device industry, there is a change in how healthcare is delivered. 
As new equipment for diagnosis and treatment and the development of hospital laboratory 
facilities grew, the hospital has become the focal point for the delivery of healthcare, with an 
associated development of allied health specialists.

The vast majority of medical technology used in the present day healthcare delivery is centred 
around electronic or electromechanical instruments. It is the introduction of this equipment into 
the environment of the medical practitioner, who by education and training is not equipped to 
deal with the highly technical electro-medical systems that has necessitated the emergence of 
a new medical specialty, broadly known as Biomedical Engineering and the term Biomedical 
Instrumentation for the methods of measurement of biological variables.

The field of biomedical engineering obviously covers a wide spectrum of activities ranging from 
research, design and development of new devices and technologies to the effective maintenance 
and management of the equipment in the health care facilities. To differentiate the different roles 
played by the engineer in different settings, separate terms are used specifically to describe their 
specific roles. For example: A biomedical engineer is a person working in research or development 
in the interface area of medicine and engineering, where as the practitioner working with the 
physicians and patients is called a clinical engineer. In addition, other titles are also used, such as 
hospital engineer and medical engineer. The engineers are usually assisted by diploma holders in 
engineering who are designated as Biomedical Equipment Technicians (BMET).

Since it is engineering creativity that has brought this level of science to the bedside of the 
patient, though with the active association of the physicians, it is natural for engineers to provide 
the expertise required for proper utilization of these engineering systems for the delivery of 
healthcare. It is the clinical engineer who practices his/her profession within clinics, hospitals, 
medical centres or other healthcare institutions. The clinical engineer is responsible for all 
devices and instruments, including planning for purchase and installation, acceptance criteria, 
certification of performance and surveillance of warranty and service agreements, planning 
preventive maintenance and ensure breakdown repair for all equipment in the hospital. Another 
area of responsibility for the clinical engineer is to ensure compliance of technical standards and 
codes set forth by various agencies, federal governments and accrediting bodies. The role of 
clinical engineer is so important in a modern healthcare facility that it is generally recommended 
that a clinical engineer should be part of the staff of every hospital of 250 beds.

Most biomedical or clinical engineers come into this profession with an engineering degree, but 
there may be some who are physicists or physiologists. Whatever may be the basic background 
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of a person, he/she must learn some anatomy and physiology in order that the two disciplines 
can work effectively together.

It is a general observation that some physicians are still reluctant to consider engineers as 
professionals and would tend to place them in subservient position rather than class them as 
equals. With the present level of use of high technology in the medical profession, it is high 
time that the medical profession realizes the role of the engineers working with them and give 
them due respect and status, which they would have otherwise got, had they not been working 
in the hospital setup.

MODEL QUESTIONS

1. Describe the cardiovascular system in detail. Name the four valves associated with the functioning 

of the heart and describe their function.

2. Illustrate in brief the working of the respiratory system. Explain the mechanism of the oxygenation 

of the blood.

3. What is the function of the ‘nervous system’ and what are its parts?

4. Name the three major parts of the brain and explain their working. What is the function of the 

spinal cord?

5. Name five types of bio-signals and explain their origin.

6. Illustrate with the help of a block diagram a generalized medical instrumentation system and its 

various subsystems.

7. What is the significance of the following parameters in determining the performance of a medical 

instrument?

- Input impedance

- Frequency response

- Signal-to-noise ratio

8. What is an intelligent medical instrument? Describe the role of a microprocessor/microcontroller 

in providing intelligence to an instrumentation system.

9. Describe in detail the various parts of a universal interface circuit for connecting analog signals to 

microprocessors.

10. Explain the function of an A/D converter. What are the key parameters in A/D converters and 

their significance in determining the performance of an instrument?

11. Explain a typical configuration of a PC-based medical instrument system.

12. What are the major constraints encountered while designing a measurement system for medical 

applications? Explain with examples.

13. Explain the difference between a standard and a ‘Code’. What are the different types of standards? 

Name two international agencies associated with standardization activity.

14. What are the basic subsystems in a portable homecare medical equipment? Explain their function.

15. Draw a diagram showing various parts of an implantable medical device. Explain the challenges 

in developing such devices.

16. What are MEMS and what are their possible uses in medical instrumentation?

17. Explain the advantages of wireless connectivity in medical instrumentation. Distinguish between 

Zigbee and Bluetooth applications.

18. Describe various types of equipment classification based on method of protection and based on 

degree of protection.



Bioelectric Signals and Electrodes

2.1 ORIGIN OF BIOELECTRIC SIGNALS

The association of electricity with medical science dates back to the 18th century when Galvani 
demonstrated that most of the physiological processes were accompanied with electrical changes. 
This discovery formed the basis of the explanation of the action of living tissues in terms of 
bioelectric potentials. It is now well established that the human body, which is composed of 
living tissues, can be considered as a power station generating multiple electrical signals with 
two internal sources, namely muscles and nerves. Normal muscular contraction is associated 
with the migration of ions which generates potential differences measurable with suitably 
placed electrodes. For example, the heart and the brain produce characteristic patterns of voltage 
variations which when recorded and analyzed are useful in both clinical practice and research. 
Potential differences are also generated by the electrochemical changes accompanied with the 
conduction of signals along the nerves to or from the brain. These signals are of the order of a 
few microvolts and give rise to a complicated pattern of electrical activity when recorded. The 
fact that the activity of the living tissues is due to the potential changes in them suggested the 
use of external electricity for the diagnosis of certain diseases affecting muscles and nerves, for 
the augmentation or replacement of a deficient natural activity or for the restoration of a palsied 
muscle.

Bioelectric potentials are generated at a cellular level and the source of these potentials is 
ionic in nature. A cell consists of an ionic conductor separated from the outside environment 
by a semipermeable membrane which acts as a selective ionic filter to the ions. This means that 
some ions can pass through the membrane freely whereas others cannot do so. All living matter 
is composed of cells of different types. Human cells may vary from 1 micron to 100 microns in 
diameter, from 1 mm to 1 m in length, and have a typical membrane thickness of 0.01 micron 
(Peter Strong, 1973).

Surrounding the cells of the body are body fluids, which are ionic and which provide a 
conducting medium for electric potentials. The principal ions involved with the phenomena of 
producing cell potentials are sodium (Na+), potassium (K+) and chloride (Cl–). The membrane of 
excitable cells readily permits the entry of K+ and Cl– but impedes the flow of Na+ even though 
there may be a very high concentration gradient of sodium across the cell membrane. This 
results in the concentration of the sodium ion more on the outside of the cell membrane than on 
the inside. Since sodium is a positive ion, in its resting state, a cell has a negative charge along 
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the inner surface of its membrane and a positive charge along the outer portion. The unequal 
charge distribution is a result of certain electrochemical reactions and processes occurring 
within the living cell and the potential measured is called the resting potential. The cell in such 
a condition is said to be polarized. A decrease in this resting membrane potential difference is 
called depolarization.

The distribution of positively charged ions on the outer surface and negatively charged ions 
inside the cell membrane results in the difference of potential across it and the cell becomes, 
in effect, a tiny biological battery. Experiments have shown that the internal resting potential 
within a cell is approximately –90 mV with reference to the outside of the cell. When the cell 
is excited or stimulated, the outer side of the cell membrane becomes momentarily negative 
with respect to the interior. This process is called depolarization and the cell potential changes 
to approximately +20 mV. Repolarization then takes place a short time later when the cell 
regains its normal state in which the inside of the membrane is again negative with respect 
to the outside. Repolarization is necessary in order to re-establish the resting potential. This 
discharging and recharging of the cell produces the voltage waveforms which can be recorded 
by suitable methods using microelectrodes. A typical cell potential waveform so recorded is 
shown in Fig. 2.1.
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–60 mVThreshold

–90 mVPolarized cell
resting potential
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Current
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action potential
generation
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Depolarization Repolarization

 Fig. 2.1 A typical cell potential waveform

The wave of excitation while propagating in the muscle causes its contraction. The contraction 
wave always follows the excitation wave because of its lower velocity. This phenomenon is 
found with the skeletal muscles, the heart muscle and the smooth muscles. In its turn, every 
contraction (movement) of a muscle results in the production of an electric voltage. This voltage 
occurs in the muscle in such a way that the moving muscle section is always negative with 



Bioelectric Signals and Electrodes 45

respect to its surroundings. These voltages are called action potentials because they are generated 
by the action of the muscles. After complete contraction, repolarization takes place resulting 
in the relaxation of the muscle and its returning to the original state. Fig. 2.2 shows electrical 
activity associated with one contraction in a muscle.

+ ++ +

+ ++ +

+ +

+

+

+ +

+ +

+

+

+

+

+

Resting state
(polarized)

Depolarization completed

+

+

+

+

+

+ +

+ +

+ +

+ +

+ +

+ +– –

– –

– –

– –

– –

– –

– –

– –

– –

– –– –

– –– –

– –

–

– –

– –

–

–

–

–

–

–

–

–

–

+

+
+

+

+

+

+

+

+

+

+
+

–

–

– –

– –

–

–

–

–

–

–

–

–

Unexcited

Excited

Stimulation

Depolarization
started

Repolarization

Repolarization
completed

 Fig. 2.2 Electrical activity associated with one contraction in a muscle

The currents involved in bioelectricity are unlike the currents involved in electronics. 
Bioelectric currents are due to positive and negative ion movement within a conductive fluid. 
The ions possess finite mass and encounter resistance to movement within the fluid for they 
have limited speeds. The cell action potential, therefore, shows a finite rise time and fall time. 
It may be noted that a cell may be caused to depolarize and then repolarize by subjecting the 
cell membrane to an ionic current. However, unless a stimulus above a certain minimum value 
is applied, the cell will not be depolarized and no action potential is generated. This value is 
known as the stimulus threshold.  After a cell is stimulated, a finite period of time is required for 
the cell to return to its pre-stimulus state. This is because the energy associated with the action 
potential is developed from metabolic processes within the cell which take time for completion. 
This period is known as refractory period.

The bioelectric signals of clinical interest, which are often recorded, are produced by the 
coordinated activity of large groups of cells. In this type of synchronized excitation of many 
cells, the charges tend to migrate through the body fluids towards the still unexcited cell areas. 
Such charge migration constitutes an electric current and hence sets up potential differences 
between various portions of the body, including its outer surface. Such potential differences can 
be conveniently picked up by placing conducting plates (electrodes) at any two points on the 
surface of the body and measured with the help of a sensitive instrument. These potentials are 
highly significant for diagnosis and therapy. The primary characteristics of typical bioelectric 
signals are given in Table 2.1.
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 Table 2.1 Bioelectric Signals

Parameter Primary signal characteristics Transducer required

Electrocardiography (ECG) Frequency range: 0.05 to 120 Hz

Signal amplitude: 0.1 – 5 mV

Typical signal: 1 mV

Surface electrodes

Electroencephalograph (EEG) Frequency range: 0.1 to 50 Hz

Signal amplitude: 2 – 200 mV

Typical signal: 50 mV

Scalp electrodes

Electromyography (EMG) Frequency range: 5 to 2000 Hz

Signal amplitude: 0.05 to 5 mV

Needle electrodes

Electroretinography (ERG) Frequency range: dc to 20 Hz

Signal amplitude: 0.5 mV to 1 mV

Typical signal: 0.5 mV

Contact electrodes

Electrooculography (EOG) Frequency range: dc to 100 Hz

Signal amplitude: 10 to 3500 mV

Typical signal: 0.5 mV

Contact electrodes

2.1.1 Electrocardiogram (ECG)

The recording of the electrical activity associated with the functioning of the heart is known as 
electrocardiogram. ECG is a quasi-periodical, rhythmically repeating signal synchronized by the 
function of the heart, which acts as a generator of bioelectric events. This generated signal can be 
described by means of a simple electric dipole (pole consisting of a positive and negative pair of 
charge). The dipole generates a field vector, changing nearly periodically in time and space and 
its effects are measured on the surface. The waveforms thus recorded have been standardized 
in terms of amplitude and phase relationships and any deviation from this would reflect the 
presence of an abnormality. Therefore, it is important to understand the electrical activity and 
the associated mechanical sequences performed by the heart in providing the driving force for 
the circulation of blood.

The heart has its own system for generating and conducting action potentials through a 
complex change of ionic concentration across the cell membrane. Located in the top right atrium 
near the entry of the vena cava, are a group of cells known as the sino-atrial node (SA node) that 
initiate the heart activity and act as the primary pacemaker of the heart (Fig. 2.3). The SA node 
is 25 to 30 mm in length and 2 to 5 mm in thickness. It generates impulses at the normal rate of 
the heart, about 72 beats per minute at rest. Because the body acts as a purely resistive medium, 
the potential field generated by the SA node extends to the other parts of the heart. The wave 
propagates through the right and left atria at a velocity of about 1 m/s. About 0.1 s are required 
for the excitation of the atria to be completed. The action potential contracts the atrial muscle 
and the impulse spreads through the atrial wall in about 0.04s to the AV (atrio-ventricular) node. 
This node is located in the lower part of the wall between the two atria.

The AV node delays the spread of excitation for about 0.12 s, due to the presence of a fibrous 
barrier of non-excitable cells that effectively prevent its propagation from continuing beyond the 
limits of the atria. Then, a special conduction system, known as the bundle of His (pronounced 
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as hiss) carries the action potential to the ventricles. The atria and ventricles are thus functionally 
linked only by the AV node and the conduction system. The AV node delay ensures that the atria 
complete their contraction before there is any ventricular contraction. The impulse leaves the 
AV node via the bundle of His. The fibres in this bundle, known as Purkinje fibres, after a short 
distance split into two branches to initiate action potentials simultaneously in the two ventricles.

Conduction velocity in the Purkinje fibres is about 1.5 to 2.5 m/s. Since the direction of the 
impulse propagating in the bundle of His is from the apex of the heart, ventricular contraction 
begins at the apex and proceeds upward through the ventricular walls. This results in the 
contraction of the ventricles producing a squeezing action which forces the blood out of the 
ventricles into the arterial system. Fig. 2.3 shows the time for action potential to propagate to 
various areas of the heart.

The normal wave pattern of the electrocardiogram is shown in Fig. 2.4. The PR and PQ 
interval, measured from the beginning of the P wave to the onset of the R or Q wave respectively, 
marks the time which an impulse leaving the SA node takes to reach the ventricles. The PR 
interval normally lies between 0.12 to 0.2 s. The QRS interval, which represents the time taken 
by the heart impulse to travel first through the interventricular system and then through the 
free walls of the ventricles, normally varies from 0.05 to 0.10s.

The T wave represents repolarization of both ventricles. The QT interval, therefore, is the 
period for one complete ventricular contraction (systole). Ventricular diastole, starting from the 
end of the T wave extends to the beginning of the next Q wave. Typical amplitude of QRS is 1 
mV for a normal human heart, when recorded in lead 1 position.

A-V
node

S-A
node

.0

.025

0.19

.14

.2

0.18

0.15

0.155

0.145

0.16

.17

.12

.045
.03

RA

RV
LV

LA

.06

Right bundle
branch

Left bundle
branch

Purkinje
network

Purkinje
network

Myocardium

Bundle
of His

 Fig. 2.3 The position of the Sino-atrial node in the heart from where the impulse responsible for the 
electrical activity of the heart originates. The arrow shows the path of the impulse.

Note: The numbers like 0.18, 0.145, 0.15, 0.2… etc. indicate the time taken in seconds for the impulse to 

travel from S-A node to various parts of the body
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2.1.2 Electroencephalogram (EEG)

The brain generates rhythmical potentials which originate in the individual neurons of the 
brain. These potentials get summated as millions of cells discharge synchronously and appear 
as a surface waveform, the recording of which is known as the electroencephalogram (Fig. 2.5).

 Fig. 2.5 Typical EEG signal waveform

The neurons, like the other cells of the body, are electrically polarized at rest. The interior of 
the neuron is at a potential of about –70 mV relative to the exterior. When a neuron is exposed to 
a stimulus above a certain threshold, a nerve impulse, seen as a change in membrane potential, is 
generated which spreads in the cell resulting in the depolarization of the cell. Shortly afterwards, 
repolarization occurs.

The EEG signal can be picked up with electrodes either from the scalp or directly from the 
cerebral cortex. The peak-to-peak amplitude of the waves that can be picked up from the scalp 
is normally 100 μV or less while that on the exposed brain, is about 1 mV. The frequency varies 
greatly with different behavioural states. The normal EEG frequency content ranges from 0.5 to 
50 Hz. The nature of the wave varies over the different parts of the scalp.
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 Fig. 2.4 Normal wave pattern of ECG waveform recorded in the standard lead position
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The variations in EEG signals both in terms of amplitude and frequency are of diagnostic 
value. Frequency information is particularly significant since the basic frequency of the EEG 
range is classified into the following five bands for purposes of EEG analysis:

Delta (d) 0.5-4 Hz
Theta (q) 4-8 Hz
Alpha (a) 8-13 Hz
Beta (b) 13-22 Hz
Gamma (g) 22-30 Hz

The alpha rhythm is one of the principal components of the EEG and is an indicator of 
the state of ‘alertness’ of the brain. It serves as an indicator of the depth of anaesthesia in the 
operating room. The frequency of the EEG seems to be affected by the mental activity of a person. 
The wide variation among individuals and the lack of repeatability in a given person from one 
occasion to another makes the analysis a difficult proposition. However, certain characteristic 
EEG waveforms can be conveniently related to gross abnormalities like epileptic seizures and 
sleep disorders.

Besides the importance of the frequency content of the EEG pattern, phase relationships 
between similar EEG patterns from different parts of the brain are also being studied with 
great interest in order to obtain additional knowledge regarding the functioning of the brain. 
Another important measurement is the recording of ‘evoked response’, which indicates the 
disturbance in the EEG pattern resulting from external stimuli. The stimuli could be a flash of 
light or a click of sound. Since the responses to the stimuli are repeatable, the evoked response 
can be distinguished from the rest of the EEG activity by averaging techniques to obtain useful 
information about the functioning of particular parts of the brain.

2.1.3 Electromyogram (EMG)

The contraction of the skeletal muscle results in the generation of action potentials in the 
individual muscle fibres, a record of which is known as electromyogram. The activity is similar 
to that observed in the cardiac muscle, but in the skeletal muscle, repolarization takes place 
much more rapidly, the action potential lasting only a few milliseconds. Since most EMG 
measurements are made to obtain an indication of the amount of activity of a given muscle, 
or a group of muscles, rather than of an individual muscle fibre, the EMG pattern is usually 
a summation of the individual action potentials from the fibres constituting the muscle or 
muscles being studied. The electrical activity of the underlying muscle mass can be observed 
by means of surface electrodes on the skin. However, it is usually preferred to record the 
action potentials from individual motor units for better diagnostic information using needle 
electrodes.

In voluntary contraction of the skeletal muscle, the muscle potentials range from 50 μV to 5 
mV and the duration from 2 to 15 ms. The values vary with the anatomic position of the muscle 
and the size and location of the electrode. In a relaxed muscle, there are normally no action 
potentials. Fig. 2.6 shows the unprocessed EMG signal characterized by positive and negative 
peaks. The amplitudes and frequency content of this signal provides information about the 
contraction or resting state of the muscle under study. 
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 Fig. 2.6 Waveshape of a typical EMG signal

2.2 RECORDING ELECTRODES

Bioelectric events have to be picked up from the surface of the body before they can be put 
into the amplifier for subsequent record or display. This is done by using electrodes. Electrodes 
make a transfer from the ionic conduction in the tissue to the electronic conduction which 
is necessary for making measurements. Electrodes are also required when physiological 
parameters are measured by the impedance method and when irritable tissues are to be 
stimulated in electrotherapy. Two types of electrodes are used in practice-surface electrodes 
and the deep-seated electrodes. The surface electrodes pick up the potential difference from the 
tissue surface when placed over it without damaging the live tissue, whereas the deep-seated 
electrodes indicate the electric potential difference arising inside the live tissue or cell. The same 
classification can be applied to electrodes used for the stimulation of muscles. 

Electrodes play an important part in the satisfactory recording of bioelectric signals and their 
choice requires careful consideration. They should be comfortable for the patients to wear over 
long periods and should not produce any artefacts. Another desirable factor is the convenience 
of application of the electrodes. 

2.2.1 Electrode-Tissue Interface

The most commonly used electrodes in patient monitoring and related studies are surface 
electrodes. The notable examples are when they are used for recording ECG, EEG and respiratory 
activity by impedance pneumography. In order to avoid movement artefacts and to obtain a 
clearly established contact (low contact impedance) an electrolyte or electrode paste is usually 
employed as an interface between the electrode and the surface of the source of the event.
Fig. 2.7 (a, b) represent the electrode-tissue interface.

Electrolyte-skin
interface

ElectrolyteTissue To
instrument

Metal-electrolyte
interface

 Fig. 2.7(a) Electrode-tissue interface for surface electrodes used with electrode jelly
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The characteristic of a surface electrode 
composed of a metal electrode and attached to 
the surface of the body through an electrolyte 
(electrode jelly) are dependent upon the 
conditions at the metal-electrolyte interface, 
the electrolyte-skin interface and the quality 
of the electrolyte.

Metal-Electrolyte Interface: At the metal-
electrolyte transition, there is a tendency for 
each electrode to discharge ions into the solution 
and for ions in the electrolyte to combine with 
each electrode. The net result is the creation 
of a charge gradient (difference of potential) 
at each electrode, the spatial arrangement 
of which is called the electrical double layer
[Fig. 2.7(c)]. The double layer is known to be 
present in the region immediately adjacent to 
the electrode and can be represented, in its 
simplest form, as two parallel sheets of charge 
of opposite sign separated by a thin film of dielectric. Therefore, the metal electrolyte interface 
appears to consist of a voltage source in series with a parallel combination of a capacitance and 
reaction resistance. The voltage developed is called the half-cell potential.

To a first-order approximation, the half-cell potential is equal to the electrode potential 
of the metal, if the electrodes were used in a chemical measuring application. All electrode 
potentials are measured with respect to a reference electrode, usually that of hydrogen absorbed 
on platinum black. This is an inconvenient electrode to make and, therefore, other alternative 
electrodes which may have fairly stable and repeatable potential (e.g. calomel electrode) are 
employed. Electrode potentials of some of the commonly used metals in the electrochemical 
series with respect to hydrogen are given in Table 2.2.
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 Table 2.2 Electrode Potentials of Some Metals with Respect to Hydrogen

Metal Ionic symbol Electrode potential

Aluminium AI+++ –1.66 V

Iron Fe++ –0.44 V

Lead Pb++ –0.12 V

Hydrogen H+ 0

Copper C++ +0.34 V

Silver Ag+ +0.80 V

Platinum Pt+ +1.2 V

Gold Au+ +1.69 V

Table 2.2 shows that the electrode potentials are appreciable when dissimilar metals are 
used. They also exist, though of smaller magnitude, even if electrodes of similar materials are 
employed. The lowest potential has been observed to be in the silver-silver chloride electrodes. 
The values of the capacitance and the resistance depend upon many factors which include
the current density, temperature, type and concentration of the electrolyte and the type of
metal used.

The difference in half-cell potentials that exists between two electrodes is also called ‘offset 
potential’. The differential amplifiers used to measure potentials between two electrodes are 
generally designed to cancel the electrode offset potential so that only the signals of interest 
are recorded. The electrode offset potential produced between electrodes may be unstable and 
unpredictable. The long-term change in this potential appears as baseline drift and short-term 
changes as noise on the recorded trace. If electrodes are used with ac-coupled amplifiers, the 
long term drift may be partially rejected by the low frequency characteristics of the amplifier. 
But it will depend upon the rate of change of electrode offset potential in relation to the ac-
coupling time constant in the amplifier. For example, if the electrode offset potential drift 
rate is 1 mV/s, satisfactory results can only be obtained if the low frequency response of the 
amplifier is 1 Hz.

Also, the absolute value of the electrode offset potential is rarely significant except when it 
may exceed the maximum dc differential offset of the amplifier. In such a case, the trace may 
go out of the monitor screen or the pen in a recording instrument shifts to the extreme end 
of the chart paper, and then it will not be possible to bring them back. Silver-silver chloride 
electrodes have been found to give almost noise free characteristics. They are also found to 
be acceptable from the point of view of long-term drift. Electrodes made of stainless steel are 
generally not acceptable for high sensitivity physiological recordings. This is because stainless 
steel electrodes in contact with a saline electrolyte produce a potential difference of 10 mV 
between the electrodes, whereas this value is 2.5 mV for silver-silver chloride electrodes. Some 
representative values of potential between electrodes in electrolytes are given in Table 2.3. 
Staewen (1982) discusses various aspects concerning dc offset voltage standard for pregelled 
ECG disposable electrodes.
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 Table 2.3 Potential between Electrodes in Electrolytes (Geddes and Baker, 1975)

Electrode metal Electrolyte Potential difference
between electrodes

Stainless steel Saline 10 mV

Silver Saline 94 mV

Silver-silver chloride Saline 2.5 mV

Silver-silver chloride(11 mm disc) ECG paste 0.47 mV

Silver-silver chloride (sponge) ECG paste 0.2 mV

Warburg (1899) in his pioneering studies discovered that a single electrode/electrolyte 
interface can be represented by a series capacitance C and resistance R as shown in Fig. 2.8(a). 
However, C and R are unlike real capacitors and resistors because their values are frequency and 
current density dependent. Often, these components are called the polarization capacitance and 
resistance. Warburg found that, for low current density, the reactance X of C (1/2 pfC) equals 

R; both varied almost inversely as the square root of frequency, i.e. R = X = k/ f , where k is a 
constant. The consequence of this relationship is that the phase angle q is constant at p/4 for all 
frequencies. However, only a limited number of studies have tested the accuracy of the Warburg 
model (Ragheb and Geddes, 1990).

It has been observed that the Warburg series RC equivalent does not adequately represent 
the behaviour of an electrode/electrolyte interface as this equivalent does not truly account for 
the very low-frequency behaviour of the interface. It is well known that such an interface can 
pass direct current. Therefore, a resistance Rf placed in parallel with the Warburg equivalent is 
more appropriate. Fig. 2.8(b) shows this equivalent circuit in which Rf represents the Faradic 
leakage resistance. The value of Rf is high in the low-frequency region and is dependent on 
current density, increasing with a increase in current density.

To complete the equivalent circuit of an electrode/electrolyte interface, it is necessary to add the  
half-cell potential E. This is the potential developed at the electrode/electrolyte interface. The value 
of E depends on the species of metal and the type of electrolyte, its concentration and temperature. 
Fig. 2.8(c) illustrates the complete equivalent circuit of a single electrode/electrolyte interface.
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 Fig. 2.8(a) Warburg equivalent for an electrode-electrolyte interface
(b) Addition of the Faradic leakage resistance Rf to account for the direct current properties
(c) Half-cell potential E of the electrode electrolyte interface
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Electrolyte-Skin Interface: An approximation of the electrolyte-skin interface can be had by 
assuming that the skin acts as a diaphragm arranged between two solutions (electrolyte and body 
fluids) of different concentrations containing the same ions, which is bound to give potential 
differences. The simplest equivalent representation could then be described as a voltage source 
in series with a parallel combination of a capacitance and resistance. The capacitance represents 
the charge developed at the phase boundary whereas the resistance depends upon the conditions 
associated with ion-migration along the phase boundaries and inside the diaphragm.

The above discussion shows that there is a possibility of the presence of voltages of non-
physiological origin. These voltages are called contact potentials.

The electrical equivalent circuit of the surface electrode suggests that the voltage presented 
to the measuring instrument from the electrode consists of two main components. One is the 
contact potential and the other is the biological signal of interest. The contact potential depends 
upon several factors and may produce an interference signal which exceeds several times the 
useful signal. The contact potential is found to be a function of the type of skin, skin preparation 
and composition of the electrolyte. 

When bioelectric events are recorded, interference signals are produced by the potential 
differences of metal-electrolyte and the electrolyte-skin interface. Normally, these potential 
differences are connected in opposition during the recording procedure, and in the case of a 
truly reversible and uniform electrode pair, their difference would be nil. However, in practice, a 
difference of potential—may be extremely small—is found to exist between electrodes produced 
even under conditions of utmost care during manufacture. Also, some of the elements in the 
equivalent circuit are time-dependent and are bound to show slow variations with time.

The main reason for this rate of change is due to a relative displacement affecting chiefly 
the potential of the metal-electrolyte transition. Other factors responsible for variations of 
potential difference with time can possibly be temperature variations, relative displacement of 
the components in the system and changes in the electrolyte concentration, etc. (Odman and 
Oberg, 1982).

If ac signals are to be recorded, the potential difference between the two electrodes will not 
interfere with the useful signals, provided that the contact potential difference between the 
electrodes is constant. However, if the rate of change with time of the contact potential falls 
within the frequency spectrum of the signal under test, an error will be produced. The problem 
of difference of contact potentials becomes serious in case dc signals such as EOG are to be 
recorded. Any variation in the contact potential would greatly alter the character of the signal to 
be recorded which may itself be of extremely low amplitude—of the order of a few microvolts.

Based on the above mentioned considerations, it is possible to construct the circuit in which 
a pair of electrodes is placed in electrolytic contact with a subject. The electrodes are used to 
measure a bioelectric event and are connected to a differential amplifier. Three potentials are 
found to exist in this circuit (Fig. 2.9), one is due to the bioelectric event (Eb) and the other two 
are non-physiologic and represent the half-cell potentials (E1 and E2) of the electrodes. Z1 and Z2

are the skin contact impedances of these electrodes and Rt is the tissue resistance or resistance 
of the bioelectric generator. This circuit shows that the impedance of the electrodes would be 
high in the low frequency region and it would decrease with increasing frequency. It is further 
clear that in the measurement of a bioelectric signal, it is essential to minimize potential drops 
across the electrode impedance. This is achieved by making the skin-contact impedance as low 
as possible and making the input impedance of the measuring device as high as possible.
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 Fig. 2.9 Equivalent circuit for a pair of electrodes (1, 2) on a subject represented by R, Rt, Ct .
Embedded in the subject is a bioelectric generator Eb (after Tacker & Geddes, 1996)

2.2.2 Polarization

If a low voltage is applied to two electrodes placed in a solution, the electrical double layers 
are disturbed. Depending on the metals constituting the electrodes, a steady flow of current 
may or may not take place. In some metal/liquid interfaces, the electrical double layer gets 
temporarily disturbed by the externally applied voltage, and therefore, a very small current 
flows after the first surge, thus indicating a high resistance. This type of electrode will not 
permit the measurement of steady or slowly varying potentials in the tissues. They are said to, 
be polarized or nonreversible. Thus, the phenomenon of polarization affects the electro-chemical 
double layer on the electrode surface and manifests itself in changing the value of the impedance 
and voltage source representing the transition layer. Parsons (1964) stated that electrodes in 
which no net transfer of charge takes place across the metal-electrolyte interface can be termed 
as perfectly polarized. Those in which unhindered exchange of charge is possible are called 
non-polarizable or reversible electrodes. The ionic double layer in metals of these electrodes is 
such that they allow considerable current to flow when a small voltage is applied, thus offering 
a low resistance.

Although polarizable electrodes are becoming less common, they are still in use. They usually 
employ stainless steel and are used for resting ECGs or other situations where there is small 
likelihood that the electrodes would be exposed to a large pulse of energy (such as a defibrillation 
discharge) in which case they would retain a residual charge, become polarized, and will no 
longer transmit the relatively small bioelectric signals, thus becoming useless.
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Non-polarizing electrodes on the other hand, are designed to rapidly dissipate any charge 
imbalance induced by powerful electrical discharges such as a defibrillation procedure. Rapid 
depolarization enables the immediate reappearance of bioelectric signals on the monitor after 
defibrillation. For this reason, non-polarizing electrodes have become the electrodes of choice 
for monitoring in the intensive care units and stress testing procedures. Historically, these elec-
trodes employ a conducting metal with a silver/silver-chloride (Ag/AgCl) surface in contact 
with the conducting gel.

The choice of metals for electrodes is not determined only by their susceptibility to polarization, 
but other factors such as mechanical properties, skin irritation or skin staining, etc. have also to 
be taken into consideration. A detailed comprehensive review of electrodes for measurement of 
bioelectronic events is given by Geddes and Baker (1975).

2.2.3 Skin Contact Impedance

The bioelectrical events are usually recorded by means of metallic electrodes placed on the 
surface of the body. The electrical activity generated by various muscles and nerves within the 
body is conducted to the electrode sites through the body tissues, reaches the electrodes through 
the skin electrode transition and is then conducted by direct wire connection to the input circuit 
of the recording machine. The impedance at the electrode-skin junction comes in the overall 
circuitry of the recording machine and, therefore, has significant effect on the final record. Skin 
electrode impedance is known as the contact impedance and is of a value much greater than the 
electrical impedance of the body tissue as measured beneath the skin. The outer horny layer of 
the skin is responsible for the bulk of the skin contact impedance and, therefore, a careful skin 
preparation is essential in order to obtain best results.

Measurement of Skin Contact Impedance: A convenient method to measure the contact impedance 
at any individual electrode is shown in Fig. 2.10. This method has been suggested by Miller 
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 Fig. 2.10 Arrangement for measurement of electrode skin-contact impedance for surface electrodes
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(1969). The three electrodes, A, B and C, have contact impedance respectively of Za, Zb and Zc. An 
oscillator provides a constant current in the frequency range of 0.1–100 Hz through the 47 kW series 
resistor. By suitably positioning the switch, a sensitive oscilloscope can be used to monitor either 
the voltage dropped across the 1 kW resistor or the voltage dropped across Zb. The voltage drop 
across Zb can be neglected since the input impedance of the oscilloscope used with an input probe 
is usually high. From the voltage dropped across the 1 kW resistor it is possible to calculate the 
circuit current and thus to obtain a value for Zc. Using this technique, the skin contact impedance 
of the following types of electrodes were measured by Hill and Khandpur (1969).
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 Fig. 2.11 Electrode skin-contact impedance versus signal frequency for different types of electrodes 
(after Hill and Khandpur, 1969)

A Plastic cup self-adhesive electrodes (Boter et al., 1966)
B Metal plate limb electrodes used with conducting jelly
C Metal plate electrodes used with conducting plastic (Jenkner, 1967)
D Dry multi-point limb electrodes (Lewes, 1966)
E Dry multi-point suction chest electrodes
F Self-adhesive multi-point chest electrodes used with conducting jelly
G Self-adhesive gauze electrodes
H Self-adhesive dry multi-point chest electrodes (Lewes and Hill, 1967)

Representative plots of contact impedance versus frequency are shown in Fig. 2.11.
Usually the contact impedance in respect of surface electrodes used for recording of ECG 

is measured (Grimnes, 1983) at 10–20 Hz because most of the energy content of the ECG 
is concentrated below 30 Hz. Geddes and Baker (1968) used a synchronous rectifier with a 
phase sensitive detector to continuously measure the resistive and reactive components of the 
impedance.
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2.2.4 Motion Artefacts

Motion artefact is a problem in biopotential measurements. The problem is greatest in cardiac 
stress laboratories where the exercise ECG is recorded. The problem is also serious in coronary 
care units where patients are monitored for relatively longer periods. Motion of the subject under 
measurement creates artefacts which may even mask the desired signal or cause an abrupt shift 
in the baseline. These artefacts may result in a display being unreadable, a recording instrument 
exceeding its range, a computer yielding incorrect output or a false alarm being triggered by the 
monitoring device. Tam and Webster (1977) concluded that the skin-electrolytic paste interface 
is the major source of motion artefact. When a metal electrode contacts an electrolytic paste, a 
half-cell potential is generated at the electrode-paste interface. Kahn (1965) demonstrated that 
when polarizable metal-plate electrodes are used, the electrode-paste interface can be a source 
of motion artefact. When the paste is agitated, the half-cell potential varies because of the altered 
metallic ion gradient at the interface. He recorded a 1 mV offset potential change from a silver-
silver chloride electrode exposed to a flowing stream of saline solution, as contrasted to 30 mV 
change for some silver electrodes.

Motion artefact is reduced to a negligible magnitude by skin abrasion. However, when 
the skin is abraided, it is more susceptible to irritants. The possible sources for skin irritation 
include the electrode, the paste and the adhesive. When large currents flow through metallic 
electrodes, migration of some ions into the skin can cause irritation. However, silver-silver 
chloride electrodes do not cause much problem since silver chloride is almost insoluble in a 
chloride containing solution. Therefore, when these electrodes are used, the skin irritation is 
mostly caused by the paste and or the adhesive. Most commercial pastes produce about the same 
irritation when used on unprepared skin. They cause itching due to restricted perspiration, and 
reddening of the skin directly under the electrodes appears in 2–4 days. Thakor and Webster 
(1985) studied the sources of artefacts, means of reducing them using skin preparations, the 
electrode designs and their placement on the chest for long-term ambulatory ECG.

2.3 SILVER-SILVER CHLORIDE ELECTRODES

One of the important desirable characteristics of the electrodes designed to pick up signals from 
biological objects is that they should not polarize. This means that the electrode potential must 
not vary considerably even when current is passed through them. Electrodes made of silver-
silver chloride have been found to yield acceptable standards of performance. By properly 
preparing and selecting the electrodes, pairs have been produced with potential differences 
between them of only fractions of a millivolt (Feder, 1963). Standing voltage of not more than 
0.1 mV with a drift over 30 min. of about 0.5 mV was achieved in properly selected silver-silver 
chloride electrodes by Venables and Sayer (1963). Silver-silver chloride electrodes are also 
nontoxic and are preferred over other electrodes like zinc-zinc sulphate, which also produce 
low offset potential characteristics, but are highly toxic to exposed tissues. Silver-silver chloride 
electrodes meet the demands of medical practice with their highly reproducible parameters and 
superior properties with regard to long-term stability.

Production of Silver-Silver Chloride Electrodes: Silver-silver chloride electrodes are normally 
prepared by electrolysis. Two silver discs are suspended in a saline solution. The positive pole of 
a dc supply is connected to the disc to be chloride and the negative pole goes to the other disc. 
A current at the rate of 1 mA/cm2 of surface area is passed through the electrode for several 
minutes. A layer of silver chloride is thus deposited on the surface of the anode. The chemical 
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changes that take place at the anode and cathode respectively are:

NaCI = Na+ + Cl–

Cl– + Ag+ Æ AgCI

The positively charged sodium ions generate hydrogen when they reach the cathode surface.

2Na+ + 2H20 + 2 electrons Æ 2NaOH + H2

To prepare silver-silver chloride electrodes of good quality, only pure silver should be used 
and the saline solution should be made from analar grade sodium chloride. Before chloriding, 
silver must be cleaned—preferably by the electrolytic method.

Geddes et al. (1969) investigated the effect of the chloride deposit on the impedance-frequency 
characteristics of the silver-silver chloride electrodes. They demonstrated that the impedance 
was different for different layers of chloride and that there is an optimum chloriding, which gives 
the lowest impedance. They concluded that the lowest electrode-electrolyte impedance in the 
frequency range of 10 Hz to 10 kHz was found to occur with a chloride deposit ranging between 
100 and 500 mAs/cm2 of electrode area. To achieve this deposit by manipulation of current and 
time, the minimum constant chloriding current density should be 5 mA/cm2 of electrode area.

Higher values may be used with a corresponding reduction in time to achieve the 100–500 
mAs/cm2 chloride deposit. With this chloride deposit, the electrode electrolyte impedance 
was found to be resistive. The use of a chloride deposit in excess of this range did not alter the 
resistive nature of the electrode-electrolyte impedance although it increased its magnitude. 
Cole and Kishimoto (1962), however found that the chloride deposit for achieving the lowest 
impedance is 2000 mAs/cm2. Geddes (1972) confirmed that an optimal coating of silver chloride 
applied to a silver electrode minimizes the electrical impedance. This is supported by Getzel and 
Webster (1976) who concluded that silver chloride may be applied to cleaned silver electrodes 
in the amount of 1050–1350 mA s/cm2 in order to reduce the impedance of the electrodes. 
However, to further reduce the impedance of the electrodes, they should be coated with at 
least 2000 mAs/cm2 of silver chloride followed by immersion in a photographic developer for 
3 minutes. A second layer of silver chloride, however, did not result in any further reduction in 
impedance. Grubbs and Worley (1983) obtained a lower and more stable impedance electrode 
by placing a heavier initial chloride coat on an etched silver electrode, and then electrolytically 
removing a portion of that coat.

2.4 ELECTRODES FOR ECG

2.4.1 Limb Electrodes

The most common type of electrodes routinely used for recording ECG are rectangular or 
circular surface electrodes Fig. 2.12. The material used is german silver, nickel silver or nickel 
plated steel. They are applied to the surface of the body with electrode jelly. The typical value 
of the contact impedance of these electrodes, which are of normal size, is nearly 2 to 5 kW when 
measured at 10 Hz. The electrodes are held in position by elastic straps. They are also called 
limb electrodes as they are most suitable for application on the four limbs of the body. The size 
of the limb electrodes is usually 3 ¥ 5 cm and they are generally made of german silver, an alloy 
of zinc, copper and nickel. They are reusable and last several years.

Limb electrodes are generally preferred for use during surgery because the patient’s limbs 
are relatively immobile. Moreover, chest electrodes cannot be used as they would interfere with 
the surgery. Limb electrodes are not suitable for use in long-term patient monitoring because 
the long flowing leads are inconvenient to the patient. Also, the electromyographic voltages 
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generated by the activity of the limb muscles makes them unsuitable for use when monitoring 
conscious and semi-conscious patients.

Welsh Cup Electrode

Welsh Cup Electrode or suction electrode (Fig. 2.13)
is a metallic cup shaped electrode which is used for 
recording ECG from various positions on the chest. It is 
commonly used to record the unipolar chest leads. It has 
a high contact impedance as only the rim of the electrode 
is in contact with the skin. The electrode is popular for 
its practicality, being easily attachable to fleshy parts 
of the body. Electrode jelly forms the vacuum seal. 
However, they are now being gradually replaced with 
disposal electrodes, as they are liable to infection due to 
inadequate cleaning procedures.

2.4.2 Floating Electrodes

Limb electrodes generally suffer from what is known as motion artefacts caused due to the 
relative motion at the interface between the metal electrode and the adjacent layer of electrode 
jelly, Kahn (1965) and Boter et al. (1966). The interface can be stabilized by the use of floating 
electrodes in which the metal electrode does not make direct contact with the skin. The electrode 
(Fig. 2.14) consists of a light-weight metalled screen or plate held away from the subject by a 
flat washer which is connected to the skin. Floating electrodes can be recharged, i.e. the jelly in 
the electrodes can be replenished if desired.

Patten et al. (1966) have described spray-on chest electrodes where a conducting spot is 
developed on the skin by spraying a film of conducting adhesive (mixture of Duco cement, 
silver powder and acetone). Connection with the instrument is established with silver-plated 
copper wires fixed in the conducting adhesive. The type of electrodes are extremely light-weight 
and do not make use of electrode jelly. This makes them ideal for use in monitoring the ECG 
of exercising subjects and aeroplane pilots as they give rise to minimal motion artefacts. The 
contact impedance shown by these electrodes is of the order of 50 kW.

ADULT
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 Fig. 2.13 Suction cup electrode

Arm Electrode

Rubber strap

 Fig. 2.12 ECG plate electrode. The electrode is usually fastened to the arm or leg with a perforated 
rubber strap which keeps it in position during ECG recording
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 Fig. 2.14 Light-weight floating electrode with press stud for long term monitoring of ECG

Completely flexible ECG electrodes for the long-term monitoring of ECG during space flight 
are reported by Sandler et al. (1973). These electrodes were made of silver-impregnated silastic 
rubber and were found to be comfortable to wear. They were also evaluated for use during 
exercise or prolonged monitoring as may be necessary in an intensive care or coronary care unit.

2.4.3 Pregelled Disposable Electrodes

Electrodes which are employed in stress testing or long term monitoring, present additional 
problems because of the severe stresses, perspiration and major body movement encountered 
in such studies. Both design considerations and application techniques of electrodes used 
in electrocardiography are necessary to prevent random noise on the baseline, baseline 
wandering and skin contact over extended periods causing a loss of signal. To overcome 
problems due to prolonged application, special disposable electrodes have been developed. 
Fig. 2.15(a) illustrates the principle of a pre-gelled electrode while Fig. 2.15(b) shows a cross-
section of such an electrode. The main design feature of these electrodes which that helps in 
reducing the possibility of artefacts, drift and baseline wandering is the provision of a high-
absorbency buffer layer with isotonic electrolyte. This layer absorbs the effects of movement of 
the electrode in relationship to the skin, and attempts to maintain the polarization associated 
with the half-cell potential constant. Since perspiration is the most common cause of electrode 
displacement, the use of an additional porous overlay disc resists perspiration and ensures 
secure placement of the electrode on the skin even under stress conditions. Fig. 2.16 shows a 
typical pregelled electrode. 

Various manufacturers offer common features in pre-gelled electrode construction. The lead 
wire’s female connector “snaps” on, allowing a convenient snap-on pull-off connection with a 
360 rotation providing mechanical and electrical connection. The plastic eyelet or sensor has a 
diameter of 0.5–1.5 cm and is electroplated with silver up to a thickness of 10 mm. The surface 
of the Ag layer is partially converted to AgCl.

The tape is made from one of the adhesive coated occlusive foams made from a plastic, such 
as polyethylene, or a porous backing, such as non-woven cloth. Tapes used for first aid dressings 
are suitable. The electrode diameters range from 4–6 cm. 

Some advantages of these electrodes as compared to plates and Welsh bulbs are : as there is 
no risk of infection which is possible with reusable electrodes, their smaller size makes them 
less prone to detachment and also less time is required per ECG procedure. 



62 Handbook of Biomedical Instrumentation

Silver-silver chloride (AgCI)

Silver (Ag)

+ + + + + + + + + + + +

– – – – – – – – – – – –

Connecting wire

Electrolyte with chloride ion

Double layer

(a)

Skin

Adhesive

Flexible lip

Porous
overlay ring

Polyester sponge with
isotonic electrolyte

Soft thermoplastic
rubber body Electrode snap contact

Silver-silver chloride
conductor

Isotonic electrolyte

Buffer layer with
isotonic electrolyte

(b)

 Fig. 2.15 (a) Principle of pre-gelled ECG electrode made of silver-silver chloride. The electrode has 
electrolyte layers that are made of a firm gel  which has adhesive properties. The  firm gel minimizes the 
disturbance of the charge double layer. (b) Cross-section of a typical pre-gelled electrode

 Fig. 2.16 Disposable pre-gelled ECG electrode. A porous tape overlaying ring placed over the 
electrode resists perspiration and ensures positive placement under stress conditions (Courtesy: Del Mar 
Avionics, U.S.A.)

Skin-electrode adhesion is an important performance criterion. Partial electrode lift would 
cause a gel dry out and intermittent contact artefacts, while premature electrode fall-off would 
increase monitoring costs. The adhesives used to secure electrodes to the skin are usually 
pressure sensitive adhesives which implies that a force must be applied to achieve adhesion. 
The adhesive should have good bonding capability; internal strength so that upon removal, 
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objectionable “stringy” residue will not remain on the skin; good temperature stability; 
immunity to oxidation from air pollutants, saline and other common solutions; resistance 
to water, isopropyl alcohol, saline and other common solutions used in hospitals and low 
potential for skin irritation. 

Trimby (1976) describes an alternative design to reduce motion artefacts generated by 
mechanical shocks. Ideally, the thin layer (critical layer) of electrolyte just under the metal piece 
should be cushioned from all mechanical shocks. Fig. 2.17 shows the construction of fluid column 
electrodes (HP 14245A, HP 14248A) in which the critical layer is protected by a semi-rigid collar. 
These and several other commercially available electrodes are surrounded on the first few tenths 
of a millimetre by a plastic collar. However, even with this mechanical stabilization, a strong force 
in the vertical direction will be transmitted up the electrolyte column and will disturb the interface 
area. Motion artefact will still be seen in the trace. The rigid collar serves to minimize interference 
from minor pulls on the lead wire.

Foam

Electrolyte

Snap
connector

Vertical direction

Fluid column
protective cap

Foam

Critical
layer Sponge

 Fig. 2.17 Construction of fluid column electrode (After Trimby, 1976; Courtesy: Hewlett Packard, U.S.A.)

Pre-gelled ECG surface electrodes are manufactured with 0.3–1.5 g of electrolyte paste (gel, 
cream, or jelly) in contact with the sensor which forms a conducting bridge with the skin. A 
high value of [CI-] common in pastes renders the electrode more non-polarizable and decreases 
the electrolyte skin impedance. However, it must not be high enough to cause skin irritation. 
Ideally, gels should possess the following properties:

-
mectant in the gel.

fungicide and may be disinfected using gamma radiation.

Electrode-skin contact impedance with respect to pregelled disposable ECG electrodes was 
measured by Klingler et al. (1979 b) using a 10 Hz ac current source. It was found that the skin 
on the average contributed a resistance of 564 W to the equivalent electrode impedance if mildly 
abraided, but contributed 54.7 kW if applied to clean, dry skin. They further found that over 90% of 
electrodes on abraided skin will have less than 5 kW impedance imbalance. The curve for clean, dry 
skin shows a very significant imbalance. In fact 20% of the electrodes will exceed 15 kW imbalance.

ECG electrodes are used in conjunction with cardiac monitors or ECG recorders which 
invariably have dc-input bias currents. Klingler et al. (1979 b) studied the effects of these small 
dc currents on the offset potentials of disposable ECG electrodes. They found that after periods 
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ranging from a few minutes to several days, the electrodes tested (four brands of silver-silver 
chloride and two brands of stainless steel) exhibited offset potentials exceeding 200 mV after 
subjection to dc bias currents over 200 nA. All silver-silver chloride electrodes were able to 
withstand bias currents of 200 nA, with minimal changes in offset for periods up to seven days. 
On the other hand, the stainless steel electrodes exhibited large offset potentials within minutes 
after subjection to bias currents of only 100 nA. Based on this study, a 200 nA limit on the dc-
input bias current for cardiac monitors is suggested.

The modern ECG monitors are generally provided with inputs protected against defibrillator 
overloads. The high defibrillating currents are harmlessly bypassed through neon or diode 
breakdown circuits. However, this unidirectional current passes through and tends to polarize 
the electrodes. Usually, the standards on ECG monitors require that the trace be readable within 
5 s after three or fewer defibrillator discharges. This implies that the electrode polarization 
voltage must return to below 300 mV within a few seconds after application of the defibrillating 
voltages. Schoenberg et al. (1979) developed a standard test method for evaluating defibrillation 
recovery characteristics of disposable ECG electrodes.

ECG pregelled electrodes can be characterized electrically by tests developed by the 
Association for the Advancement of Medical Instrumentation (AAMI), USA to establish a 
reasonable safety and efficacy level in clinical use of electrodes. In abridged form the standards 
are as follows:

1. Direct-current offset voltage: A pair of electrodes connected gel-to-gel, after 1 min stabilization 
period must exhibit offset voltage no greater than 100 mV.

2. Combined offset instability and internal noise: A pair of electrodes connected gel-to-gel shall  
after 1 min. stabilization shall generate a voltage no greater than 150 mV in the passband.

3. Alternating-current impedance: The average value of 10 Hz for at least 12 electrode pairs con-
nected at a level of impressed current not exceeding 100 mA peak to peak shall not exceed 
2 kW. None of the individual pair impedances shall exceed 3 kW.

4. Defibrillation overload recovery: The absolute value of polarization potential of a pair of 
electrodes connected gel-to-gel shall not exceed 100 mV, 5s after each of four capacitor 
discharges. The capacitor should be 10 mF charged to 200 V and discharged through the 
electrode pair with 100 W in series.

5. Bias current tolerance: The observed dc voltage offset change across an electrode pair con-
nected gel-to-gel shall not exceed 100 mV when subjected to a continuous 200 mA dc current 
over the period recommended by the manufacturer for the clinical use of the electrodes. In 
no case shall this period be less than 8 hours.

2.4.4 Pasteless Electrodes

ECG monitoring electrodes, in a majority of the cases, are metal plates applied to the skin after 
cleaning and application of a coupling-electrolyte in the form of an electrode paste or jelly. 
Such preliminary preparation can be sometimes irritating and time consuming. Also, it is often 
not done satisfactorily, resulting in problems like poor quality signals and baseline drift, etc. 
Another disadvantage of using electrode jelly is that during long-term monitoring there is likely 
to be patient-skin reactions as the electrode-skin interface dries out in a matter of a few hours. 
The electrodes need to be periodically removed for jelly replenishments, thus causing further 
discomfort due to repetitive skin preparation. In addition, bacterial and fungal growth can take 
place under electrodes worn over long periods. Also, in conductive electrodes, shifts in electrode 
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position at the electrode-skin interface appear as baseline drift, particularly when the subject 
moves.  Therefore, any attempt of using a dry electrode that may dispense with the practice of 
skin preparation would look attractive.

Capacitive Electrodes: A metal plate electrode in direct contact with the skin though makes a 
very high resistive contact and has a considerable capacitive contact too with the skin (Stevens, 
1963). By using a very high input impedance amplifier, it is possible to record a signal through the 
tissue electrode capacitance. Lopez and Richardson (1969) describe the construction of electrodes 
which can be capacitively coupled to the subject. The electrode consists of an aluminium plate 
which is anodized on the surface to be placed in contact with the skin. The ohmic resistance of the 
anodized electrode is about 1 to 30 GW (1000–30,000 MW). Two such electrodes are applied to the 
subject without any preparation of the skin and the output of the source followers is connected 
to a conventional electrocardiograph. Wolfson and Neuman (1969) also designed a capacitively 
coupling electrode and used a high input impedance amplifier having a MOSFET in the input 
stage arranged in a source-follower configuration. The capacitances encountered in such type 
of electrodes range from about 5000 to 20,000 pf/cm2 of the electrode area (Geddes, 1972). 

Conrad (1990) illustrates the construction of a capacitive electrode which is formed from 
conductive silicon wafer, oxygen diffused into one surface produces a silicon dioxide layer, 
which serves as the dielectric. A high performace FET operational amplifier in unity gain 
configuration acts as an impedance changer to permit use with systems designed for paste type 
electrodes. The insulated, capacitively coupled electrode is used on unprepared skin, which acts 
as one plate of the capacitor, the substrate acts as the other plate.

Luca et al. (1979) designed an electrode and amplifier as an integrated unit, so that the assembly 
could be used in the front end of the commonly used biomedical recorders. The arrangement 
(Fig. 2.18) basically comprises a metal shell which performs a dual function as a housing for the 
electrode and as the ground contact. The shell is made of highly pure titanium metal measuring 
30 ¥ 15 ¥ 7 mm. Two FETs are cemented with epoxy glue in the middle of the shell, their centres 
spaced 10 mm apart. The recording surfaces are formed by the cases of the two FETs. The cans 
have a diameter of 4.5 mm and are made of stainless steel. The rectangular border of the shell acts 
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 Fig. 2.18 Schematic diagram of integrated electrode and amplifier arrangement for pasteless operation 
(After Luca et al. 1979; Reproduced by permission of Med. and Biol. Eng. and Comput.)
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as the ground contact and the remainder of the shell forms a shield against interfering radiation. 
The source leads of the two FETs are connected to the differential inputs of an instrumentation 
amplifier. The amplifier (Analog Devices 521) has a high ac input impedance (> 100 MW).

Among the drawbacks of the dry or pasteless electrodes are high electrode-skin resistance and 
the strong sensitivity to motion. Whereas a high electrode-skin resistance can be overcome by suf-
ficiently high values of the amplifier input resistance, no universal remedy for eliminating motion 
artefacts from dry bioelectrodes has so far been suggested. Skin preparation certainly minimises 
motion artefacts (Burbank and Webster, 1978), but this time consuming manipulation loses the 
practicability of dry electrodes for routine clinical use and is also less acceptable to the patient.

An important characteristic observed with dry surface electrodes is that with the passage 
of time, the resistance of a dry electrode placed on dry human skin decreases exponentially. 
Geddes et al. (1973) report that measurements made by them on silver disc electrodes (1.7 cm 
diameter) showed that for 10 determinations, the average initial resistance was about 1.36 MW.
After about 20 min. the resistance of the electrode-subject circuit had dropped to about one-
tenth of its initial value. The fall in impedance is attributed to the presence of small amounts of 
perspiration accumulated under the electrode.

A non-contact capacitive electrode for 
biopotential sensor network is shown in Fig. 
2.19. The sensor network utilizes a single 
conductive sheet to establish a common body 
wide reference line, eliminating the need for 
an explicit signal ground connection. Each 
electrode senses the local biopotential with 
a differential gain of 46dB over a 1-100Hz 
bandwidth. Signals are digitized directly 
on board with a 16-bit ADC. The coin sized 
electrode consumes 285μA from a single 3.3V
supply, and interfaces with a serial data bus 
for daisy-chain integration in body area sensor 
networks (Chi et al., 2009).

Each sensor consists of two small round 
electrically connected standard printed circuit 
boards the size of a US nickel coin. The upper board contains a 16-bit analog-to-digital converter 
and voltage reference. Unlike traditional electrodes that output a single analog signal, interfacing 
is facilitated through two miniature 10-wire ribbon cables on each side which provides power 
along with the digital clock, control and data lines.

The ADC output from each board is a serial data stream which is shifted in a daisy chain 
from board to board to the end of the chain which connects to a custom USB data acquisition 
interface. This connection scheme minimises the amount of cabling required across the sensor 
network, where the total connection length scales with the number of sensors and the average 
distance between sensors. 

Biopotentials are sensed through a 228 mm2 copper fill insulated by solder mask on the lower 
board, which is shielded from external noise by the outer copper ring and a solid metal plane 
directly above the electrode. The amplifier circuit is placed directly on the top surface of the 
lower board and output an analog signal which is digitized by the upper board.
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 Fig. 2.19 Integration of wearable non-contact 
biopotential sensors in a wireless bio-potential 
body network embedded in conductive fabric (After 
Chi et al., 2009)
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2.4.5 Fabric-based Electrodes

Dry electrodes suffer from noise interference. Noise is typically generated from motion artefacts 
and power line interference. A common solution used to suppress noise in dry electrode signals 
is a buffer amplifier. A buffer amplifier is essentially an impedance converter, one that converts 
high-impedance signals to low-impedance signals.

Recent research has experimented with integrating buffer amplifiers with electronic textiles 
to produce fabric-based active electrodes. Fabric-based active electrodes are produced by screen 
printing a buffer circuit pattern and electrode onto a nonwoven textile. Thereafter, the electrical 
components are directly attached to the fabric circuit to produce an active electrode.

Merritt et al., 2009 designed and fabricated two versions of the fabric-based active electrode. 
The first version involved screen printing the circuit onto a nonwoven textile and directly 
attaching the surface mount device (SMD) components to the textile circuit. The second version 
explored the possibility of using an interposer, thereby allowing placement of the circuit and 
its components on a much smaller printed circuit board (PCB). The use of an interposer offers 
significant advantages in regards to size, cost, manufacturability and resilience.

Direct-Attach Active Electrodes, design involves directly attaching SMD components to a screen-
printed electronic textile circuit, which comprises several layers: electrode, circuit, dielectric 
coating, and conductive adhesive as shown in Fig. 2.20. The electrode layer is located on the 
reverse side of the fabric, and it is connected to the circuit on the opposite side of the fabric by 
a via positioned next to the resistor R1. The conductive lines are printed with a width of 1 mm 
to reduce the percentage of voids that can hamper line conductivity. Furthermore, the circuit is 
positioned away from the top of the electrode to allow the electrode to conform to the contours 
of the body and to reduce the risk of short circuits to the electrode. The conductive adhesive 
stencil design includes patterns for SMD pads, external pads, and the electrode to- R1 via.  

Via

SO-8 Amplifier
footprint

C footprint1

GND V+ VOUT

R Footprint1

Circuit layer

Top dielectric layer

R Footprint2

Home plate aperture

Conductive adhesive

Electrode

 Fig. 2.20 Active electrode screen/stencil design using home plate pattern (After Merrit et al., 2009)
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The fabrication technique is described in the original article, which also covers the design of 
interposer active electrodes.

During medical procedures, such as surgery, a patient’s vital signs are typically monitored 
using a web of wires connected to adhesive electrodes. The large number of wires inhibits the 
medical team’s access to the patient while the adhesive electrodes can detach, fail, or be out-
of-stock, causing delays in the procedure. In order to combat these problems, Chen et al. (2008) 
have developed the SmartPad: a system that displays a patient’s electrocardiogram (ECG) signal 
without adhesive pads, wires, or active intervention from a clinician. The system automatically 
selects three electrodes from an array of Cu/Ni- fabric-based electrodes patterned on a thin pad on 
which the patient lies. The selected electrodes are used to provide a differential 3-lead measurement 
of the patient’s ECG, which is then transmitted wirelessly and displayed on a laptop computer.

Fig. 2.21 shows SmartPad electrode array pattern. A flexible conductive Ni/Cu polyester 
fabric tape from 3M (CN-3190) is used to create the electrode array. This material does not irritate 
bare skin and is resistant to corrosion. This material is patterned onto a thin foam pad and is 
connected to interface wires via its own conductive adhesive. The thin foam pad can then be 
placed in the target environment such as on a stretcher pad or operating table.

1" 0.5" 14"

 Fig. 2.21 SmartPad electrode array pattern (After Chen et al., 2008)

The electrode pattern consists of a concentric series of ‘L’ shaped strips with a diagonal centre 
strip. The electrode strips are one inch wide and are spaced approximately 0.5 inches apart. This 
geometry is designed so that the optimum ECG signal can be extracted by insuring that at least 
one combination of two electrodes form a vector across the patient’s heart,  regardless of the 
size and orientation of the patient. The multiplexing front-end chooses from one of four possible 
‘L’ electrodes for both the In+ and In- inputs. The three-lead ECG circuit used also requires an 
additional electrode contact to perform the common-mode cancellation. The pool of possible 
common-mode electrodes includes the central diagonal electrode along with seven of the ‘L’ 
electrodes. The electrode configuration and detection algorithm enables hands free operation 
on the part of the clinician and shows the noise benefits of using a wireless acquisition system.

2.5 ELECTRODES FOR EEG

Small metal discs usually made of stainless steel, tin, gold or silver covered with a silver chlo-
ride coating are generally used for recording EEG. They are placed on the scalp in special posi-
tions. These positions are specified using the International 10/20 system. Each electrode site is 
labeled with a letter and a number. The letter refers to the area of brain underlying the electrode 
e.g. F-Frontal lobe and T-Temporal lobe. Even numbers denote the right side of the head and 
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odd numbers the left side of the head. Fig. 2.22 
shows EEG cables with disc electrodes to which 
electrode gel is applied to maximize skin contact 
and allow for a low resistance recording of EEG 
from the subject’s scalp.

This type of electrode provides enough space 
to contain electrode gel. In these electrodes, the 
skin never touches the electrode material directly. 
The electrode-tissue interface has impedance 
depending on several factors. Some of these factors 
are the interface layer (such as skin preparation, 
fat mass, hair, etc.), area of electrode’s surface, and 
temperature of the electrolyte.

Another types of electrode for EEG (electroen-
cephalogram) recording is the chlorided silver disc 
(Fig. 2.23) having approximately 6–8 mm diameter. 
Contact with the scalp is made via an electrolytic 
paste through a washer of soft felt. They have ac 
resistance varying from 3–20 kW. Small needle elec-
trodes are sometimes used for carrying out special 
EEG studies when they are inserted subcutane-
ously. Silver ball or pellet electrodes covered with 
a small cloth pad are useful when electrical activity 
is to be recorded from the exposed cortex, but they 
have high dc resistances.

Another type of EEG electrode is dry electrode 
(Fig. 2.24). This type of electrode does not need 
a long set-up time and it is convenient for long-
term recordings. These properties are specially 
advantageous for neurofeedback applications. 
The electrode consists of 1.5 mm thick silicone 
conductive rubber-shaped discs of 8 mm diameter. 
The active side of the electrode is capacitive and 
coupled through a layer of insulating silicon rubber 
with a metal shield wired to the active guard shield. 
The impedance of the realized electrodes at 100Hz 
is greater than 20 M with a parasitic capacitance 
smaller than 2 pF (Gargiulo, 2008).

The EEG electrodes can be classified as disposable, 
reusable disc and cup shaped, subdermal needles 
(single-use needles that are placed under the skin), 
and implanted electrodes. Needles are available 
with permanently attached wire leads, where the whole assembly is discarded. They are made 
of stainless steel or platinum. Some of EEG electrodes can be used for special applications. For 
example, implanted EEG electrodes also can be used to stimulate the brain and map cortical and 
subcortical neurological functions (Usakli, 2010).

 Fig. 2.22 EEG cables with disc electrodes

 Fig. 2.23 EEG electrode which can be 
applied to the surface of the skin by an adhesive 
tape (Courtesy: In Vivo Metrics, U.S.A.)
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 Fig. 2.24 Construction of EEG dry electrode
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2.6 ELECTRODES FOR EMG

Electrodes for electromyographic work are usually of the needle type. Needle electrodes are 
used in clinical electromyography, neurography and other electrophysiological investigations 
of the muscle tissues underneath the skin and in the deeper tissues. The material of the needle 
electrode is generally stainless steel. In spite of the fact that stainless steel is unfavourable 
electrode material from the point of view of noise, it is preferred in EMG work due to its 
mechanical solidity and low price. Needle electrodes are designed to be fully autoclavable and 
in any case they should be thoroughly sterilized before use.

Needle electrodes come in various forms. The monopolar needle electrode usually consists of 
a Teflon coated stainless steel wire which is bare only at the tip. It is found that after the needle 
has been used a number of times, the Teflon coating will recede, increasing the tip area. The 
needle must be discarded when this occurs. Bipolar (double coaxial) needle electrodes contain 
two insulated wires within a metal cannula. The two wires are bared at the tip and provide 
the contacts to the patient. The cannula acts as the ground. Bipolar electrodes are electrically 
symmetrical and have no polarity sense.

A concentric (coaxial) core needle electrode contains both the active and reference electrode 
within the same structure. It consists of an insulated wire contained within a hypodermic 
needle. The inner wire is exposed at the tip and this forms one electrode. The concentric needle 
is very convenient to use and has very stable electrical characteristics. Care should be taken to 
maintain the surface electrode in good condition in order to avoid artefacts. Concentric needle 
electrodes are made by moulding a fine platinum wire into a hypodermic needle having an 
outside diameter less than 0.6 mm. One end of the needle is bevelled to expose the end of the 
wire and to provide easy penetration when the needle is inserted. The surface area of the exposed 
tip of the wire may be less than 0.0005 mm2.

Multi-element needle electrodes are used to pick up the signals from individual fibres of 
muscle tissue. Special needles are available using 25-micron diameter electrode surfaces and 
having up to 14 pick up surfaces down the side of one needle. From the point of view of 
construction, needle electrodes are the simplest. However, edging of the needle point to the 
suitable angle, providing a proper plastic coating, making them resistant against thermal and 
chemical stresses and ensuring histological suitability is a difficult manufacturing process.

For the measurement of potentials from a specific part of the brain, longer needles are actually 
inserted into the brain. The needles are precisely located by means of a map or atlas of the brain. 
Generally, a special instrument called a stereotaxic instrument is used to hold the subject’s head 
and guide the placement of electrodes. Often, these electrodes are implanted to permit repeated 
measurements over an extended period of time.

Fig. 2.25 shows different types of intra muscular needle electrodes. The choice of the type of 
electrode that can best measure the physiological function of interest depends upon the specific 
features associated with each electrode type, their limitations, cost, availability and potential risk.

The commonly used concentric needle electrode (Fig. 2.25 a) has a single insulated wire inside 
the cannula of a hypodermic needle, fixed in place by epoxy glue and cut flush with the needle tip. 
This recording wire, with a recording surface of 150 by 600 μm at the tip, is referenced to the cannula.

Another commonly used electrode is a monopolar needle electrode (Fig. 2.25 b) that is made 
up of an insulated solid needle except at the most distal 300 μm at the tip, referenced to a surface 
electrode; thus, it has a slightly larger pickup area.
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To study electrical transmission in single muscle fibres, an electrode with a much smaller 
recording area is required. This electrode (Fig. 2.25 c) with a recording surface of 25 μm is located 
in a side port 3 mm back from the needle tip on the opposite side of the bevel. This configuration 
helps to minimize the risk of studying muscle fibres damaged by the needle tip during insertion. 
Diameter of the uptake area is about 300 μm.

The configuration of macro-EMG electrode (Fig. 2.25 d) is similar to the single fibre electrode 
except that the distal 1.5 cm of the needle electrode is bare. This recording surface, referenced to 
a surface electrode on the skin, has a very large pickup area and can therefore detect the entire 
motor unit territory.

(a) (b) (c) (d)

A B

 Fig. 2.25 Four common types of needle EMG electrodes.

(a) Concentric needle electrode. The recording wire is represented by the stippled area, running 

the length of a hypodermic needle.

(b) A monopolar needle electrode that is simply a wire insulated all around except at the tip.

(c) Single-fiber electrode.

(d) Macro-EMG electrode. The setup on the right side (4B) is identical to that of the single-fiber 

electrode. At the tip of the needle is a very large recording surface (the area in black mea-

suring 1.5 cm in length) for detecting the action potentials generated by all the constituent 

muscle fibers within the motor unit territory (A). (Adapted from Stalberg, 1986)

The ground electrode for EMG studies usually consists of a conducting strip which is inserted 
into a saline soaked strap and wrapped around the patient’s limb. The ground electrode is 
usually positioned over bony structures rather than over large muscle masses, in the vicinity of 
the recording and stimulating electrodes, and where possible, equidistant from them. Surface 
electrodes are employed for recording gross electrical activity from a particular group of 
underlying muscles in nerve-conduction velocity measurements. A single surface electrode may 
also be used as the reference (indifferent) electrode with monopolar needle electrodes. Surface 
electrodes can be easily and quickly attached and are generally comfortable to wear over long 
periods. Surface electrodes usually consist of square or circular metal (chlorided silver) plates 
with leadoff wires attached. They are held in place by straps or adhesive tapes. To reduce electrical 
resistance between the skin and the electrode, the use of saline soaked felt pads or a small amount 
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of electrode gel between the electrode surface 
and the skin is recommended. Disposable, 
adhesive type electrodes are also used for 
EMG work.

For surface electrodes, simple platinum 
or silver disc electrodes, pre-gelled Ag-
AgCl electrodes, and wet-gel electrodes are 
commonly used. The disc electrodes (Fig. 2.26 
a) are reusable while the gel electrodes (Fig. 
2.26b) are designed for single use. Whenever 
an electrical stimulation is applied, the 
electrodes used must be properly designed to 
deliver such electrical stimulations otherwise 
the power density generated at the skin 
contact can result in patient injury. Just like 
ECG electrodes, the EMG electrodes can be 
pre-gelled or wet gelled.

When intramuscular EMG is required to 
look into the electrical activity of deeper or 
overlaid muscles, thin and flexible fine wire 
electrodes are used. The fine wire electrode is inserted into the muscle site of interest. The needle 
or steel cannula is removed, and the electrode wires are connected to the steel spring adapters 
to minimize movement artefacts.

For all electrode types, additional measures can be taken to affix the electrode cabling to the 
patient body to minimize movement artifacts. Regular adhesive tape, hook and loop fasteners, 
and elastic straps are commonly used to secure cabling onto the body, but never the electrodes 
as this will affect the readings.

2.7 ELECTRICAL CONDUCTIVITY OF ELEECTRODE JELLIES AND CREAMS

Conducting creams and jellies have for long been used to facilitate a more intimate contact 
between the subject’s skin and the recording electrodes. The outer horny layer of the skin is 
responsible for the bulk of the skin contact impedance, and for this reason careful skin preparation 
is essential in order to obtain the best results. The recording site should first be cleaned with 
an ether-meth mixture. In addition to having good electrical conductivity, the electrode jelly 
must have a particular chloride ion concentration (about 1%) close to the physiological chloride 
concentration. This is primarily important for long-term monitoring because it should not 
produce a harmful diffusion between the jelly and the body. It is to be particularly ensured that 
the jelly chosen is of a bland nature and does not contain soap or phenol which can produce a 
marked irritation of the skin after a few hours.

The electrical conductivity of different makes of electrode cream can be measured (Hill and 
Khandpur, 1969) by means of the Schering ac bridge circuit. The cream is placed in a perspex 
conductivity cell of known dimensions and the resistive component of the cell impedance is 
measured at 10 Hz, the conductivity being calculated from the cell dimensions. The contact 
impedance of the skin depends upon the type of electrolyte used and the time (Trimby, 1976).
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 Fig. 2.26 EMG surface silver-silver chloride 
electrodes (a) pre-gelled electrodes (1, 2) (b) wet-gels 
(3, 4) (After Quach, 2007)
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 Fig. 2.27 shows the effect of these parameters. 
A low concentration sodium chloride electrolyte 
has 0.5% NaCl and a high concentration 
electrolyte has a concentration in the range of 5 to 
10% NaCl. The impedance is found to fall rapidly 
to 40% between 7 to 30 min. Stabilization occurs 
at about 30 to 45 min. An interesting observation 
from this figure is that while pre-rubbing the skin 
will lower the initial impedance value, the final 
value after using a high concentration electrolyte 
becomes nearly the same.

Electrode jelly can be replaced in certain cases 
by using a conducting plastic as an interface 
between the electrode and the surface of the 
body. Jenkner (1967) used silastic S-2086 by 
Dow Corning with EEG electrodes and showed 
that contact resistance was almost the same as 
with a conventional electrode which make use 
of electrode jelly.

The design of a wet electrode relies on the fact that the skin has a dry dielectric outer layer 
requiring gel compositions and electrode pads in order to establish a strong conductive path 
from the patient to the ECG system. Over time, these gels begin to dry out (as well as possibly 
cause skin irritation), changing the impedance characteristics between the pad and patient. Air 
gaps may develop between the electrode and skin, especially if there is hair on the skin surface, 
increasing the contact impedance. Fig. 2.28 shows the typical impedance variation of both a wet 
and dry electrode over a five-hour period when connected to a subject. The impedance of the 
wet electrode varied by more than 10 kW as the conductive gels dried out over time.
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 Fig. 2.27 Variation of contact-impedance with electrolyte concentration and time (Redrawn After 
Trimby, 1976; Courtesy: Hewlett Packard, U.S.A.)
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2.8 MICROELECTRODES

To study the electrical activity of individual cells, microelectrodes are employed. This type of 
electrode is small enough with respect to the size of the cell in which it is inserted so that penetration 
by the electrode does not damage the cell. The size of an intracellular microelectrode is dictated 
by the size of the cell and the ability of its enveloping membrane to tolerate penetration by the 
microelectrode tip. Single-living cells are rarely larger than 0.5 mm (500 microns) and are usually 
less than one-tenth of this size. Typical microelectrodes have tip dimensions ranging from 0.5 to 5 
microns. The tips of these electrodes have to be sufficiently strong to be introduced through layers 
of tissues without breaking.

Two types of microelectrodes are generally used: metallic [Fig. 2.29(a)] and glass 
microcapillaries (or micropipette) [Fig. 2.29(b)]. Metallic electrodes are formed from a fine 
needle of a suitable metal drawn to a fine tip. On the other hand, glass electrodes are drawn from 
Pyrex glass of special grade. These microcapillaries are usually filled with an electrolyte. The 
metal microelectrodes are used in direct contact with the biological tissue and, therefore, have 
a lower resistance. However, they polarize with smaller amplifier input currents. Hence, they 
tend to develop unstable electrode offset potentials and are therefore not preferred for steady 
state potential measurements. On the other hand, in case of glass microelectrodes, improved 
stability can be obtained by properly choosing the metal and the electrolyte so that the small 
current passing through their junction may not be able to modify the electrical properties of the 
electrodes. Also, the glass microelectrode has a substantial current carrying capacity because of 
the large surface contact area between the metal and the electrolyte.

Metal

Glass Tip

Lead wire

Cap

Electrolyte

Metal electrode

Tip

(a) (b)

 Fig. 2.29 Micro-electrodes
(a) Metal microelectrode
(b) Micropipete or microcapillaries electrode

The microelectrodes have very high impedance as compared to conventional electrodes 
used for recording ECG, EEG, etc. The high impedance of a metal microelectrode is due to the 
characteristics of the small area metal-electrolyte interface. Similarly, a micropipette tip is filled 
with an electrolyte which substitutes an electrolytic conductor of small cross-sectional area, 
which gives a micropipette its high resistance. Because of high impedance of microelectrodes, 
amplifiers with extremely high input impedances are required to avoid loading the circuit and 
to minimize the effects of small changes in interface impedance.
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2.8.1 Glass Microcapillary Electrodes

Several methods exist for producing microelectrodes of wide variety and shapes. For drawing 
electrodes of uniform and accurate diameter, it is essential to maintain constant timing, temperature, 
strength and direction of pull. These factors are difficult to control when the electrodes are drawn 
manually. The mechanical method employs gravitational force for extension and the electrodes 
which are drawn in one or more stages can readily produce capillary tubes between 3–30 mm 
diameter, but great difficulty is encountered in producing electrodes of less than 1 mm. The 
most commonly used method for making small tip micropipette consists of the circumferential 
application of heat to a small area of glass tubing which is placed under some initial tension. 
When the glass softens, the tension is increased very rapidly and the heat is turned off. Proper 
timing, controlled adjustment of the amount of heat as well as the initial and final tensions and 
cooling result in the production of microcapillaries with controlled dimensions.

2.8.2 Metal Microelectrodes

Metal electrodes with very fine tips used for recording from single cells have the advantage 
over glass micropipettes of being relatively robust. Steel microelectrodes can be made from 
ordinary darning needles but preferably they should be of good stainless steel wire. They can 
be easily made up to 10 mm diameter but great care has to be taken for diameters as small as 1 
mm. These very small tips are not very satisfactory as they are extremely brittle and have very 
high input impedance. Hubel (1957) described a method to make tungsten microelectrodes with 
a tip diameter of 0.4 mm. He used electropointing technique which consists in etching a metal 
rod while the metal rod is slowly withdrawn from the etching solution, thus forming a tapered 
tip on the end of the rod. The etched metal is then dipped into an insulating solution for placing 
insulation on all but the tip.

Fig. 2.30 shows the cross-section of a metal microelectrode. In this electrode, a thin film of 
precious metal is bonded to the outside of a drawn glass microelectrode. This arrangement 
offers lower impedance than the microcapillary electrode, infinite shelf life and reproducible 
performance, with ease of cleaning and maintenance. The metal-electrolyte interface is between 
the metal film and the electrolyte of the cell. 

Skrzypek and Keller (1975) illustrated 
a new method of manufacturing tungsten 
microelectrode permitting close control of 
microelectrode parameters. In this technique, 
the tips are dc electroetched to diameters below 
500° A and completely covered with polymethyl 
methacrylate. An electron beam from a scanning 
electron microscope is then used to expose 
a precise area on the tip for later removal by 
chemical methods. Recording results with these 
electrodes suggested good desirable recording 
characteristics, i.e. ability to isolate and hold 
single cells.

Tungsten is preferred for constructing microelectrodes due to its mechanical strength and its 
apparent inertness. Although tungsten itself is reactive, a surface layer of tungsten oxide will, 

GlassMetal film

Insulation
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 Fig. 2.30 Micro-electrode—Thin metal film 
coated  micropipette
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in most situations, protect the metal against corrosion. The electrical properties of tungsten 
microelectrodes made with a taper of the tip of about 1:10 and insulated with lacquer leaving a 
tip length of about 10–100 μm were studied by Zeuthen (1978). The resting potential in saline was 
found to be –0.3 V relative to a silver-silver chloride reference electrode for input currents less 
than 10–12 A. The small signal impedance was, ideally that of a capacitor 0.4 pF/mm2, between 
10 and 1000 Hz. Imperfect insulation at the tip caused this impedance to be increasingly resistive. 
The electrochemical properties of tungsten showed that it behaves as an inert metal within the 
potentials where it is usually used in biological experiments.

Jobling et al. (1981) constructed an active microelectrode array using IC fabrication technology 
to record extracellular potentials in nervous tissues. The array substantially reduces the noise 
caused by electrostatic pick-up with a good long-term stability.

MODEL QUESTIONS

1. Describe the origin of bioelectric signals. Draw a typical cell potential waveform, label it properly 

and explain the phenomena of depolarization and repolarization.

2. Explain the origin of electrical activity of the heart with the help of a diagram. Draw a typical ECG 

waveform and label it.

3. Draw a typical Electroencephalogram (EEG) waveform. Give frequency range of various bands 

for purpose of EEG analysis. What is an evoked potential?

4. Illustrate with the help of a diagram the origin of electromyogram signal and give its characteristic 

values in terms of amplitude and frequency.

5. Draw the diagram for electrode-tissue interface for surface electrodes used with electrode jelly. 

Explain metal-electrolyte and electrolyte skin interface.

6. Define contract potential. What are the factors on which contact potential depends? How we can 

reduce the contact potential?

7. Explain the ‘polarization’ phenomenon as applicable to bio-electric electrodes. Give example of a 

non-polarizing electrode used for ECG recording.

8. What is skin-contact impedance and what is its significance? Draw a diagram showing general 

relationship between skin-contact impedance and signal frequency.

9. Define motion artefact and explain its origin. What is the common method for reducing motion 

artefact?

10. Why are silver-silver chloride electrodes preferred for bioelectric signal recordings?

11. What are the various types of electrodes used for recording of ECG signal? Give a brief description 

of at least 3 types of electrodes.

12. Describe the construction of pre-gelled disposable electrodes. Why they are preferred for long term 

recording of bioelectric signals?

13. What the various types of pasteless electrodes used for bio-signal recording? What are their limita-

tions and advantages?

14. What is difference between ECG, EEG and EMG electrodes in terms of skin contact impedance?

15. What is the function of electrode jelly in bio-signal recording? Draw a graph showing variation of 

contact impedance with electrolyte concentration in jelly and time.

16. Where do we use microelectrodes? What are the types of microelectrodes? Describe the construction 

of a typical metal microelectrode.



Physiological Transducers

3.1 WHAT IS A TRANSDUCER?

Transducers are devices which convert one form of energy into another. Because of the familiar 
advantages of electric and electronic methods of measurement, it is the usual practice to convert 
all non-electric phenomenon associated with the physiological events into electric quantities. 
Numerous methods have since been developed for this purpose and basic principles of physics 
have extensively been employed. Variation in electric circuit parameters like resistance, 
capacitance and inductance in accordance with the events to be measured, is the simplest of 
such methods. Peizo-electric and photoelectric transducers are also very common. Chemical 
events are detected by measurement of current flow through the electrolyte or by the potential 
changes developed across the membrane electrodes. A number of factors decide the choice of a 
particular transducer to be used for the study of a specific phenomenon. These factors include:

3.2 CLASSIFICATION OF TRANSDUCERS

Many physical, chemical and optical properties and principles can be applied to construct 
transducers for applications in the medical field. The transducers can be classified in many 
ways, such as:

(i) By the process used to convert the signal energy into an electrical signal. For this, trans-
ducers can be categorized as:
Active Transducers—a transducer that converts one form of energy directly into another. 
For example: photovoltaic cell in which light energy is converted into electrical energy.
Passive Transducers—a transducer that requires energy to be put into it in order to 
translate changes due to the measurand. They utilize the principle of controlling a dc 
excitation voltage or an ac carrier signal. For example: a variable resistance placed in a 
Wheatstone bridge in which the voltage at the output of the circuit reflects the physical 
variable. Here, the actual transducer is a passive circuit element but needs to be powered 
by an ac or dc excitation signal. 

CHAPTER
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(ii) By the physical or chemical principles used. For example: variable resistance devices, 
Hall effect devices and optical fibre transducers.

(iii) By application for measuring a specific physiological variable. For example: flow trans-
ducers, pressure transducers, temperature transducers, etc.

Biomedical parameters which are commonly encountered are listed alongwith their 
characteristics and corresponding transducers in Tables 3.1 to 3.3.

 Table 3.1 Signals from Cardio-Vascular System

Parameter Primary signal characteristics Transducer required

Blood pressure

(arterial, direct)

Frequency range : dc to 200 Hz

dc to 40 Hz usually adequate

pressure range: 20 to 300 mm Hg;

slightly negative in left ventricle

Unbonded wire strain gauge 
pressure transducer

Bonded semiconductor strain 
gauge transducer

Capacitance type pressure
transducer

Differential transformer 

Blood pressure

(arterial, indirect)

Frequency range: dc to 5 Hz

Pressure range : 20 to 300 mm Hg

Microphone: 10 to 100 Hz, signal

voltage depends upon the type of 

microphone used

Low frequency microphone for 
picking up Korotkoff sounds

Blood pressure

(venous, direct)

Frequency range: dc to 40 Hz

Pressure range: - 5 to +20 mm Hg

Strain gauge pressure transducer 
with higher sensitivity

Peripheral arterial blood

pressure pulse wave

Frequency range: 0.1 to 50 Hz

usually adequate

Pulse trace similar to arterial

blood pressure waveform

Finger or ear lobe pick up (light 
source and photocell) and
piezoelectric pick-up or by
impedance method

Blood flow

(aortic or venous)

Rate: 0 to 300 ml/s

Frequency range : 0 to 100 Hz

Tracer methods

Ultrasonic Doppler flowmeter

Cardiac output

(blood flow)

Frequency range: 0 to 60 Hz

0 to 5 Hz usually adequate

Blood flow measured as litres

per minute (4 to 25 litre/min)

Dye dilution methods

Integration of aortic blood flow 
function

Thermal dilution method

Integrator.

Heart rate Rate: 25 to 300 beats per min.

Normal human heart rate at rest

60 to 90 beats/min

Normal foetal heart rate:

110 to 175 beats/min

blood pressure waveform or
photoelectric plethysmograph

From foetal phonocardiogram
ultrasonic method, scalp

(Contd.)



Physiological Transducers 79

Parameter Primary signal characteristics Transducer required

Phonocardiogram

(heart sounds)

Frequency range :20 to 2000 Hz

Signal voltage depends upon the

type of microphone used

Crystal or moving coil
microphone

Ballistocardiogram Frequency range: dc to 40 Hz Infinite period platform with 
strain gauge accelerometer

Impedance cardiogram

(Rheocardiography)

Frequency range: dc to 50 Hz

Impedance range: 10 to 500 W

Typical frequency employed for 

measuring impedance : 20 kHz to 
50 kHz

Surface or needle electrodes

Oximetry Frequency range: 0 to 60 Hz;

0 to 5 Hz usually adequate

Photoelectric pulse pick-up

Photoelectric flow-through cuvette

 Table 3.2 Signals from Respiratory System

Parameter Primary signal characteristics Transducer required

Respiration rate Normal range: 0 to 50 breaths/min Thermistor

Impedance pneumography 
electrodes

Microswitch method

CO2 detectors

Strain gauge transducer

Doppler shift transducer

Pneumotachogram

(respiratory flow rate)

Frequency range: dc to 50 Hz Fleisch pneumotachograph

BMR spirometers

Impedance pneumograh Frequency range: dc to 30 Hz 
(from demodulated carrier)

Typical carrier frequency used:
20 kHz to 50 kHz

Surface or needle electodes

Tidal volume

(Volume/breath)

Frequency range: dc to 5 Hz

Typical value for adult human:
600 ml/breath

Direct from spirometer

Integrated from
pneumotachogram

Minute ventilation
(vol/min)

6 to 8 l/min Integrated from
pneumotachogram

CO2

tidal

CO2 (human) 4 to 6%

N2O – Range 0 to 100%

Halothane – Range 0 to 3%

Infrared sensors

Mass spectrometery

 Table 3.1 (Contd.)

(Contd.)
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Parameter Primary signal characteristics Transducer required

Diffusion of inspired 
gases (nitrogen wash-out 
technique)

Normal range of nitrogen
concentration differential :
0 to 10%

Discharge tube nitrogen
analyser

Pulmonary diffusing 
capacity (using carbon 
monoxide)

Normal range(human): 16 to 35 ml

CO/mmHg/min

Intrared absorption by CO

Dissolved Gasses and pH

pH Signal range: 0 to   700 mV

Partial pressure of 

dissolved CO2(Pco2)

Range : 1 to 1000 mm Hg

Normal signal range: 0 to  150 mV

Direct recording CO2 electrode

Partial pressure of 

dissolved oxygen ( pO2)

Normal measurement range: 0 to 
800 mm Hg

Hyperbaric  pO2 range: 800 to
3000 mm Hg

Polarographic electrodes

Na+, Cl- Cations Signal range: 60 mV/decade Specific ion-sensitive electrodes

 Table 3.3 Physical Quantities

Parameter Primary signal characteristics Transducer required

Temperature Frequency range: dc to 1 Hz Thermocouples

Thermistor

Silicon diode

Resistance range: 1 k to 500 kW Surface electrodes similar to that of

Plethysmogram (volume 
measurement)

Frequency range: dc to 30 Hz Qualitative Plethysmography by:

- photoelectric method

- impedance method

- piezoelectric  method

Tocogram (uterine
contrations measurement 
during labour)

Frequency range: dc to 5 Hz Strain gauge transducers

Isometric force,
dimensional change

Strain gauge (resistance or
semiconductor

3.3 PERFORMANCE CHARACTERISTICS OF TRANSDUCERS

A transducer is normally placed at the input of a measurement system, and therefore, its 
characteristics play an important role in determining the performance of the system. The 
characteristics of a transducer can be categorized as follows:

 Table 3.2 (Contd.)
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3.3.1 Static Characteristics

Accuracy: This term describes the algebraic difference between the indicated value and the true 
or theoretical value of the measurand. In practice, accuracy is usually expressed as a percentage 
of full scale output or percent of reading or ± number of digits for digital readouts.

Precision: It refers to the degree of repeatability of a measurement. Precision should not be 
confused with accuracy. For example, an uncompensated offset voltage in an operational 
amplifier may give very reproducible results (high precision), but they may not be accurate.

Resolution: The resolution of a transducer indicates smallest measureable input increment i.e. it 
is the ability of the sensor to see small differences in reading. Resolution should not be confused 
with accuracy. For example a temperature sensor can have a resolution of 0.1°C but may have 
an accuracy of 1°C.

Sensitivity: The sensitivity of the sensor is defined as the slope of the output characteristic curve 
or, more generally, the minimum input of physical parameter that will create a detectable output 
change. It describes transfer ratio of output to input.

Span: It indicates total operating range of the transducer 
(Fig. 3.1).

Offset: The offset is defined as the output that will exist 
when it should be zero. This is shown in Fig. 3.2.

Drift: It indicates a change of baseline (output when input 
is zero) or of sensitivity with time, temperature etc. Drift is 
basically the change in a signal over long periods of time. 
It is often associated with electronic aging of components 
or reference standards in the sensor but the drift can also be 
the effect of temperature. Offset drift (or baseline drift) is a 
gradual change in the offset. Span drift (or sensitivity drift) 
is a change in the sensitivity response. In most sensors, 
offset drift is a more serious problem than span drift. 
Fig. 3.2 shows effect of offset and span drift.

Linearity:
curve to a specified straight line with in a given percentage 
of full scale output. Basically, it reflects that the output is 
in some way proportional to the input. A linear sensor 
produces an output value which is directly proportional 
to the input. A real sensor is never linear but in a desired 
working range, it can approach a linear transfer function.  

Threshold: The threshold of the transducer is the smallest 
change in the measurand that will result in a measureable 
change in the transducer output. It sets a lower limit on 
the measurement capability of a transducer.

Noise: This is an unwanted signal at the output due either 
to internal source or to interference.

Hysteresis: It describes change of output with the same value of input but with a different history 
of input variation. For example, hysteresis is observed when the input/output characteristics 
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for a transducer are different for increasing inputs than for 
decreasing inputs. It results when some of the energy applied 
for increasing inputs is not recovered when the input decreases 
(Fig. 3.3).

Saturation: In a transducer the output is generally proportional 
to the input. Sometimes, if the input continues to increase 
positively or negatively, a point is reached where the transducer 
will no longer increase its output for increased input, giving rise 
to a non-linear relationship. The region in which the output does 
not change with increase in input is called the saturation region.

Conformance: Conformance indicates closeness of a calibration 
curve to a specified curve for an inherently non-linear transducer.

Repeatability: This is the ability of a sensor to repeat a measurement when put back in the same 
environment.

Input Range: This is the range between the maximum and minimum values of applied parameter 
that can be measured.  The transducers works well under the given range, but outside the range, 
it can give erratic results or even may not work.

3.3.2 Dynamic Characteristics

Only a few signals of interest in the field of medical instrumentation, such as body temperature, 
are of constant or slowly varying type. The sensor response to a variable input is different from 
that exhibited when the input signals are constant. The dynamic characteristics are determined 
by analyzing the response of the sensor to a family of variable input waveforms such as a step, 
an impulse or a ramp signal. The following parameters describe the dynamic characteristics of 
the transducers

Transfer function: It is defined as

H(S) = [output Y(s) / Input X(s)]

where S is a complex frequency in the Laplace transform;  S = jw for  sinusoidal excitation

Frequency Response: It is change of the transfer function with frequency, both in magnitude and 
in phase.  Frequency response is usually specified within  ± % or ± dB from fmin to fmax in Hz.

Response Time: It characterises the response of a transducer to a step change in the input 
(measurand) and includes rise time, decay time and time constant.  

Settling time: It is the time for the sensor to reach a stable output once it is turned on. Therefore, 
if you are conserving power by turning off the sensors between measurements, you need to turn 
on the power and wait a certain time for the sensor to reach a stable output.

Most of the signals are function of time and therefore, it is the time varying property of 
biomedical signals that is required to consider the dynamic characteristics of the measurement 
system. Obviously, when a measurement system is subjected to varying inputs, the input-output 
relation becomes quite different form that in the static case. 

In general, the dynamic response of the system can be expressed in the form of a differential 
equation. For any dynamic system, the order of the differential equation that describes the 
system is called the order of the system. Most medical instrumentation systems can be classified 
into zero-, first-, second-, and higher-order systems.

Output

Input

Hysteresis

 Fig. 3.3 Effect of
hysteresis
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A zero-order system has an ideal dynamic performance, because the output is proportional to 
the input for all frequencies and there is no amplitude or phase distortion. A linear potentiometer 
used as a displacement transducer is a good example of a zero-order transducer.

The first-order transducer or instrument is characterized by a linear differential equation. 
The temperature transducers are typical examples of first-order measuring devices since they 
can be characterized by a single parameter, i.e. time constant ‘T
the first-order system is given by

y + T dy/dx = x(t)

where x is the input, y the output and x(t), the time function of the input.
A transducer or an instrument is of second-order if a second-order differential equation 

is required to describe the dynamic response. A typical example a second-order system is 
the spring-mass system of the measurement of force. In this system, the two parameters that 
characterize it are the natural frequency fn (or angular frequency wn = 2pfn), and the damping 
ratio ‘z

(1/w
2

n) d2y/dx2 + (2z/wn) dy/dx + y = x(t)

where wn is in radians per second and ‘z
this system, mass, spring and viscous-damping element oppose the applied input force and the 
output is the resulting displacement of the movable mass attached to the spring.

In the second-order systems, the natural frequency is an index of speed of response whereas 
the damping ratio is a measure of the system stability. An under-damped system exhibits 
oscillatory output in response to a transient input whereas an over-damped system would show 
sluggish response, thereby taking considerable time to reach the steady-state value. Therefore, 
such systems are required to be critically damped for a stable output.

3.3.3 Other Characteristics

There are many other characteristics which determine the performance and choice of a transducer 
for a particular application in medical instrumentation systems. Some of these characteristics are:

3.4 DISPLACEMENT, POSITION AND MOTION TRANSDUCERS

These transducers are useful in measuring the size, shape and position of the organs and tissues 
of the body. Specifically, the following measurements are made:

Position: Spatial location of a body or point with respect to a reference point.

Displacement: Vector representing a change in position of a body or point with respect to a 
reference point. Displacement may be linear or angular.
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Motion: Change in position with respect to a reference system.
Displacement transducers can be used in both direct and indirect systems of measurement. 

For example: direct measurements of displacement could be used to determine the change in 
diameter of the blood vessels and the changes in volume and shape of the cardiac chambers. 
Indirect measurements of displacement are used to quantify the movement of liquids through 
the heart valves. For example, detection of movement of the heart indirectly through movement 
of a microphone diaphragm. Displacement measurements are of great interest because they form 
the basis of many transducers for measuring pressure, force, acceleration and temperature, etc. 
The following types of transducers are generally used for displacement, position and motion 
measurements.

3.4.1 Potentiometric Transducers

One of the simplest transducers for measuring displacement is a variable resistor (potentiometer) 
similar to the volume control on an audio electronic device. The resistance between two terminals 
on this device is related to the linear or angular displacement of a sliding tap along a resistance 
element (Fig. 3.4).

Rotary
input

A C B

Rotational displacementLinear displacement

(b)(a)

C

Linear input

A B

 Fig. 3.4 Principle of potentiometeric displacement transducer (a) Linear displacement (b) Angular 
displacement

When the fixed terminals of the potentiometer are connected to the power supply, either 
ac or dc, output voltage at the wiper varies with the displacement of the object. Single turn, 
multiturn (2 to 10 turns), linear, logarithmic and sectored potentiometers are available for 
different applications.

3.4.2 Variable Capacitance

When the distance between a pair of metallic plates forming an electrical capacitance is altered, 
there is a change in the capacitance according to the relation:

C = 0.0885 k . A/d

where C = capacitance in micro-microfarads
d = distance between the plates in cm
A = area of each identical plate in cm2

k = dielectric constant of the medium separating the two plates
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moving one of the plates with respect to the other, the capacitance will vary inversely with respect 
to the plate separation. This will give a hyperbolic displacement—capacitance characteristic. 
However, if the plate separation is kept constant and the plates are displaced laterally with respect 
to one another so that the area of overlap changes, a displacement can be produced—capacitance 
characteristic that can be linear, depending upon the shape of the actual plates.

The inverse relationship between C and d means that the sensitivity increases as the plate 
separation decreases. Hence, it is desirable to design a capacitor transducer with a small plate 
separation and a large area. However, in the case of a displacement transducer, it is the change 
in capacitance that is proportional to the displacement, the sensitivity will be independent of 
plate area but increases as d approaches zero.

For measurement of displacement, the capacitor is made a part of an LC oscillator wherein the 
resulting frequency change can be converted into an equivalent output voltage. However, lack of 
repeatability and the difficulty in properly positioning the transducer makes the measurement 
a difficult task.

Capacitance transducers are very sensitive displacement transducers. Therefore, they are 
required to be thermally insulated and the connecting cables have to be made as small as possible 
in length to avoid involvement of the cable capacitance in the measuring circuit. They have the 
disadvantage that a special high frequency energizing system is needed for their operation.

3.4.3 Variable Inductance

Changes in the inductance can be used to measure displacement by varying any of the three coil 
parameters given in the following equation

L = n2Gμ

where L = inductance of the coil
n = number of turns in a coil
μ = permeability of the medium
G = geometric form factor

The inductance can be changed either by varying its physical dimensions or by changing the 
permeability of its magnetic core. The core having a permeability higher than air can be made 
to move through the coil in relation to the displacement. The changes in the inductance can be 
measured using an ac signal which would then correspond to the displacement.

Another transducer based on inductance is the variable reluctance transducer. In this 
transducer, the core remains stationary but the air gap in the magnetic path of the core is varied 
to change the effective permeability. It may however be noted that the inductance of the coil in 
these cases is usually not related linearly to the displacement of the core or the size of the air 
gap, especially if large displacements are to be measured.

3.4.4 Linear Variable Differential Transformer (LVDT)

An extremely useful phenomenon frequently utilized in designing displacement pick up 
units is based upon variations in coupling between transformer windings, when the magnetic 
core of the transformer is displaced with respect to the position of these two windings. These 

a differential transformer (Fig. 3.5) designed on this principle is employed for this purpose. The 



86 Handbook of Biomedical Instrumentation

central coil is the energizing or primary coil 
connected to a sinewave oscillator. The two 
other coils (secondary coils) are so connected 
that their outputs are equal in magnitude but 
opposite in phase.

With the ferromagnetic core symmetrically 
placed between the coils, and the two secondary 
coils connected in series, the induced output 
voltage across them would be zero.

When the core is moved, the voltage induced 
in one of the secondary windings exceeds that 
induced in the other. A net voltage output then 
results from the two secondaries. The phase of 
the output will reverse if the core moves past 
the central position. A simple bridge circuit 
can be employed to detect the differential 
signals thus produced. The signal can be further processed to directly display a calibrated 
output in terms of mm of displacement. Since there is always some capacitive coupling between 
windings of differential transducers, it produces a quadrature component of induced voltage in 
the secondary windings. Because of the presence of this component, it is usually not possible to 
reduce the output voltage to zero unless the phase of the backing voltage is also altered.

Differential transformer displacement transducers generally work in conjunction with carrier 
amplifiers. Typical operating excitation of these transducers is 6 V at 2.5 kHz. Since the output 
voltage of the LVDT is proportional to the excitation voltage, the sensitivity is usually defined 
for a 1 Volt excitation. Commercial devices typically have a sensitivity of 0.5 to 2.0 mV per 0.001 
cm displacement for a 1 Volt input. Full scale displacements of 0.001 to 25 cm with a linearity 
of ± 0.25 % are available.

3.4.5 Linear or Angular Encoders

With the increasing use of digital technology in biomedical instrumentation, it is becoming 
desirable to have transducers which can give the output directly in the digital format. Transducers 
are now available for the measurement of linear or angular displacements, which provide output 
in the digital form. These transducers are basically encoded disks or rulers with digital patterns 
photographically etched on glass plates. These patterns are decoded using a light source and 
an array of photodetectors (photo-diodes or photo-transistors). A digital signal that indicates 
the position of the encoding disk is obtained, which thereby represents the displacement being 
measured. Fig. 3.6 shows typical patterns on the digital encoders.

The encoder consists of a cylindrical disk with the coding patterns arranged in concentric rings, 
having a defined number of segments on each ring. The number of segments on the concentric rings 
decreases, in a binary count (32-16-8-4-2), from a total of 32 (16 conductive and 16 nonconductive) 

different combination of segments which will indicate the position of the shaft on which the disk 
is mounted. Since the outer ring of the disk encoder has 32 distinct areas, the resolution would 
be 1/32 ¥ 360° = 11.25° (1 digit). The resolution can be improved by increasing the number of 
segments on each ring, thereby decreasing the angle corresponding to each segment.

Amplifier

R

R

Zero
adjustment

Sec. 1

S
e
c
. 
2

Primary

Movable
core

Diaphragm
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 Fig. 3.6 Spatial encoder using a binary counting system

3.4.6 Peizo-electric Transducers

The piezo-electric effect is a property of natural crystalline substances to develop electric 
potential along a crystallographic axis in response to the movement of charge as a result of 
mechanical deformation. Thus, piezo-electricity is pressure electricity. The reverse effect is 
also present. When an electrical field is applied, the crystal changes shape. On application of 
pressure, the charge Q developed along a particular axis is given by

Q = dF coulomb

where d is the piezo-electric constant (expressed in Coulombs/Newton, i.e. C/N) and F is 
the applied force. The change in voltage can be found by assuming that the system acts like 
a parallel-plate capacitor where the voltage Eo across the capacitor is charge Q divided by 
capacitance C.

Therefore

Eo =
Q

C

dF

C
=

The capacitance between two parallel plates of area ‘a x

C = Œ
a

x

where Œ is the dielectric constant of the insulator between the capacitor plates. Hence,

Eo =
d F

a
x g P x

Œ

◊ ◊ = ◊ ◊

where d/Œ = g is defined as the voltage sensitivity in volts, P is the pressure acting on the crystal 
per unit area and x is the thickness of the crystal.

Typical values for d are 2.3 C/N for quartz and 140 C/N for barium titanate. For a piezo-
electric transducer of 1 cm2 area and 1 mm thickness with an applied force due to 10 g 
weight, the output voltage is 0.23 mV and 14 mV for the quartz and barium titanate crystals 
respectively.
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The principle of operation is that when an asymmetrical crystal lattice is distorted, a charge 
re-orientation takes place, causing a relative displacement of negative and positive charges. 
The displaced internal charges induce surface charges of opposite polarity on opposite sides of 
the crystal. Surface charge can be determined by measuring the difference in voltage between 
electrodes attached to the surfaces.

Piezo-electric materials have a high resistance, and therefore, when a static deflection is 
applied, the charge leaks through the leakage resistor. It is thus important that the input 
impedance of the voltage measuring device must be higher than that of the piezo-electric sensor.

A large number of crytsallographic substances are known but the most extensively used 
piezoelectric crystals are quartz, tourmaline, ammonium dihydrogen phosphate, Rochelle salt, 
lithium sulphate, barium titanate and lead zirconate titanate.

Quartz is the most stable natural crystal with high mechanical and thermal stability and has 
volume resistivity higher than 104 ohm-cm and small internal electric loss. Rochelle salt has 
low mechanical strength, high volume resistivity of 1012 ohm–cm and is affected by humidity. 
Ammonium dihydrogen phosphate has high thermal stability, volume resistivity of 1012 ohm– cm 
and high sensitivity. Barium titanate ceramic is a ferroelectric crystal and has small voltage output. 
The voltage output versus strain input characteristic is linear only on a very small range and is 
affected by humidity. They have a range of measurement from 1N to 2000N, linearity within ± 
1%, are simple in structure, stiff in nature, robust in use and preferred for dynamic measurements.

The piezo-electric transducers manufactured by M/S Brush Clevite, UK are sold under the 
trade name PZT which indicates a Lead Zirconate–Lead Titanate composition. They are available 
in many types for specific applications such as:

type applications and as the active element in electrical power generating systems.

They are mostly used in hydrophones and instrument applications.

a lower temperature stability and limited working temperature range.

drive.
Piezo-electric materials are also available as polymeric films such as polyvinylidene fluoride 

(PVDF). These films are very thin, light weight and flexible and can be cut easily for adaptation 
to uneven services. These films are not suitable for resonance applications due to the low 
mechanical quality factor but are extensively used in acoustical broad band applications for 
microphones and loudspeakers.

Piezo-electric transducers find numerous applications in the medical instrumentation field. 
They are used in ultrasonic scanners for imaging and blood flow measurements. They are used in 
the detection of Korotkoff sounds in non-invasive blood pressure measurements and in external 
and internal phonocardiography. The details of their construction and associated requirements 
and characteristics are given in the respective chapters.

3.4.7 Other Displacement Sensors

The position and motion can be detected using optical transducers. Both amplitude and position 
of the transmitted and reflected light can be used to measure displacement. An optical fibre 
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can also be used to detect displacement by measuring the transmitted light intensity or phase 
difference between the measuring beam and a reference beam.

Similarly, ultrasonic, microwave, X-rays, and nuclear radiations can be used to sense position. 
These are covered in the respective chapters at other places in the book.

3.5 PRESSURE TRANSDUCERS

Pressure is a very valuable parameter in the medical field and therefore many devices have 
been developed to effect its transduction to measurable electrical signals. The basic principle 
behind all these pressure transducers is that the pressure to be measured is applied to a flexible 
diaphragm which gets deformed by the action of the pressure exerted on it. This motion of the 
diaphragm is then measured in terms of an electrical signal. In its simplest form, a diaphragm 
is a thin flat plate of circular shape, attached firmly by its edge to the wall of a containing vessel. 
Typical diaphragm materials are stainless steel, phosphor bronze and beryllium copper.

atmospheric pressure. The commonly used units for pressure are defined at 0°C as P = 1 mm 
Hg = 1 torr = 12.9 mm blood = 13.1 mm saline = 13.6 mm H2O = 133.0 dyn/cm2 = 1330 bar = 
133.31 Pa = 0.133 kPa (Pa = Pascal).

For faithful reproduction of the pressure contours, the transducing system as a whole must 
have a uniform frequency response at least up to the 20th harmonic of the fundamental frequency 
of the signal. For blood pressure recording (which is at a rate of say 72 bpm or 1.2 Hz), the system 
should have a linear frequency response at least up to 30 Hz. 

The most commonly employed pressure transducers which make use of the diaphragm are 
of the following types:

Capacitance manometer—in which the diaphragm forms one plate of a capacitor.
Differential transformer—where the diaphragm is attached to the core of a differential 
transformer.

Strain gauge—where the strain gauge bridge is attached to the diaphragm.

Displacement transducers can be conveniently converted into pressure transducers by 
attaching a diaphragm to the moving member of the transducer such that the pressure is applied 
to the diaphragm. The following pressure transducers are commercially available.

3.5.1 LVDT Pressure Transducer

LVDT pressure transducer consists of three parts: a plastic dome with two female Luer-Lok 
fittings, a stainless steel diaphragm and core assembly and a plastic body containing the LVDT 
coil assembly. The transducers are available commercially in a complete array of pressure ranges 
with corresponding sensitivities, volume displacements and frequency response characteristics. 
LVDT pressure transducers are available in two basic diaphragm and core assemblies. The first 
for venous and general purpose clinical measurements has a standard-size diaphragm with 
internal fluid volume between the dome and diaphragm of less than 0.5 cc. The second design 
with higher response characteristics for arterial pressure contours has a reduced diaphragm area 
and internal volume of approximately 0.1 cc. The gauge can be sterilized by ethylene oxide gas 
or cold liquid methods. The LVDT gauges offer a linearity better than ±1%.

Arterial pressure transducers consist of very small differential transformers having tiny cores. 
A typical commercially available transducer has an outside diameter of 3.2 mm and a length of 
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9 mm, the movement of the movable core is ±0.5 mm and gives the full range of electrical output 
as 125 mV/mm (62.5 mV in either direction). Baker et al. (1960) designed a miniature differential 

of the transducer was 12.5 ¥ 6.25 mm and gave an average sensitivity of 38 mV per mmHg per 
volt applied to the input coils. The zero drift had been measured at less than 0.2 mmHg/°C.

3.5.2 Strain Gauge Pressure Transducers

Nearly all commercially available pressure monitoring systems use the strain gauge type pressure 
transducers for intra-arterial and intravenous pressure measurements. The transducer is based 
upon the changes in resistance of a wire produced due to small mechanical displacements. A 
linear relation exists between the deformation and electric resistance of a suitably selected gauge 
(wire, foil) over a specified range.

The figure of merit which describes the overall behaviour of the wire under stress is determined 

g =
D

D

R L

L L

where DR = Incremental change in resistance due to stress
R = Resistance of an unstretched wire
DL = Incremental change in length

L = Unstretched length of wire
Accordingly, the gauge factor gives information on the expected resistance change or output 

signal at maximum permissible elongation. The gauge factor determines to a large extent the 
sensitivity of the wire when it is made into a practical strain gauge. The gauge factor varies with 
the material. So, it is advisable to select a material with a high gauge factor. But the wire used 
should be selected for the minimum temperature coefficient of resistance.

Table 3.4 shows the gauge factor for different materials along with their temperature coefficient 
of resistance.

Table 3.4 Gauge Factors for Different Materials

Material Gauge factor Temperature coefficient
of resistance (W/W/ °C)

Constantan 2.0 2 ¥ 10–6

Platinum 6.1 3 ¥ 10–3

Nickel 12.1 6 ¥ 10–3

Silicon 120 6 ¥ 10–3

From sensitivity considerations, semiconductor silicon seems to be the obvious choice but 
it has been seen that it is highly temperature dependent. Techniques have, however, been 
developed to partially compensate for this temperature effect by the use of thermistors and 
combinations of suitably chosen p-type and n-type gauges. Silicon strain gauges can be made 
to have either positive or negative gauge factors by selectively doping the material. In this way, 
for a strain which is only compressive, both positive and negative resistance changes can be 
produced. Double sensitivity can be achieved by using two gauges of each type arranged in 
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the form of a bridge circuit and can be made to respond to strains of the same sign in each of 
the four arms.

Unbonded Strain Gauges: Most of the pressure transducers for the direct measurement of blood 
pressure are of the unbonded wire strain gauge type. The arrangement consists in mounting 
strain wires of two frames which may move with respect to each other.

The outer frame is fixed and the inner frame which is connected to the diaphragm upon 
which the pressure acts, is movable. A pressure P applied in the direction shown (Fig. 3.7) 
stretches wires B and C and relaxes wires A and D. These wires form a four arm active bridge. 
The moving frame is mounted on springs which bring it to the central reference position when 
no pressure is applied to the diaphragm. It has been observed that even after employing utmost 
care during manufacture, it is not possible to produce a zero output signal of the transducer at 
zero pressure. This may be due to the inhomogeneous character of the wire and the inevitable 

gauge housing (Fig. 3.8) to adjust the same electrically. Zeroing of the bridge can be accomplished 
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 Fig. 3.7 Schematic diagram of an unbonded strain gauge pressure transducer
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by a resistor Rx connected in series thereto. Similarly, a series connected resistor Rt in the other 
arm of the bridge serves to compensate for zero point drift, caused by temperature changes.

The unbonded strain gauge transducers are preferred when low pressure measurements are 
to be made since hysteresis errors are much lesser than would be the case if wire gauges were 
bound to the diaphragm. Unbonded strain gauge transducers can be made sufficiently small, 
which are even suitable for mounting at the tip of a cardiac catheter.

Bonded Strain Gauges: The bonded strain gauge consists of strain-sensitive gauges which are 
firmly bonded with an adhesive to the membrane or diaphragm whose movement is to be 
recorded. In practice, it is made by taking a length of very thin wire (for example, 0.025 mm dia) 
or foil which is formed into a grid pattern (Fig. 3.9 a, b) and bonded to a backing material. The 
backing material commonly used is paper, bakelized paper or and similar material. For pressure 
measurement purposes, a strain gauge constructed as above, is attached to a diaphragm. The 
deflection of the diaphragm under pressure causes a corresponding strain in the wire gauge. Since 
the deflection is proportional to pressure, a direct pressure resistance relation results.

Soldering
tags

Soldering
tags

Wire

Felt Foil

Backing

(a) (b)

 Fig. 3.9 Bonded type strain gauge pressure transducer: (a) Wire strain gauge (b) Etched foil strain gauge

By using a pair of strain gauges and mounting them one above the other, the changes in 
the resistances of the two gauges arising from the changes in the ambient temperature can be 
cancelled. Also, one strain gauge would increase while the other would decrease in resistance 
when the pressure is applied to them.

Silicon-bonded Strain Gauges: In recent years, there has been an increasing tendency to use 
bonded gauges made from a silicon semiconductor instead of from bonded wire or foil strain 
gauges. This is because of its higher gauge factor resulting in a greater sensitivity and potential 
for miniaturization.

Fig. 3.10 shows an arrangement in which the positive-doped (p-doped) silicon elements of 
a Wheatstone bridge are diffused directly on to a base of negative-doped (n-doped) silicon. 
Although, semiconductor strain gauges are very sensitive to variations in temperature, the 
inclusion of eight elements to form all four resistive arms of a bridge eliminates this problem 
by exposing all of the elements to the same temperature.
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In the bonded silicon semiconductor strain 
gauge, the conventional wire or foil element is 
replaced by a single chip of silicon, processed 
to a finished size less than 0.0125 mm thick and 
0.25 mm wide. The strip is then mounted on a 
substrate of epoxy resin and glass fibre with 

wires are used for interconnection between 
silicon and nickel. The complete assembly 
is coated with epoxy resin to protect it from 
environmental conditions. Lead wire resistance 
and capacitance also change with temperature. 
Therefore, lead wires from the strain gauge to 
the Wheatstone bridge must also be temperature 
compensated. Compensation for temperature 
variation in the leads can be provided by using 
the three lead method. In this method, two 
of the leads are in adjacent legs of the bridge 
which cancels their resistance changes and 
does not disturb the bridge balance. The third 
lead is in series with the power supply and is, 
therefore, independent of bridge balance.

The bridge power supply is regulated and temperature compensated. The piezo-resistive 
elements are the four arms of a Wheatstone bridge and consist of four p-doped (boron) regions, 
diffused into the edged chip of the n-type silicon. The transducer has a range of 0–1 atmosphere. 
It has hysteresis error of ±0.1% full scale and a temperature coefficient of ±2–3 mV/°C. It gives 
an output of ±0.75 V per 100 mmHg. The high output permits the use of this transducer with 
practically any dc recorder.

The MPX2200 series device from Freescale Semiconductors is a silicon piezo-resistive 
pressure sensor that provides an accurate and linear voltage output—directly proportional to 
the applied pressure. The sensor is a single monolithic silicon diaphragm with the strain gauge 
and a thin-film resistor network integrated 
on-chip. The chip is laser trimmed for precise 
span and offset calibration and temperature 
compensation (Fig. 3.11). They are designed 
for use in applications such as pump/motor 
controllers, robotics, level indicators, medical 
diagnostics, pressure switching, barometers, 
altimeters, etc.

The sensor is temperature compensated 
over 0oC to +85oC, with +/-0.25% linearity. The 
sensor is available in absolute and differential 
configurations. With a 10V excitation, the 
sensor measures from 0 to 200 kPA (0 to 29 
psi) giving a 40 mV full scale span. The output 
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 Fig. 3.10 Diffused p-type strain gauge
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is ratiometric when excited by voltages lower than 10 V. For example, for an excitation voltage 
of 2.5 V, the full span output is 10 mV.

Disposable Blood Pressure Sensors: Disposable blood pressure sensors replace reusable silicon-
beam or quartz capacitive pressure transducers which have to be sterilized and recalibrated for 
reuse. These expensive devices measure blood pressure with a saline-filled tube-and-diaphragm 
arrangement that has to be connected to an artery with a needle.

(Milpitas, CA), and Motorola (Phoenix, AZ).

machined diaphragm. A resistive element, a strain gauge, is ion-implanted on the thin silicon 
diaphragm. The piezo-resistor changes output 
voltage with variations in pressure. Temperature 
compensation and calibration can be integrated in 
one sensor die. Fig. 3.12 shows disposable blood 

through a silicon-based dielectric gel between 
the sensor and the saline solution. The gel 

saline solution, protecting the electric circuitry 
from the solution. The gel also protects the patient 
from currents straying back up the IV line. The gel 
is a nontoxic, non-allergenic polymer. 

3.6 TRANSDUCERS FOR BODY TEMPERATURE MEASUREMENT

The most popular method of measuring temperature is by using a mercury-in-glass thermometer. 
However, they are slow, difficult to read and susceptible to contamination. Also, reliable accuracy 
cannot be attained by these thermometers, especially over the wide range which is now found to 
be necessary. In many of the circumstances of lowered body temperature, continuous or frequent 
sampling of temperature is desirable, as in the operating theatre, post-operative recovery room 
and intensive care unit, and during forced diuresis, massive blood transfusion, and accidental 
hypothermia. The continuous reading facility of electronic thermometers obviously lends itself 

accurate in practice than mercury-in-glass thermometers for medical applications. They mostly 
use probes incorporating a thermistor or thermocouple sensor which have rapid response 
characteristics. The probes are generally reusable and their covers are disposable.

Small thermistor probes may be used for oesophageal, rectal, cutaneous, subcutaneous, 
intramuscular and intravenous measurements and in cardiac catheters. Thermocouples are 
normally used for measurement of surface skin temperature, but rectal thermocouple probes 
are also available. Resistance thermometers are usually used for rectal and body temperature 
measurement. The resistance thermometer and thermistor measure absolute temperature, 
whereas thermocouples generally measure relative temperature. Table 3.5 lists the most popular 
types of temperature transducers and their characteristics.

 Fig. 3.12 Disposable blood pressure sensors
(Courtesy: M/s Motorola)
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 Table 3.5 Some Common Types of Temperature Transducers

Thermocouple RTD Thermistor Semiconductor

Widest Range:

–184ºC to +2300ºC

Range:

–200ºC to +850ºC

Range:

0ºC to +100ºC

Range:

–55ºC to +150ºC

High Accuracy and
Repeatability

Fair Linearity Poor Linearity Linearity: 1ºC

Accuracy: 1ºC

Needs Cold Junction
Compensation

Requires Requires Requires

Low-Voltage Output Low Cost High Sensitivity 10mV/K, 20mV/K, or 
1μA/K Typical Output

functions. In the past, complex analog conditioning circuits were designed to correct for the 
sensor non-linearity. These circuits often required manual calibration and precision resistors to 
achieve the desired accuracy. Today, however, sensor outputs may be digitized directly by high 
resolution ADCs. Linearization and calibration is then performed digitally, thereby reducing 
cost and complexity.

3.6.1 Thermocouples

When two wires of different materials are joined together at either end, forming two junctions 
which are maintained at different temperatures, a thermo-electromotive force (emf) is generated 
causing a current to flow around the circuit. This arrangement is called a thermocouple. The 
junction at the higher temperature is termed the hot or measuring junction and that at the lower 
temperature the cold or reference junction. The cold junction is usually kept at 0°C. Over a 
limited range of temperature, the thermal emf and hence the current produced is proportional 
to the temperature difference existing between the junctions. Therefore, we have a basis of 
temperature measurement, since by inserting one junction in or on the surface of the medium 
whose temperature is to be measured and keeping the other at a lower and constant temperature 
(usually 0°C), a measurable emf is produced proportional to the temperature difference between 
the two junctions. The reference junction is normally held at 0°C inside a vacuum flask containing 
melting ice.

The amount of voltage change per degree of temperature change of the junction varies with 
the kinds of metals making up the junction. The voltage sensitivities of thermocouples made of 
various metals are given in Table 3.6.

 Table 3.6 Thermal emf for Various Types of Thermocouples

Type Thermocouple Useful range °C Sensitivity at 20°C  (μV/°C)

T Copper-constantan –150 to +350 45

J Iron-constantan –150 to + 1000 52

K Chromel-alumel –200 to +1200 40

S Platinum-platinum (90%)

Rhodium (10%)

0 to +1500 6.4
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Fig. 3.13 illustrates the emf output 
versus temperature in degrees for each of 
the commonly used thermocouples. Two 
important facts emerge from this graph: (i) the 
sensitivity (slope) of each curve is different, 
and (ii) none of the curves has a perfectly linear 
rate of change of emf output per degree F. This 
shows that each type of thermocouple has a 
unique, non-linear response to temperature. 
Since most recording or display devices 
are linear, there is a need to linearize the 
output from the thermocouples so that the 
displayed output gets correlated with actual 
temperature. The sensitivity of a thermocouple 
does not depend upon the size of the junction 
or the wires forming it as the contact potentials 
developed are related to the difference in the 
work function of the two metals.

For medical applications, a copper-constantan combination is usually preferred. With the 
reference junction at 0°C and the other at 37.5°C, the output from this thermocouple is 1.5 mV. 
Two types of measuring instruments can be used with thermocouples to measure potential 
differences of this order. In one, moving coil movements are used as millivoltmeters to measure 
the thermocouple emf. They are directly calibrated in temperature units. Usually in clinical 
thermocouple instruments, emf can also be read directly on a digital voltmeter or by using a 
chopper stabilized dc amplifier followed by a panel meter of the analog or digital type.

Much experimentation with thermocouple circuits has led to the formulation of the following 
empirical laws which are fundamental to the accurate measurement of temperature by 

containing any number of dissimilar homogeneous metals is a function only of the temperatures 
of the junctions, and (ii) if all but one of the junctions in such a circuit are maintained at some 
reference temperature, the emf generated depends only upon the temperature of that junction 
and can be used as a measure of temperature. It is thus evident that the junction temperature 
can be determined if the reference junction is at a different, but known temperature. It is also 
feasible in the use of oven-controlled and electrically simulated reference junctions.

The temperature of the measuring junction can be determined from the thermo emf only if 
the absolute temperature of the reference junction is known. This can be done by either of the 
following methods:

1. By measuring the reference temperature with a standard direct reading thermometer.
2. By containing the reference junction in a bath of well defined temperature, e.g. a carefully 

constructed and used ice bath which can give an accuracy of 0.05°C with a reproducibility 
of 0.001°C.

A simpler method is to use a reference-temperature compensator which generates an emf that 
will exactly compensate for variations in the reference-junction temperature. Fig. 3.14 illustrates 
a thermally sensitive bridge which is designed to generate an emf that varies with the enclosure 
temperature (normally ambient) in such a way that variations in the cold junction are nullified.
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 Fig. 3.14 Bridge type reference junction compensator

In this circuit, R2 is a temperature-sensitive component that is thermally bonded to the cold 
junction thermocouple. The resistance-temperature curve of R2 matches the emf temperature 
characteristic of the thermocoupled material. The voltage change across R2 is equal and 
opposite to the cold junction thermal voltage over a limited ambient temperature range. This 
system introduces errors if the enclosure temperature undergoes wide variations. However, for 
moderate fluctuations (±5°C), it enables an effective reference temperature stability of ±0.2°C to 
be achieved. This type of reference temperature simulation is well adapted to zero suppression 
of a large temperature. By specifying the reference temperature of or near the temperature to 
be recorded, small temperature changes can be recorded.

The small size and very fast response of thermocouples make them suitable for intracellular 
transient temperature measurements and for measuring temperatures from within the body at 
sites like the oesophagus, rectum, etc. They can be inserted into catheters and hypodermic needles. 
Special needles are commercially available that enable a thermocouple to be subcutaneously 
implanted, the needle being withdrawn to leave the thermocouple in place. Mekjavic et al. 
(1984) have illustrated the construction and evaluation of a thermocouple probe for measuring 
oesophageal temperature.

Dedicated thermocouples signal conditioners have been developed to achieve a greater level 
of integration. For example, the AD594/AD595 is a complete instrumentation amplifier and 
thermocouple cold junction compensator on a monolithic chip (Fig. 3.15). It combines an ice 
point reference with a pre-calibrated amplifier to provide a high level (10mV/°C) output directly 
from the thermocouple signal.

The AD594/AD595 includes a thermocouple failure alarm that indicates if one or both 
thermocouple leads open. The device can be powered from a single-ended supply (which may 
be as low as +5V), but by including a negative supply, temperatures below 0°C can be measured. 
To minimize self-heating, an unloaded AD594/AD595 will operate with a supply current of 
160μA, but is also capable of delivering ±5mA to a load. 

The AD594 is pre-calibrated by laser wafer trimming to match the characteristics of type J 
(iron/constantan) thermocouples, and the AD595 is laser trimmed for type K (chromel/alumel). 
The temperature transducer voltages and gain control resistors are available at the package pins 
so that the circuit can be recalibrated for other thermocouple types by the addition of resistors. 
The AD594/AD595 is available in two performance grades. The C and the A versions have 
calibration accuracies of ±1°C and ±3°C, respectively. Both are designed to be used with cold 
junctions between 0 to +50°C. 
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 Fig. 3.15 AD594/AD595 Thermocouple amplifiers with cold junction compensation (Courtesy: M/s 
Analog Devices)

3.6.2 Electrical Resistance Thermometer

The temperature dependence of resistance of certain metals makes it convenient to construct a 
temperature transducer. Although most of the metals can be used, the choice, however, depends 
upon the linearity and sensitivity of the temperature resistance characteristics. The resistance Rt

of a metallic conductor at any temperature t is given by:

R
t
= R

o
(1 + a t)

where Ro = resistance at 0°C and
a = temperature coefficient of resistivity

If Ro and a are known, a measurement of Rt shall directly give the value of temperature. The 
increase in resistance is linear over the range 0–100°C for commonly used materials in resistance 
thermometry.

Normally platinum or nickel are used for resistance thermometry since they can be readily 
obtained in a pure form and are comparatively stable. Thermometers constructed from a coil of 
these metals have been used for the measurement of skin, rectal and oesophageal temperature. 
The coefficient of resistivity for platinum is 0.004 W/W °C. The measurement of resistance is 
generally carried out by using a Wheatstone bridge in which all leads must be of constantan to 
keep their own temperature resistance changes minimal. The comparator resistances must also 
be temperature stable. The bridge can be operated from either direct or alternating current, but to 
neglect any electrochemical changes or polarization in the circuit, an ac bridge is recommended.

Fig. 3.16 shows the simple bridge circuit employed in resistance thermometry. A and B
are fixed resistances. C is a variable resistance made from constantan which has a very low 
temperature coefficient of resistance. The measuring coil and its connecting leads are placed in 
one arm of the bridge circuit with a dummy pair of leads connected in the opposite arm. In this 
manner, changes in resistance of the coil leads with ambient temperature are cancelled out by 
the corresponding changes in the dummy or compensating leads.
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The simple Wheatstone bridge circuit 
is basically a non-linear device when it is 
operated away from its null-balance point; 
therefore, it is important to understand the 
degree of non-linearity to be encountered. 
Platinum resistance sensors are linear within 
±10% between –200 and +600°C. To achieve 
better linearization, Foster (1974) describes 
a circuit which makes use of a nonlinear 
amplifier. Positive feedback is added around 
the input amplifier, making its effective gain 
increase as the sensor resistance increases 
with temperature. The linearization achieved 
is typically accurate within ±0.5°C in the worst 
case over the specified range.

Unlike a thermocouple, a Resistance Temperature Detector (RTD) is a passive sensor and 

of 0.385%/°C requires similar high-performance signal conditioning circuitry to that used by 
a thermocouple; however, the voltage drop across an RTD is much larger than a thermocouple 
output voltage. Fig. 3.17 shows a 100W Pt RTD driven with a 400μA excitation current source 
interfaced to a signal conditioner and an ADC to give complete signal conditioning capability 
and digital output which can be fed to any microcontroller. The high resolution ADC coupled 

any additional signal conditioning. The RTD excitation current source also generates the 2.5V 
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 Fig. 3.16 Circuit arrangement of a metal resis-
tance thermometer
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 Fig. 3.17 Interfacing a Pt resistance temperature detector to a high resolution ADC 
(Courtesy: M/s Analog Devices)



100 Handbook of Biomedical Instrumentation

reference voltage for the ADC via the 6.25kW resistor. Variations in the excitation current do 
not affect the circuit accuracy, since both the input voltage and the reference voltage vary ratio-
metrically with the excitation current.

Caution must be exercised using current excitation because the current through the RTD causes 
heating. This self-heating changes the temperature of the RTD and appears as a measurement 
error. Hence, careful attention must be paid to the design of the signal conditioning circuitry so 
that self-heating is kept below 0.5°C.

Another effect that can produce measurement error is voltage drop in RTD lead wires. This 
is especially critical with low-value 2-wire RTDs because the temperature coefficient and the 
absolute value of the RTD resistance are both small. To eliminate the effect of the lead resistance, 
a 4-wire technique is used.

Resistance thermometers are particularly suitable for remote reading and can be made of 
inert materials like platinum. They are very stable and show almost no hysteresis with large 
temperature excursions. However, the size of the coils used presently is such that in the medical 
field, the resistance thermometer probes are best suited only for rectal probe use. They are bulky 
and are not suitable for mounting in needles for the measurement of tissue temperature.

3.6.3 Thermistors

Thermistors are the oxides of certain metals like manganese, cobalt and nickel which have large 
negative temperature coefficient of resistance, i.e. resistance of the thermistor shows a fall with 
increase in temperature. The general resistance-temperature relation for a thermistor is given by:

R = AeB/T

where R = resistance of the thermistor in W
T = absolute temperature

A and B are constants
Thermistors when used for measuring temperature have many advantages over thermocouples 

and resistance thermometers. They are summarized as follows:

-
tigrade.

leads are of small influence and therefore, no compensating leads are necessary.

Hence the measurements can be taken rather quickly.

or on hypodermic needles.

easier to match them in the circuits.

RTD and thermistors are basically resistive devices, and therefore, need an excitation current. 
Fig. 3.18 shows resistance v/s temperature characteristics for a typical thermistor and RTD.

The large change in resistance with temperature means that a comparatively simple 
bridge circuit is sufficient. The thermistors have inherently non-linear resistance-temperature 
characteristics. But by the proper selection of the values of the bridge resistances (bridge in 
itself is a non-linear arrangement), it is possible to get nearly linear calibration of the indicating 
instrument over a limited range.
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 Fig. 3.18 Resistance versus temperature for a typical thermistor and RTD

There is drawback in using thermistors when multichannel temperature indicators are made. 
This is due to the fact that it is not possible to make a batch of them with uniform characteristics. 
The normal tolerance on resistance is ±20% but matching down to ±1% is available at higher cost. 
Recalibration of the instrument is thus required whenever a particular probe has to be replaced.

For linearization of thermistors over a 
limited temperature range (Sapoff, 1982), two 
approaches are usually employed. Figs. 3.19(a) 
and (b) show these techniques, which are:

(i) If the thermistor is supplied with a constant 
current and the voltage across the thermis-
tor is used to indicate the temperature, lin-
earization can be obtained by shunting the 
thermistor with a selected resistor Rp. The 
objective is to make the point of inflection 
of the parallel combination coincide with 
the mid-scale temperature [Fig. 3.19(a)].

(ii) When the current through the thermistor, 
for a fixed applied difference, is used to in-
dicate the temperature, the series arrange-
ment is employed [Fig. 3.19(b)].

By using this technique, the maximum 
deviation from linearity observed is 0.03°C 
for every 10°C. It may, however, be noted 
that improved linearity achieved results 
in a decrease in the effective temperature 
coefficient of the combination. For example, 
the temperature coefficient is 3.3%°C for a 
thermistor, when optimally linearized with 
a series resistance. More complex circuit 
arrangements are needed to achieve better 
linearization over wider ranges of temperature.
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 Fig. 3.19 Two schemes for linearization of therm-
istors for a short range and their characteristics  (a)  
parallel combination of a thermistor and a resistor, 
(b) series combination of a thermistor and a resistor
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Cronwell (1965) has presented a review of the techniques used for linearizing the thermistors. 
Thermistors which provide a linear change in resistance with a change in temperature have been 

which approach a linear characteristic. These are typically 2- or 4-leaded devices requiring 
external matching resistors to linearize the characteristic curve. The modern data acquisition 
system with its computing controller has made this kind of hardware linearization unnecessary.

An operational amplifier circuit designed by Stockert and Nave (1974) provides a linear relation 
between the output voltage and temperature from 10 to 50°C using a non-linear thermistor as 
the temperature transducer. The paper discusses the method for calculating the circuit values. 

temperature values, using linear interpolation between the values to determine the temperature.
Thermistors are made in a wide variety of forms suitable for use in medical applications. 

They are available as wafers required for applying to the skin surface, rods which can be 
used for rectal, oral, or similar insertions, and tiny beads so small that they can be mounted 
at the tip of a hypodermic needle for insertion into tissues. These tiny thermistors have very 

measure of thermistor probe response time, is the time required for a probe to read 63% of a 

probe from  a well stirred water bath at 20°C to a like bath at 43°C. Approximately, five ‘time 

Thermistors with positive thermo-resistive coefficients are called Posistors (PTC). They 
exhibit a remarkably high variation in resistance with increase in temperature. The posistors 
are made from barium titanate ceramic. PTCs are 
characterized by an extremely large resistance 
change in a small temperature span. Fig. 3.20 
shows a generalized resistance temperature plot 
for a PTC (Krelner, 1977). The temperature at 
which the resistance begins to increase rapidly 
is referred to as the switching temperature. 
This point can be changed from below 0°C to 
above 120°C. Thus, PTCs have a nearly constant 
resistance at temperatures below the switching 
temperature but show a rapid increase in resistance 
at temperatures above the switch temperature.

Thermistor probes for measurement of body 
temperature consist of thermistor beads sealed 
into the tip of a glass tube. The bead is protected 
by this glass housing and the rapid response 
is also maintained. Probes suitable for rectal 
and oesophageal applications usually contain a 
thermistor bead mounted inside a stainless steel 
sheath. Fig. 3.21 shows a variety of probes suitable 
for different applications in the medical field.

Probes should be sterilized by using a chemical 

300 60 90 120 150 180 210

1.0

10

102

103

104

0.1

Temperature °C Ts

R
e

s
is

ta
n

c
e

 (
o

h
m

s
)

 Fig. 3.20 A PTC thermistor switches 
abruptly when heated to the switching 
temperature, resistance changes by four decades 
as shown in this resistance-temperature graph 
(Courtesy: Keystone Carbon Co., U.S.A.).
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(sodium hypochlorite in neutral buffer). The cleaning agents Zephiran and Haemo-sol are likewise 
suitable. Probes should not be boiled or autoclaved except where it is specifically mentioned.

The instruments which give direct reading of the temperature at the thermistor position are 
known by the name telethermometers because of their ability to use leads which are hundreds 
of feet long without a significant decrease in accuracy. The continuous signal is also suitable for 
recording without amplification. Fig. 3.22 is a typical circuit diagram of a telethermometer. The 
instrument works on a 1.5 V dry cell which has an operating life of 1000 h. The addition of a 
second thermistor in the opposite arm of the bridge can make the circuit twice as sensitive and 
permits the use of a lower sensitivity meter.

Probe

R9
R4

R7

R3

(Calibration mark)

On

1.5 V
Dry cell

R6

R1

R11

R8 R2

R5

M

ThermistorBalance

Recorder

 Fig. 3.22 Circuit diagram of a telethermometer (Courtesy: Yellow Springs Instruments Co. U.S.A.)

For specific applications like pyrogenic studies, it is often necessary to have a multichannel 
system, which should automatically scan 3, 7 or 11 probes in sequence with 20 s, 1 min. or 5 
min. readings per probe and record the measured readings on a recorder. For this, a motorized 
rotary switch can be employed. The recorder output in these instruments is 0 to 100 mV with 
zero output at the highest temperature.

 Fig. 3.21 Different shapes of thermistor probes (Courtesy: Yellow Springs Instruments Co., U.S.A.).
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3.6.4 Radiation Thermometery

Any material placed above absolute zero temperature emits electromagnetic radiation from its 
surface. Both the amplitude and frequency of the emitted radiation depends on the temperature 
of the object. The cooler the object, the lower the frequency of the emitted electromagnetic waves, 
and lesser the power emitted. The temperature of the object can be determined from the power 
emitted. Infrared thermometers measure (Ring, 1988) the magnitude of infrared power (flux) in 
a broad spectral range, typically from 4 to 14 micrometers. They make no contact with the object 
measured. The detectors used for measuring the emitted infrared radiation are thermopiles 

and photovoltaic cells. All these devices can be mounted in specially designed housing to 
measure surface temperature without direct contact with the body. Table 3.6 summarizes salient 
specifications for various types of temperature measuring devices.

Hand-held infrared scanners are now available for monitoring the pattern of skin temperature 
changes, particularly for tympanic membrane temperature measurements. This measurement is 

A pyroelectric sensor develops an electric charge that is a function of its temperature gradient. 
The sensor contains a crystalline flake which is preprocessed to orient its polarized crystals. 
Temperature variation from infrared light striking the crystal changes the crystalline orientation, 
resulting in development of an electric charge. The charge creates a current which can be 
accurately measured and related to the temperature of the tympanic membrane.

Infrared thermometers have significant advantages over both glass and thermistor 
thermometers used orally, rectally or axillarily. They eliminate reliance on conduction and 

membrane of the ear which is a function of the core body temperature. It is a dry, non-mucous 
membrane site that minimizes risks of cross-contamination. The disadvantage of infrared 
thermometers is their high cost as compared to other types of thermometers.

 Table 3.7 Comparison of Electrical Temperature-Sensing Techniques

RTD Thermistor Thermocouple Radiation

Accuracy 0.01° to 0.1°F 0.01° to 1°F 1° to 10°F 0.2°F

Stability Less than 0.1%

drift in 5 years

0.2°F drift/year 1° F drift/year Same as

thermocouple

Sensitivity 0.1 to 10 ohms/°F  50 to 500 50 to 500 μvolts/°F Same as

Thermocouple

Features

over wide spans;

greatest stability

sensitivity highest range

easiest to use

Fastest response

no contaminations

3.6.5 Silicon Diode

The voltage drop across a forward biased silicon diode is known to vary at the rate of 2 mV/°C. This 

the technique and circuit diagram for the measurement of temperature using a silicon diode.
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The circuit (Fig. 3.23) is designed to monitor body temperature in the range of 34–40°C with 
an accuracy of 2.5%. The temperature-sensing diode D1 is connected to the non-inverting input 
of an operational amplifier. The gain of the amplifier is 500. With D1 mounted in a water bath at 
37°C, R1 is adjusted to give an amplifier output voltage of zero. Using a centre zero meter, the 
scale can be calibrated to ±3°C.

+12 V

–12 V

D1

R1

10 K

18 K 1 K

500 K

2.2 K

Output

 Fig. 3.23 Use of silicon diode as a temperature sensor
(Redrawn after Griffths and Hill, 1969)

The disadvantage of using a diode as a temperature sensor is the requirement of a stable 
calibration source. Soderquist and Simmons (1979) explain the use of a matched transistor pair 
which has predictable differential base-emitter voltage relationship which can be exploited as a 
temperature sensor. It is advantageous to have a diode or transistor sensor fabricated on a chip 
with interfacing electronics by integrated circuit (IC) technology. 

Modern semiconductor temperature sensors offer high accuracy and high linearity over an 
operating range of about –55°C to +150°C. Internal amplifiers can scale the output to convenient 
values, such as 10mV/°C. They are also useful in cold-junction compensation circuits for wide 
temperature range thermocouples.

The semiconductor temperature sensors can be used to generate either current or voltage 
outputs. Several integrated temperature sensors have been developed and some of these are 
available commercially. The AD592 from Analog Devices is current output sensor which has 
scale factor of 1μA/K. The sensor does not require external calibration and is available in several 
accuracy grades. The highest grade version (AD592CN) has a maximum error at 25ºC of ±0.5ºC 
and ±1.0ºC error from –25ºC to +105ºC. Linearity error is ±0.35ºC. The AD592 is available in a 
TO-92 package. The transducer uses a fundamental property of the silicon transistor from which 
it is made to realise its temperature proportional characteristics.

For a great many temperature sensing applications, a voltage mode output sensor is most 
appropriate. In such devices the basic mode of operation is as a three-terminal device, using power 
input, common, and voltage output pins. The ADT45/ADT50 are voltage output temperature 
sensors packaged in a SOT-23-3 package designed for an operating voltage of 2.7V to 12V 
(Fig. 3.24). The devices are specified over the range of –40ºC to +125ºC. The output scale factor 
for both devices is 10mV/ºC. Typical accuracies are +1ºC at +25ºC and +2ºC over the – 40ºC to 
+125ºC range. The ADT45 provides a 250mV output at +25ºC and is specified for temperature 
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from 0ºC to +100ºC. The ADT50 provides a 
750mV output at +25ºC and is specified for 
temperature from –40ºC to +125ºC.

Temperature sensors which have digital 
outputs have a number of advantages over 
those with analog outputs, especially in remote 
applications. The TMP03/TMP04 digital 
output sensor IC family from Analog Devices 
includes a voltage reference, 12-bit sigma-delta 
ADC (Analog to Digital Converter), and a clock 
source (Fig. 3.25). The sensor output is digitized 

converter. The output of the sigma-delta modulator gives a serial digital output with a mark-space 
ratio format signal that is easily decoded by any microprocessor into either degrees centigrade 
or degrees Fahrenheit. The nominal output frequency is 35Hz at + 25ºC, and the device operates 
with a fixed high-level pulse width (T1) of 10ms. Popular microcontrollers, such as the 80C51 and 
68HC11, have on-chip timers which can easily decode the mark-space ratio of the TMP03/TMP04.

+V = 4.5 to 7 VS

Reference
voltage

Clock
(1MHz)

Temp
sensor
VPTAT

Sigma-Delta
ADC

TMP03/TMP04

GND

Output
(TMP04)

Output
(TMP03)

 Fig. 3.25 Digital output sensors: TMP03/04 (Courtesy: M/s Analog Devices)

3.7 PHOTOELECTRIC TRANSDUCERS

Photoelectric transducers are based on the principle of conversion of light energy into electrical 
energy. This is done by causing the radiation to fall on a photosensitive element and measuring the 
electrical current so generated with a sensitive galvanometer directly or after suitable amplification. 
There are two types of photoelectric cells—photovoltaic cells and photoemissive cells.

3.7.1 Photovoltaic or Barrier Layer Cells

Photovoltaic or barrier layer cells usually consist of a semiconducting substance, which is 
generally selenium deposited on a metal base which may be iron and which acts as one of the 
electrodes. The semiconducting substance is covered with a thin layer of silver or gold deposited 
by cathodic deposition in vacuum. This layer acts as a collecting electrode. Fig. 3.26 shows 

ADT45
ADT50

+ = 2.7 V to 12 VVs

Vout

0.1μF

SOT-23

 Fig. 3.24 Absolute voltage output sensors: 
ADT45/ADT50 (Courtesy: M/s Analog Devices)
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the construction of the barrier layer cell. When radiant energy falls upon the semiconductor 
surface, it excites the electrons at the silver-selenium interface. The electrons are thus released 
and collected at the collector electrode.

Selenium

Iron

Collector electrode

Lacquer

Glass

Negative
contact

strip

Plastic
case

Spring contact
for +ve terminal

 Fig. 3.26 Construction of a barrier layer cell

The cell is enclosed in a housing of insulating material and covered with a sheet of glass. 
The two electrodes are connected to two terminals which connect the cell with other parts of 
the electrical circuit. 

Photovoltaic cells are very robust in construction, need no external electrical supply and 
produce a photocurrent sometimes stronger than other photosensitive elements. Typical 
photocurrents produced by these cells are as high as 120 μA/lumen. At constant temperature, 
the current set up in the cell usually shows a linear relationship with the incident light intensity. 
Selenium photocells have very low internal resistance, and therefore, it is difficult to amplify the 
current they produce by dc amplifiers. The currents are usually measured directly by connecting 
the terminals of the cell to a very sensitive galvanometer.

Selenium cells are sensitive to almost the entire range of wavelengths of the spectrum. However, 
their sensitivity is greater within the visible spectrum and highest in the zones near to the yellow 
wavelengths. Fig. 3.27 shows spectral response of the selenium photocell and the human eye.

Selenium cells have a high temperature coefficient and therefore, it is very necessary to allow 
the instrument to warm up before the readings are commenced. They also show fatigue effects. 
Selenium cells are not suitable for operations in instruments where the levels of illumination 
change rapidly, because they fail to respond immediately to those changes. They are thus not 
suitable where mechanical choppers are used to interrupt light 15–60 times a second.

3.7.2 Photoemissive Cells

Photoemissive cells are of three types: (a) high vacuum photocells, (b) gas-filled photocells and 
(c) photomultiplier tubes. All of these types differ from selenium cells in that they require an 
external power supply to provide a sufficient potential difference between the electrodes to 
facilitate the flow of electrons generated at the photosensitive cathode surface. Also, amplifier 
circuits are invariably employed for the amplification of this current. 
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High Vacuum Photoemissive Cells: The vacuum photocell consists of two electrodes—the 
cathode having a photosensitive layer of metallic cesium deposited on a base of silver oxide and 
the anode which is either an axially centered wire or a rectangular wire that frames the cathode. 
The construction of the anode is such that no shadow falls on the cathode. The two electrodes 
are sealed within an evacuated glass envelope.

When a beam of light falls on the surface of the cathode, electrons are released from it, which 
are drawn towards the anode which is maintained at a certain positive potential. This gives 
rise to a photocurrent which can be measured in the external circuit. The spectral response of 
a photoemissive tube depends on the nature of the substance coating the cathode, and can be 
varied by using different metals or by variation in the method of preparation of the cathode 
surface. Cesium-silver oxide cells are sensitive to the near infrared wavelengths. Similarly, 
potassium silver oxide and cesium-antimony cells have maximum sensitivity in the visible and 
ultraviolet regions. The spectral response also depends partly on the transparency to different 
wavelengths of the medium to be traversed by the light before reaching the cathode. For example, 
the sensitively of the cell in the ultraviolet region is limited by the transparency of the wall of 
the envelope. For this region, the use of quartz material can be avoided by using a fluorescent 
material, like sodium salicylate, which when applied to the outside of the photocell, transforms 
the ultraviolet into visible radiations.

Fig. 3.28 shows the current-voltage characteristics of a vacuum photoemissive tube at different 
levels of light flux. They show that as the voltage increases, a point is reached where all the 
photoelectrons are swept to the anode as soon as they are released which results in a saturation 
photocurrent. It is not desirable to apply very high voltages, as they would result in a excessive 
dark current without any gain in response.

Fig. 3.29 shows a typical circuit configuration usually employed with photoemissive tubes. 
Large values of phototube load resistor are employed to increase the sensitivity up to the 
practical limit. Load resistances as high as 10,000 MW have been used. This, however, almost puts 
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 Fig. 3.27 Spectral response of a selenium photocell and the human eye
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a limit, as further increase of sensitivity induces 
difficulties in the form of noise, non-linearity 
and slow response. At these high values of load 
resistors, it is very essential to shield the circuit 
from moisture and electrostatic effects. Therefore, 
special type of electrometer tubes, carefully 
shielded and with a grid cap input are employed 
in the first stage of the amplifier.

Photomultiplier Tubes: Photomultiplier tubes are 
used as detectors when it is required to detect 
very weak light intensities. The tube consists of a 
photosensitive cathode and has multiple  cascade 
stages of electron amplification in order to achieve 
a large amplification of the primary photocurrent 
within the envelope of the phototube itself. The 
electrons generated at the photocathode are 
attracted by the first electrode, called dynode, which 
gives out secondary electrons. There may be 9–16 
dynodes (Fig. 3.30). The dynode consists of a plate 
of material coated with a substance having a small force of attraction for the escaping electrons. 

positive potential, these electrons are accelerated to the second dynode and so on. This process is 
repeated at the successive dynode, which are operated at voltages increasing in steps of 50–100 V.
These electrons are finally collected at the collector electrode.

The sensitivity of the photomultiplier tube can be varied by regulating the voltage of the first 
amplifying stage. Because of the relatively small potential difference between the two electrodes, 
the response is linear. The output of the photomultiplier tube is limited to an anode current of a few 
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 Fig. 3.28 Current voltage characteristics of 
vacuum photoemissive tube at different levels 
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 Fig. 3.29 Typical circuit configuration employed with photoemissive tube
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milliamperes. Consequently, only low intensity radiant energy can be measured without causing 
any appreciable heating effect on the electrodes surface. They can measure light intensities about 
107 times weaker than those measurable with an ordinary phototube. For this reason, they should 
be carefully shielded from stray light. The tube is fairly fast in response to the extent that they are 
used in scintillation counters, where light pulses as brief as 10–9 s duration are encountered. A 
direct current power supply is required to operate a photomultiplier, the stability of which must 
be at least one order of magnitude better than the desired precision of measurement; for example, 
to attain precision of 1%, fluctuation of the stabilized voltage must not exceed 0.1%.

Fatigue and saturation can occur at high illumination levels. The devices are sensitive to 
electromagnetic interference and they are also more costly than other photoelectric sensors. 
Photomultipliers are not uniformly sensitive over the whole spectrum and in practice,  
manufacturers incorporate units best suited for the frequency range for which the instrument 
is designed. In the case of spectrophotometers, the photomultipliers normally supplied cover 
the range of 185 to 650 nm. For measurements at long wavelengths, special red sensitive tubes 
are offered. They cover a spectral range from 185 to 850 nm but are noticeably less sensitive at 
wavelengths below 450 nm than the standard photomultipliers.

3.7.3 Photo Diode Detectors

The photomultiplier tube which is large and expensive and requires a source of stabilised high
voltage can be replaced by a silicon photo diode detector (photodiode, e.g. H.P.5082–4220). This diode 
is useable within a spectral range of 0.4–1.0 μm, in a number of instruments (spectrophotometers, 
flame photometers etc.). The photodiode can be powered from a low voltage source.

These detectors when integrated with an operational amplifier have performance characteristics 
which compare with those of a photomultiplier over a similar wavelength range. Fig. 3.31 shows 
the spectral response of silicon diode detectors. The devices being solid state are mechanically 
robust and consume much less power. Dark current output and noise levels are such that they 
can be used over a much greater dynamic range.

3.7.4 Diode Arrays

Diode arrays are assemblies of individual detector elements in linear or matrix form, which in a 
spectrophotometer can be mounted so that the complete spectrum is focused on to an array of 
appropriate size. The arrangement does not require any wavelength selection mechanism and 
the output is instantaneously available. However, resolution in diode arrays is limited by the 
physical size of individual detector elements, which at present is about 2 nm.

Dynodes

Incident light
Photo

cathode Anode

RM Out

 Fig. 3.30 Principle of  a photomultiplier tube
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The diode array photodetectors used in the Hewlett Packard spectrophotomer Model 8450A 
consists of two silicon integrated circuits, each containing 211 photosensitive diodes and 211 
storage capacitors. The photodiode array is a PMOS (p-channel metal-oxide semiconductor) 

mm and has a spectral response that extends well beyond the 200–800 nm range.
A functional block diagram of the diode array chip is shown in Fig. 3.32. In parallel with 

each of the 211 photodiodes is a 10pF storage capacitor. These photo diode-capacitor pairs 

photocurrent causes the capacitor to discharge towards zero potential. Serial read-out of the 
diode array is accomplished by means of a digital shift register designed into the photodiode 
array chip.
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 Fig. 3.32 Functional diagram of the photo-diode array

The diode arrays typically exhibit a leakage current less than 0.1 pA. This error increases 
exponentially with temperature, but because the initial leakage value is so low, there is no need 
to cool the array at high ambient temperatures.
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 Fig. 3.31 Spectral response of silicon diode detectors
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3.8 OPTICAL FIBRE SENSORS

The development of optical fibres has given rise to a number of transducers which find 
applications in the medical field. The ability of these fibres to transmit light over great distances 
with low power loss and the interaction of light with a measured system provide the basis 
of these sensing devices. These sensors are electrically passive and consequently immune to 
electromagnetic disturbances. They are geometrically flexible and corrosion resistant. They can 
be miniaturized and are most suitable for telemetry applications.

A great number of optical fibre sensors have been developed for biomedical applications 
(Martin et al., 1989). The potential of optical fibres in the sensing of chemical species has led to 
the development of a number of optical fibre chemical sensors. They have also been devised 
for the measurement of physical parameters such as temperature, pressure and displacement. 
However, the most direct use of optical fibres in medicine is for gaining access to otherwise 
inaccessible regions whether for imaging these areas, as in endoscopy or as the delivery system 
for light in laser surgery. However, fibre-optic sensors (Walt, 1992) which are predominantly 
used for physiological measurements are included in the following coverage.

The optical transducers are based on glass or plastic fibres, about 100 to 250 μm in diameter, 
as found in fibre-optic communication systems. The initial optical fibre had poor transmission 
characteristics, but within a decade, fibre losses were reduced from 1000 db/km in 1966 to below 
1 db/km in 1976. Such improvements in the manufacture and theoretical understanding of light 
transmission in optical beam have lead to their wide spread use in a variety of applications, 
including that in clinical medicine.

3.8.1 Advantages of Optical Fibre Sensors

Optical fibre sensors are non-electrical and hence are free from electrical interference usually 
associated with electronically based sensors.
They are immune from cross-talk.
There is a high degree of mechanical flexibility associated with the fibre optic and this com-
bined with its reduced size, allows access to otherwise inaccessible areas of the body.
They are suitable for telemetry applications as bulk of the instrumentation can be at a rea-
sonable distance from the patient.
These sensors do not involve any electrical connection to the patient body, thereby ensuring 
patient safety.
More than one chemical species can be measured with a single sensor by employing more 
than one probe detection wavelength offering substantial economic advantage.
These devices are intrinsically safe, involving low optical power—generally a few milli-
watts.
The sensors are capable of observing a sample in its dynamic environment, no matter how 
distant, difficult to reach or hostile the environment.
The cost is low enough to make the sensors disposable for many applications.

Notwithstanding the significant advantages over other sensor types, fibre sensors exhibit the 
following disadvantages.

Ambient light can interfere. Consequently, the sensor has to be applied in a dark environ-
ment or must be optically isolated, or its signal must be encoded to be able to differentiate 
it from background light.
Sensors having immobilised indicator phases are likely to have limited long-term stability.
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Sensors with immobilized pH indicators have limited dynamic ranges as compared to 
electrodes.
Commercial accessories of the optical system are not optimal yet. Stable and long light 

-

Optical fibre sensors comprise a light source, optical fibre, external transducer, and 
photodetector. They sense by detecting the modulation of one or more of the properties of 
light that is guided inside the fibre—intensity, wavelength, or polarization, for instance. The 
modulation is produced in a direct and repeatable fashion by an external perturbation caused 
by the physical parameter to be measured. The measurand of interest is inferred from changes 
detected in the light property. Fig. 3.33 shows the general structure of an optical fibre sensor 

modulator element (which transduces the measurand to an optical signal), an optical detector 
and processing electronics (oscilloscope, optical spectrum analyzer etc.).

Source Transducer Detector

Electronic
processing

Measurand

Optical fibre Optical fibre

 Fig. 3.33 Block diagram of a fibre optic sensor system

The sensing location, the operating principle, and the application.
Based on the sensing location, a fibre optic sensor can be classified as extrinsic or intrinsic. In 

an extrinsic fibre optic sensor [Fig. 3.34(a)], the fibre is simply used to carry light to and from an 
external optical device where the sensing takes place. In this case, the fibre just acts as a means 
of getting the light to the sensing location.
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 Fig. 3.34 Basic types of optical fibre sensors. (a) Extrinsic devices (b) Intrinsic Sensor (Courtesy: 
Mendez, 2011) 
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On the other hand, in an intrinsic fibre optic sensor one or more of the physical properties 
of the fibre undergo a change [Fig. 3.34 (b)]. Perturbations act on the fibre and the fibre in turn 
changes some characteristic of the light inside the fibre.

Based on the operating principle or modulation and demodulation process, a fibre optic 
sensor can be classified as an intensity, a phase, a frequency, or a polarization sensor. All these 
parameters may be subject to change due to external perturbations. Thus, by detecting these 
parameters and their changes, the external perturbations can be sensed.

3.8.2 Types of Optical Fibre Sensors

Based on the application, a fibre optic sensor can be classified as follows:

Biomedical sensors: Used in bio-medical applications like measurement of blood flow, 
glucose content etc.
Physical sensors: Used to measure physical properties like temperature, stress, etc.
Chemical sensors: Used for pH measurement, gas analysis, spectroscopic studies, etc.

3.8.2.1 Bio-medical Sensors: Several types of measurements can be made by using the optical 
fibre as a device for highly localized observation of the spectral intensity in the blood or tissue. 
Potential applications of biomedical sensors are given in Table 3.8.

 Table 3.8 Potential Biomedical Sensor Applications

Application Mode Example

Critical care in vivo O2, CO2, pH, temperature K+

Chronic maintenance in vitro glucose, therapeutic drugs 

Acute diagnosis in vitro Blood chemistry, abnormal function, infec-
tion, diagnostic metabolites

In these applications, light emanating from a fibre end will be scattered or fluoresced back into 
the fibre, allowing measurement of the returning light as an indication of the optical absorption 
or fluorescence of the volume at the fibre tip. The variations in the returning light are sensed 
using a photodetector. Such sensors monitor variations either in the amplitude or frequency of 
the reflected light.

Amplitude Measurements: The most widely used photometric optical fibre sensor in the 
amplitude measurement category is the oximeter. This device measures the oxygen saturation 
of blood based on the fact that haemoglobin and oxyhaemoglobin have different absorption 
spectra. The details of this type of sensor are given in Chapter 10. The use of fibre-optic catheters 
allows oxygen saturation to be monitored intra-arterially.

Blood flow measurement based on dye densitometry is closely related to oximetry and 
consequently on the use of optical fibre sensor. A dye, commonly indocyanine green is injected 
into the blood and its concentration monitored by its absorption at an appropriate wavelength. 
The time variation of dye concentration can then be used to calculate cardiac output by dilution 
techniques. The details of these devices are given in Chapter 10.

Monitoring the amplitude of the reflected or transmitted light at specific wavelengths can 
provide useful information concerning the metabolic state of the tissue under investigation. The 
technique is non-invasive and fibre-optics play an important role as the technique enables very 
small areas of tissue to be examined so that metabolism at a localized level can be followed. The 
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method is based on fluorometry and depends upon the direct observation of tissue and blood 
luminescence using fibre-optic light guide to connect the instrument to the tissue.

Frequency Measurements: The second category of photometric sensors using fibre-optic light 
guide is based on frequency changes in the signal. The most common example is that of laser 
Doppler velocimetry. In this method, light from a laser, normally helium/neon, is sent via a 
fibre onto the skin surface. The moving red blood cells scatter the light and produce a Doppler 
frequency shift because of their movement. When the light, shifted and unshifted in frequency 
is mixed, a spectrum of beat frequencies is obtained. Using a number of different processing 
techniques on the beat frequency spectrum, the information on the blood flow can be obtained. 
This technique is given in detail in Chapter 10.

Biomedical sensors present unique design challenges and particular problems related 
to their interface with a biological organism. Sensors must be safe, reliable, highly stable, 
biocompatible, amenable to sterilization and autoclaving, not prone to biologic rejection, and not 
require calibration or at least maintain calibration for extended periods. Sensor packaging is an 
especially critical aspect since the devices must be very small—particularly those for implanting 
or indwelling purposes. The devices also must be as simple as possible.

3.8.2.2 Physical Sensors: Two of the most important physical parameters that can be 
advantageously measured using fibre optics are temperature and pressure. These sensors are 
based on the attachment of an optical transducer at the end of an optical fibre. 

Temperature Sensors: The production of localized and controlled hyperthermia (elevated 
temperatures in the range of 42–45°C or higher) for cancer treatment by electromagnetic energy, 
either in the radio frequency or microwave frequency range, poses a difficult temperature 
measurement problem. Traditional temperature sensors, such as thermistors or thermocouples, 
have metallic components and connecting wires which perturb the incident electromagnetic 

erratic due to interference. This problem is overcome by using temperature sensors based on 
fibre-optics. These devices utilise externally induced changes in the transmission characteristics 
of the optical fibres and offer typical advantages of optical fibres such as flexibility, small 

One of the simplest types of temperature sensors consists of a layer of liquid crystal at the end 
of optical fibres, giving a variation in light scattering with temperature at a particular wavelength. 
Fig. 3.35 shows ray-path configuration of a temperature sensor which utilizes a silica-core silicon-
clad fibre, with an unclad terminal portion 
immersed in a liquid which replaces the clad. 
A temperature rise causes a reduction in the 
refractive index of the liquid clad fibre section. 
Therefore, the light travelling from the silicon-
clad fibre to the liquid clad fibre undergoes 
an attenuation which decreases by increasing 
temperature. The light from an 860 nm light-

The light reflected backwards is sent along the 
same fibres and the light amplitude modulation 
induced by the thermo-sensitive clading 
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 Fig. 3.35 Principle of temperature sensor based 
on variation of refractive index with temperature. 
The diagram shows optical ray path configuration
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applied on the distal end of the fibre is detected and processed. Scheggi et al. (1984) constructed a 
miniature temperature probe for medical use with a 0.8 mm external diameter and 0.5 mm internal 
diameter. The sensitivity achieved was ±0.1°C in the temperature interval 20–50°C.

Another type of temperature sensor is based upon the temperature dependence of the band 

Christensen (1977). The variation of band-gap energy with temperature (thermal wavelength shift) 
provides a measureable variation in the transmission efficiency of infrared light through the crystal.

In the temperature measuring system [Fig. 3.36(a)] based on this principle, light is emitted by 

No metal parts are used in the temperature probe design, resulting in transparency of the probe 
to elecromagnetic fields. Single sensor probe with an outer diameter of 0.6 mm and a four 
point temperature sensor probe [Fig. 3.36(b)] of 1.2 mm-diameter based on this technique are 
commercially available.
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 Fig. 3.36 Temperature sensor  based on change of wavelength of infrared light in gallium arsenide 
crystal (Courtesy: M/s Clinitherm, U.S.A.): (a) Single point sensor (b) Multipoint sensor

Fluoroptic temperature sensors (Culshaw, 1982) are other useful devices which can be used 
for tissue temperature measurement. They contain a rare earth phosphor which is illuminated 
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by a white light along a short length of large core optical fibre. The light excites the phosphor 
which emits a number of lines. By using filters, two of these lines at 540 and 630 nm are selected, 
and the ratio of their intensities is a single valued function of the temperature of the phosphor. 
By measuring this ratio, an exact measure of the temperature may be made. The measurement 
is independent of the output light intensity. Resolution of 0.1°C over the range –50 to +250°C is 
reported with this technique.

Pressure Sensors: Measurement of intracranial and intracardiac pressure are both important and 
can be performed using fibre optic sensors. For intracranial pressure measurement, the device 
is based on a pressure balancing system. Here static pressure is to be monitored and a sensor 
based on the deflection of a cantilever mirror attached to a membrane has been demonstrated. 
Deflection of the membrane causes the light emitted frame centre optical fibre to be reflected 
differentially towards either of the two light-collecting fibres located on each side of the control 
fibre. The ratio of the light collected by two different fibres is sensed and suitable feedback air 
pressure is applied to the interior of the probe through a pneumatic connecting tube, balancing 
the membrane to its null position and providing a readout of the balancing pressure.

A similar sensor based on the deflection of a mirror has been developed for monitoring 
intravascular pressure. For intravascular use, dynamic pressure measurement is needed and 
hence the sensors should not only be small but also have good frequency response in order to 
follow the pressure waveforms faithfully.

3.8.2.3 Chemical Sensors: The development of optical fibre sensors for chemical species has 
attracted much interest. The ability of these fibres to transmit light over great distances with low 
power loss and the interaction of light with a measurand provide the basis of these sensing devices.

The basic concept of a chemical sensor based on optical fibres (Sertz, 1984) is illustrated in 
Fig. 3.37. Light from a suitable source is applied to the fibre and is directed to a region where 
the light interacts with the measurement system or with a chemical transducer. The interaction 
results in a modulation of optical intensity and the modulated light is collected by the same or 
another optical fibre and measured by photo-detection system.

Light source

Feed fibre Return fibre

Photo detector

 Fig. 3.37 An optical fibre chemical sensor (after Narayana Swamy and Sevilla, 1988)

The optical sensing of chemical species is based on the interaction of these entities with light. 
When light strikes a substance, a variety of interaction may occur between the photons of the 
electromagnetic radiation and the atoms and molecules of the substance. These interactions  
involve an exchange of energy and may lead to absorption, transmission, emission, scattering or 
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reflection of light. The quantized nature of this energy transfer produces information about the 
composition of the system and forms the basis of the spectrosopic method of chemical analysis 
(Narayana Swamy and Sevilla, 1988).

Two types of optical fibre sensors have been developed for measuring chemcial species:

Spectroscopic Sensors: This type of sensor detects the analyte species directly through their 
characteristic spectral properties. In these sensors, the optical fibre functions only as a 
light guide, conveying light from the source to the sampling area and from the sample 
to the detector. Here, the light interacts with the species being sensed.

Chemical Sensors: In the chemical sensors, a chemical transduction system is interfaced 
to the optical fibre at its end. In operation, interaction with analyte leads to a change in 
optical properties of the reagent phase, which is probed and detected through the fibre 
optic. The optical property measured can be absorbance, reflectance or luminescence. 
These sensors have a great specificity as a consequence of the incorporation of the chemi-
cal transduction system.

Uncabled fibres (typically less than 250 μm diameter) can be inserted directly into hypodermic 
needles and catheters, so that their use can be both minimally invasive and highly localized—and 
fibre-optic sensors (FOS) made with them can perform remote multipoint and multiparameter sensing.

and intrinsically safe. Their use will not cause interference with the conventional electronics 
found in medical theaters. And, most importantly, the immunity of fibres to electromagnetic 
and radio frequency (RF) signals makes them ideal for real-time use during diagnostic imaging 

3.9 BIOSENSORS

Biosensors combine the exquisite selectivity of biology with the processing power of modern 
microelectronics and optoelectronics to offer powerful new analytical tools with major 
applications in medicine, environmental studies, food and processing industries. Biosensors 
represent a broad area of emerging technology ideally suited for point-of-care analysis.

Today, the term biosensor is used to describe a wide variety of analytical devices based on 
the union between biological and physico-chemical components. The biological component 
can consist of enzymes, antibodies, whole cells 
or tissue slices and is used to recognize and 
interact with a specific analyte. The physico-
chemical component, often referred to as the 
transducer, converts this interaction into a 
signal, which can be amplified and which has a 
direct relationship with the concentration of the 
analyte. The transducer may use potentiometric, 
amperometric, optical, magnetic, colorimetric or 
conductance change properties.

The principle of a biosensor, in generic form 
is shown in Fig. 3.38. It incorporates a biological 
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sensing element (enzyme, antibody, DNA sequence or microogranisms etc.). The biochemical 
component serves to selectively catalyze a reaction or facilitate a binding event. The selectivity 
of the biochemical recognition event allows for the operation of biosensors in a complex sample 
matrix, i.e., a body fluid. The transducer converts the biochemical event into a measurable 
signal, thus providing the means for detecting it. The biologically derived material is associated 
with or integrated within a physiochemical transducer that may be optical, electro-chemical, 
thermometric, piezoelectric or magnetic. These devices produce an electrical signal that is 
proportional to the concentration of a specific analyte or a group of analyte.

The block diagram showing the main components of a biosensor is shown in Fig. 3.39. The 
biological response of the biosensor is determined by the biocatalytic membrane (a) which 
accomplishes the conversion of reactant to product. The product of the reaction diffuses to the 
transducer (b) and causes the electrical response. The electrical signal from the transducer is 
often low and superimposed upon a relatively high and noisy baseline. The signal processing 

without any biocatalytic membrane, from the sample signal, amplifying the resultant signal 
difference and electronically filtering out the unwanted signal noise. The relatively slow nature 
of the biosensor response considerably eases the problem of electrical noise filtration. The 
analogue signal produced at this stage may be output directly but is usually converted to a 
digital signal and passed to a microprocessor stage (d) where the data is processed, converted 
to concentration units and output to a display device (e) or data store.
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 Fig. 3.39 Schematic diagram showing the main components of a biosensor

Biosensors offer the specificity and sensitivity of biological-based assays packaged into 
convenient devices for an in situ use by lay personnel. For example, in the medical field biosensors 

rather than in centralized laboratories. The subsequent results of the test can then be acted upon 
immediately thus avoiding the delays associated with having to send samples to and having to 
wait for results from centralized laboratories.

The critical areas of biosensor construction are the means of coupling the biological 
component to the transducer and the subsequent amplification system. Most of the early 
biosensors immobilized enzymes on selective electrodes, such as the Clark O2 electrode, 
which measured one of the reaction products (e.g. O2) of the enzyme-analyte interaction. The 
most successful biosensor in use to-date is the home blood glucose monitor for use by people 
suffering from diabetes. The biosensor in this instrument relies upon enzymes that recognise 
and catalyze reactions of glucose with the generation of redox-active species that are detected 
electrochemically.
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Fig. 3.40 shows the construction of this type of sensor. If the immobilized enzyme is soluble 
glucose oxidase between the two membranes, it becomes a glucose sensor. It works on the 
principle that in the presence of glucose, oxygen is consumed, providing a change in the signal 
from a conventional oxygen electrode.

The chemical reaction of glucose with oxygen is catalyzed in the presence of glucose oxidase. 
This causes a decrease in the partial pressure of oxygen (pO2), and the production of hydrogen 
peroxide by the oxidation of glucose to gluconic acid as per the following reaction: 

e O acid H O2
e oxidase

2+ æ Ææææææ + 2

The changes in all of these chemical 
components can be measured in order to 
determine the concentration of glucose.

For constructing the sensor, glucose oxidase 
entrapped in a polyacrylamide gel is used. In 
general, the response time of such types of 
bioelectrodes is slow and subsequent work 
has concentrated on closer coupling of the 
biological component to the transducer. The 
present technology in biosensors disposes of 
the coupling agent by direct immobilization of 
the enzyme onto an electrode surface, making 
the bio-recognition component an integral 
part of the electrode transducer. The major 
disadvantage of enzymatic glucose sensors 
is the instability of the immobilized enzyme. 
Therefore, most glucose sensors operate 
effectively only for short periods of time.

A number of alternative approaches have 
been investigated to develop a glucose sensor. 
An important principle that can be used for 
this purpose depends upon the fluorescence-based, reversible competitive affinity sensor. The 
sensing element consists of a 3 mm hollow dialysis tube remotely connected to a fluorimeter via 
a single optical fibre (Fig. 3.41). It contains a carbohydrate receptor, Canavalin A, immobilized 
on its inner surface and a fluorescein-labelled indicator as a competing agent.

The analyte glucose in the external medium diffuses through the dialysis membrane and 
competes for binding sites on a substrate (Canavalin A), with FITC-dextran. The sensor is 
arranged so that the substrate is fixed in a position out of the optical path of the fibre end. It is 
bound to the inner wall of a glucose-permeable hollow fibre fastened to the end of an optical 
fibre. The hollow fibre acts as the container and is impermeable to the large molecules of the 
fluorescent indicator. Increasing glucose concentration displaces labelled FITC-dextran from the 
Canavalin A, causing it to be free to diffuse into the illuminated solution volume. The optical 
field that extends from the fibre sees only the unbound indicator. At equilibrium, the level of 
free fluorescein in the hollow fibre is measured as fluorescence intensity and is correlated to the 
external glucose concentration.
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 Fig. 3.40 Constructional details of an enzyme 
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Besides the medical field, biosensors have tremendous applications in the food and beverage 
industries. Although several biosensors have been developed over the past few years and there 
are already numerous working biosensors, various problems still need to be resolved. Most 
complex problems awaiting solution are their limited lifetime, which restrict their commercial 
viability, necessitating improvements in their stability.

Biochips: A new generation of biosensors using DNA probes (DNA Biochip) have been 
developed (http://www.ccs.ornl.gov/3M/tuanabs.html). Probe recognition is based on the 
molecular hybridization process, which involves the joining of a strand of nucleic acid with a 
complementary sequence. Biologically active DNA probes are directly immobilized on optical 
transducers which allow detection of Raman or fluorescent probe labels. DNA biosensors could 
have useful applications in areas where nucleic acid identification is involved. The DNA probes 
could be used to diagnose genetic susceptibility and diseases. The Biochip using antibody probes 
has also been developed to detect the p53 protein system.

3.10 SMART SENSORS

Although an accepted industry definition for a smart sensor does not currently exist, it is 
generally agreed that they have tight coupling between sensing and computing elements. Their 
characteristics, therefore, include: temperature compensation, calibration, amplification, some 
level of decision-making capability, self-diagnostic and testing capability and the ability to 
communicate interactively with external digital circuitry. Currently available smart sensors are 
actually hybrid assemblies of semiconductor sensors plus other semiconductor devices. In some 
cases, the coupling between the sensor and computing element is at the chip level on a single 
piece of silicon in what is referred to as an integrated smart sensor. In other cases, the term is 
applied at the system level. The important role of smart sensors are:

Signal Conditioning: The smart sensor serves to convert from a time-dependent analog variable 
to a digital output. Functions such as linearization, temperature compensation and signal 
processing are included in the package.
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 Fig. 3.41 Miniature optical glucose sensor (Redrawn after Mansoure and Schultz, 1984)
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Tightening Feedback Loops: Communication delays can cause problems for systems that rely on 
feedback or that must react/adapt to their environment. By reducing the distance between sensor 
and processor, smart sensors bring about significant advantages to these types of applications.

Monitoring/Diagnosis: Smart sensors that incorporate pattern recognition and statistical 
techniques can be used to provide data reduction, change detection and compilation of 
information for monitoring and diagnostic purposes, specially in the health sector.

Smart sensors divert much of the signal processing workload away from the general purpose 
computers. They offer a reduction in overall package size and improved reliability, both of which 
are critical for in situ and sample return applications. Achieving a smart sensor depends on 
integrating the technical resources necessary to design the sensor and the circuitry, developing 
a manufacturable process and choosing the right technology. Fig. 3.42 shows the distinction 
between a sensor, an integrated sensor, a smart sensor and a sensor system.
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 Fig. 3.42 From simple sensor to smart sensor (Courtesy: M/s Semtech International,
AG, www.semtech.com)

A typical example of a smart sensor is a pressure sensor (MPX5050D) with integrated 
amplification, calibration and temperature compensation introduced by Motorola (Frank, 1993). 
The sensor typically uses piezioresistive effect in silicon and employs bipolar integrated circuit 
processing techniques to manufacture the sensor.

By laser trimming thin film resistors on the pressure sensor, the device achieves a zero-
pressure offset-voltage of 0.5 V nominal and full-scale output voltage of 4.5 V, when connected 
to a 5.0 V supply. Therefore, the output dynamic range due to an input pressure swing of 
0–375 mmHg is 4.0 V. The performance of the device compares favourably to products that are 
manufactured with direct components.

A typical example of a monolithic smart sensor is due to Sansen et al. (1989) for detection 
of oxygen or glucose. The principle is based on the voltammetric measurement with a two or 
three-electrode configuration in a potentiostatic configuration (Fig. 3.43). At the positive input 
of the operational amplifier (opamp), the input potential (Vin) is applied. The counter electrode 

applied voltage at every moment. The potential difference between the reference and working 

in a current linearly proportional to the concentrations of the species involved in the reaction. In 
the two-electrode configuration, the counter electrode is omitted and the output of the opamp 
is connected with its negative input. The current is injected in the solution via the reference 
electrode.
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For Oxygen: A two-electrode configuration has been implemented with a Ag/AgCl reference 
electrode and a Au working electrode for the measurement of pO2. The output signal is a result 
of reduction of oxygen at the working electrode:
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 Fig. 3.43 Schematic representation of a smart sensor

for Vin < –0.4 V vs. Ag/AgC1:

O2 + 2 H2O + 4e–Æ 4 OH–

For Glucose: The three-electrode configuration with an Ag/AgCl reference electrode and a Pt 
counter and working electrode measures glucose concentrations when an additional glucose 

et al., 1987).

in the membrane:

glucose + H O + O gluconic acid + H O2 2
D

2 2æ Æææ

for Vin > 0.2 V vs. Ag/AgCl:

H2O2Æ 2 e– + 2 H+ + O2

The interface electronics consist of an operational amplifier as potentiostat, a current-to-
voltage convertor and a clock generator. A temperature sensor is integrated on the same chip 
to provide information for temperature compensation of the sensor. The circuit operates with a 
minimum supply voltage of +/-2.5 V. 

The I-V converter consists of a switched capacitor current integrator followed by a sample-
and-hold circuit. The input current range and the I/V conversion factor is controlled by the 
external clock frequency. Ranges from 30 nA full scale to 1 pA full scale are covered .

The interface circuit of the smart sensor is realised in a standard 3 μm n-well CMOS 
technology.  A silicon nitride passivation layer protects the circuit from the analyte. The 
polysilicon interconnection between interface circuit and the electrodes is provided during the 
standard processing. The membranes necessary for the glucose sensor can be applied on wafer 
with lift-off and dry etching techniques. Because the complete sensor processing can be done on 
wafer, the described production technique delivers reproducible devices with a low cost if high 
volumes are produced. This implies that the smart sensors can be used as disposable sensors.

MODEL QUESTIONS

medical applications.

2. What are the performance characteristics of transducers? List them out and define them.
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3. What is a displacement transducer and what are their types? Describe any one of them in detail 

with the help of a diagram.

4. What is the principal of strain gauge pressure transducer and what are their types?

measurement?

8. What is the drawback in using thermistors and how it is overcome? Illustrate with diagrams.

-

ciple of a photo-multiplier with the help of a diagram.

10. Illustrate the principle of optical fibre based temperature sensor. What are the advantages of optical 

fibre sensors over other types of sensors?

11. What is a biosensor? Describe with the help of a diagram the construction of a blood glucose 

biosensor.



Recording System

4.1 BASIC RECORDING SYSTEM

Recorders provide a permanent visual trace or record of an applied electrical signal. There are many 
types of recorders utilizing a variety of techniques for writing purposes. The most elementary 
electronic recording system is shown in Fig. 4.1. It consists of three important components. 
The first component is the electrode or the transducer. The electrode picks up the bioelectrical 
potentials whereas the transducer converts the physiological signal to be measured into a usable 
electrical output. The signal conditioner converts the output of the electrode/transducer into an 
electrical quantity suitable for operating the writing system. The writing system provides a visible 
graphic representation of the quantity of the physiological variable of interest.

Electrodes
transducer

Signal
conditioner

Writing
system

 Fig. 4.1 Basic electronic recording system

In medical recorders, the signal conditioners usually consist of a preamplifier and the main 
amplifier. Both these types of amplifiers must satisfy specific operating requirements such as 
input impedance, gain and frequency response characteristics for a faithful reproduction of the 
input signal.

To make the signal from any transducer compatible with the input signal required for the 
driver amplifier of the display or recording system, it is usual to arrange to normalize the 
electrical signals produced by each transducer. This is done in the signal conditioner which 
adjusts its output to a common signal level, say one volt. The necessary adjustments of gain 
and frequency response are provided by the signal conditioners. By this means, it is possible 
to interchange the signal conditioners to record any one of the physical or bioelectric events on 
the same writing channel.

The writing systems which are available in many forms constitute the key portion of the 
recording instrument. The commonly used writing systems are the galvanometer type pen 
recorder, the inkjet recorder and the potentiometric recorder. While the electrodes and transducers 
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have been described in Chapters 2 and 3, the writing methods and signal conditioners are 
illustrated in this chapter.

4.2 GENERAL CONSIDERATIONS FOR SIGNAL CONDITIONERS

Information obtained from the electrodes/transducers is often in terms of current intensity, 
voltage level, frequency or signal phase relative to a standard. In addition to handling specific 
outputs from these devices, signal conditioners used in biomedical instruments perform a variety 
of general purpose conditioning functions to improve the quality, flexibility and reliability of the 
measurement system. Important functions performed by signal conditioners, before the signal 
is given to a display or recording device, are illustrated below:

Signal Amplification: The signals available from the transducers are often very small in 
magnitude. Amplifiers boost the level of the input signal to match the requirements of the 
recording/ display system or to match the range of the analog-to-digital convertor, thus 
increasing the resolution and sensitivity of the measurement.

Bioelectric measurements are basically low-level measurements, which involve amplifying 
and recording of signals often at microvolt levels. The problem of electrical noise makes 
these measurements a difficult proposition and calls for both expert technical knowledge and 
skillful handling of the signal in the circuit design. Noise can produce errors in measurements 
and completely obscure useful data. It is a special problem in applications where low-level 
signals are recorded at high off-ground voltages, or transmitted over distance or obtained in 
electromagnetic noise environments. Using signal conditioners located closer to the signal 
source, or transducer, improves the signal-to-noise ratio of the measurement by boosting the 
signal level before it is affected by the environmental noise.

Frequency Response: Modern biomedical instruments are designed to handle data with 
bandwidths from dc up to several hundred cycles per second. Electrical or mechanical filters 
cannot separate useful signals from the noise (any unwanted signal that affects or modifies 
the desired signal) when their bandwidths overlap. Instruments and recording systems that 
work satisfactorily for steady state or low frequency data are generally inadequate to meet this 
requirement. On the other hand, recording systems that will faithfully reproduce such data are 
inherently more susceptible to external noise and, therefore, they must be designed to eliminate 
the possibility of signal contamination from noise.

The bioelectric signals often contain components of extremely low frequency. For a faithful 
reproduction of the signal, the amplifiers must have excellent frequency response in the sub-
audio frequency range. This response should be down to less than one hertz which is a very 
frequent requirement.

In all RC-coupled amplifiers, low frequency response is limited by the reactance of the 
interstage coupling capacitors. To achieve the low frequency response required for medical 
applications, the amplifier must have large values of coupling capacitance. The disadvantage 
of using large capacitors is that they can cause blocking of the amplifier in cases of high-level 
input, arising due to switching transients or other such cases. Because of the long time constant 
introduced by these large coupling capacitors, several seconds may elapse before the capacitors 
have discharged back to the normal levels. The amplifier, therefore, becomes momentarily 
unreceptive following each occurrence of overdriving signals. This type of problem does not 
exist in direct coupled amplifiers simply because there are no coupling capacitors.
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Although the direct coupled amplifier gives an excellent frequency response at low frequencies, 
it tends to drift. The drift is a slow change of output having no relation with the input signal 
applied to the amplifier. Since the frequency response of the RC-coupled amplifier does not 
extend all the way down to dc, it does not drift. In medical amplifiers, the advantages of both 
types of coupling can be obtained in one amplifier. Typically, all stages except one are direct 
coupled. The one RC coupled stage prevents the drifting of the output. Suitable measures are 
taken to prevent blocking of the amplifier due to overdrive by quickly discharging the coupling 
capacitor automatically after occurrence of the overdriving input.

It is not desirable to have the frequency response of the amplifiers much above the highest 
signal frequency of interest. Excessive bandwidth allows passage of noise voltages that tend to 
obscure the bioelectric signal. Another reason for limiting the response of an amplifier to the 
signal bandwidth is to minimize the tendency towards oscillation due to stray feedback. High 
frequency response, therefore, is deliberately limited as a means of noise reduction.

Filtering: A filter is a circuit which amplifies some of the frequencies applied to its input and 
attenuates others. There are four common types of filtering: high-pass, which only amplifies 
frequencies above a certain value; low-pass, which only amplifies frequencies below a certain 
value; bandpass, which only amplifies frequencies within a certain band; and band stop, which 
amplifies all frequencies except those in a certain band.

Filters may be designed using many different methods. These include passive filters which 
use only passive components, such as resistors, capacitors and inductors. Active filters use 
amplifiers in addition to passive components in order to obtain better performance, which is 
difficult with passive filters. Operational amplifiers are frequently used as the gain blocks in 
active filters. Digital filters use analog-to-digital converters to convert a signal to digital form 
and then use high-speed digital processing techniques for filtration.

Additionally, signal conditioners can include filters to reject unwanted noise within a certain 
frequency range. Almost all measuring and recording applications are subject to some degree 
of 50 Hz noise picked up from power lines or machinery. Therefore, most signal conditioners 
include low-pass filters designed specifically to provide maximum rejection of 50 Hz noise. Such 
filters are called “notch” filters.

Filters can be classified as digital and analog filters. They differ by the nature of the input 
and the output signals. An analog filter processes analog inputs and generates analog outputs. 
A digital filter processes and generates digital data. The processing techniques followed are also 
different. Analog filters are based on the mathematical operator of differentiation and digital 
filters require no more than addition, multiplication and delay operators. Digital filters have 
several advantages over analog filters. They are relatively insensitive to temperature, ageing, 
voltage drift and external interference as compared to analog filters. Their response is completely 
reproducible and predictable, and software simulation can exactly reflect product performance. 

Isolation: Improper grounding of the system is one of the most common causes of measurement 
problems and noise. Signal conditioners with isolation can prevent these problems. Such devices 
pass the signal from its source to the measurement device without a physical or galvanic 
connection by using transformer, optical or capacitive coupling techniques. Besides breaking 
ground loops, isolation blocks high voltage surges and rejects high common mode voltages.

Excitation: Signal conditioners are sometimes also required to generate excitation for some 
transducers. Strain gauges, thermistors, for example, require external voltage or current 
excitation. Signal conditioning part of the measurement system usually provides the excitation 
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signal. Strain gauges are resistance devices in a Wheatstone bridge configuration, which require 
bridge completion circuitry and an excitation source.

Linearizaion: Another common signal conditioning function is linearization. Many transducers 
such as thermocouples and thermistors have a non-linear response to changes in the 
phenomenon being measured. Signal conditioners include either hardware-based or software-
based linearization routines for this purpose.

Signal conditioners, therefore, perform an extremely useful function in a measuring and 
recording system as they determine the range, accuracy and resolution of the system.

4.3 PREAMPLIFIERS

Modern multi-channel biomedical instruments and recorders are usually modularly designed 
to meet both existing and anticipated requirements. Numerous configurations provide for every 
measurement need, with or without interchangeable plug-in preamplifiers, which provides 
a choice of signal conditioners for a large selection of analog measurements. Conventional 
preamplifiers offer a wide range of input sensitivities to cover virtually all signal sources. 
Calibrated zero suppression to expand desired portions of an input signal, and selectable low 
pass filtering facilities to reject noise or unwanted signal components are available on these 
amplifiers.

For biophysical measurements, the amplifiers employed include: (i) ac/dc universal amplifier 
with special features such as capacity neutralization, current injection, low leakage current 
and low dc drift suitable for intracellular measurements through high resistance fluid-filled 
electrodes or to make extracellular recordings through metal microelectrodes for EMG, EEG, 
EOG, etc. (ii) an ECG amplifier with full 12 lead selection and patient isolation (iii) a transducer 
amplifier suited for bridge measurements on strain gauges, strain gauge based blood pressure 
transducers, force transducers, resistance temperature devices and direct low level dc input 
signals and (iv) a dc amplifier used in conjunction with standard thermistor probes for the 
accurate measurement of temperature within the range of medical applications.

Various types of amplifiers which are generally used are as follows:

Differential amplifier is one which will reject any common mode signal that appears 
simultaneously at both amplifier input terminals and amplifies only the voltage difference that 
appears across its input terminals. Most of the amplifiers used for measuring bioelectric signals 
are of the differential type and are also sometimes referred to as bio-potential amplifiers.

AC coupled amplifiers have a limited frequency response and are, therefore, used only for special 
medical applications such as electrocardiograph machine. For recording electrocardiograms, an 
ac amplifier with a sensitivity, giving 0.5 mV/cm, and frequency response up to 1 kHz and an 
input impedance of 2 to 5 MW is used. For such applications as EEG and EMG, more sensitive ac 
amplifiers are required, giving a chart sensitivity of say 50 μV/cm with a high input impedance 
of over 10 MW.

Carrier amplifiers are used with transducers which require an external source of excitation. 
They are characterized by high gain, negligible drift, extremely low noise and the ability to 
operate with resistive, inductive or capacitive type transducers. They essentially contain a 
carrier oscillator, a bridge balance and calibration circuit, a high gain ac amplifier, a phase-
sensitive detector and a dc output amplifier.
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DC amplifiers are generally of the negative feedback type and are used for medium gain 
applications down to about 1 mV signal levels for full scale. They are not practical for very low 
level applications because of dc drift and poor common-mode rejection capabilities. They are 
usually employed as pen drive amplifiers in direct writing recorders.

Chopper input dc amplifiers are preferred for low level inputs to instrumentation systems 
because of their high sensitivity, negligible drift and excellent common mode rejection capability. 
Their high frequency response is limited to about one half of the input chopper frequency.

Chopper-stabilized dc amplifiers are used for low level but preferably wideband applications 
such as oscilloscopes, tape recorders and light beam oscilloscope recorders. These are complex 
amplifiers having three amplifiers incorporated in the module. This includes an ac amplifier for 
signals above about 20 Hz, a dc chopper input amplifier for signals from about 20 Hz down to 
dc plus a wideband feedback stabilized dc amplifier.

DC bridge amplifiers are employed with resistive transducers which require an external source 
of excitation. Essentially, the amplifier comprises of a stable dc excitation source, a bridge balance 
and calibration unit, a high gain differential dc amplifier and a dc output amplifier. They can be 
used as conventional dc high gain amplifiers and offer operating simplicity and high frequency 
response. These amplifiers are necessary for transducers used to measure temperature and blood 
pressure. The sensitivity in these cases may be 50 mV/cm with an input impedance of 50 kW.

Biopotential amplifiers designed for use in the input stage (preamplifiers) of biomedical 
recorders are mostly of the differential type. They have three input terminals out of which one is 
arranged at the reference potential and the other two are live terminals. The differential amplifier 
is employed when it is necessary to measure the voltage difference between two points, both of 
them varying in amplitude at different rates and in different patterns. Heart-generated voltages 
picked up by means of electrodes on the arms and legs, and brain-generated voltages picked 
up by the electrodes on the scalp are typical examples of signals whose measurement requires 
the use of differential amplifiers.

The differential amplifier is an excellent 
device for use in the bio-medical recording 
systems. Its excellence lies in its ability to reject 
common-mode interference signals which are 
invariably picked up by electrodes from the 
body along with the useful bioelectric signals. 
Also, as a direct coupled amplifier, it has good 
stability and versatility. High stability is achieved 
because it can be insensitive to temperature 
changes which are often the source of excessive 
drift in other configurations. It is versatile in that 
it may be adapted for a good many applications, 
e.g. applications requiring floating inputs and 
outputs or for applications where grounded 
inputs and/or outputs are desirable.

The working of a differential amplifier can 
be explained with the help of Fig. 4.2 where the 
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two transistors with their respective collector resistances (R1 and R2) form a bridge circuit. If the 
two resistors and the characteristics of the two transistors are identical, the bridge is perfectly 
balanced and the potential difference across the output terminals is zero.

Let us now apply a signal at the input terminals 1 and 2 of this circuit. The signal is to be 
such that at each input terminal, it is equal in amplitude but opposite in phase with reference 
to the ground. This signal is known as the differential mode signal. Because of this signal, if the 
collector current of T1 increases, the collector current of T2 will decrease by the same amount, and 
the collector voltage of T1 will decrease while that of T2 will increase. This results in a difference 
in voltage between the two output terminals that is proportional to the gain of the transistors. 

On the other hand, if the signal applied to each input terminal is equal in amplitude and is 
in the same phase (called the common-mode input signal), the change in current flow through 
both transistors will be identical, the bridge will remain balanced, and the voltage between the 
output terminals will remain zero. Thus, the circuit provides high gain for differential mode 
signals and no output at all for common-mode signals. Resistances Ri1 and Ri2 are current 
limiting resistances for common-mode signals.

The ability of the amplifier to reject these common voltages on its two input leads is known as 
common-mode rejection and is specified as the ratio of common-mode input to differential input 
to elicit the same response. It is abbreviated as CMRR (common-mode rejection ratio). CMRR 
is an important specification referred to the differential amplifier and is normally expressed as 
decibels. CMRR of the preamplifiers should be as high as possible so that only the wanted signals 
find a way through the amplifier and all unwanted signals get rejected in the preamplifier stage. 
A high rejection ratio is usually achieved by the use of a matched pair of transistors in the input 
stage of the preamplifier and a large ‘tail’ resistance in the long-tailed pair to provide maximum 
negative feedback for in-phase signals.

In order to be able to minimize the effects of changes occurring in the electrode impedances, 
it is necessary to employ a preamplifier having a high input impedance. It has been found that 
a low value of input impedance gives rise to a considerable distortion of the recordings (Hill 
and Khandpur, 1969).

Even if the CMRR of an instrument is very high, still in some cases, in the hospitals, 50 
Hz artefact can be seen in an ECG trace recording or monitor display. A possible cause of the 
problem is source impedance unbalance; that is, the impedance of the electrodes as seen by the 
input of the ECG amplifier is not equal in all legs of the input. The problem this creates is that 
some of the common mode voltage presented at each of the inputs is seen as a differential voltage 
and is amplified by the differential gain of the amplifier. To illustrate this, consider the circuit 
shown in Fig. 4.3, which is an equivalent circuit for the input of an ECG amplifier in which:

Vh represents the voltage signal generated by the heart.
Ve represents unwanted inphase signal picked up from the mains wiring and other sources.
Zi is the total input impedance of the preamplifier.
Z1 and Z2 are the skin contact impedances of the electrodes.
The resistance r represents tissue and blood resistance which is negligibly low as compared 

with other impedances.
If the amplifier is perfectly balanced by equal inphase voltages, Va and Vb, at the electrodes 

would give rise to a zero output signal. However, the voltages Va and Vb depend, in practice, on 
the values of Z1 and Z2. It can be shown that the electrical interference signal Ve will give rise to 
the same output signal as would a desired signal, from the patient, of amplitude
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Thus, we see that the impedance unbalance due to the electrodes on the ECG has reduced 
the common mode rejection from 5000 to 1000 only.

Further, let us suppose that Zi is 100 MW and the difference in electrode skin contact impedance 
is 5 KW , then
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This shows that a high input impedance is very necessary in order to obtain a high CMRR. 
Also, the electrode skin resistance should be low and as nearly equal as possible. Winter and 
Webster (1983) reviewed several design approaches for reducing common-mode voltage 
interference in biopotential amplifiers.

The design of a good differential amplifier essentially implies the use of closely matched 
components which has been best achieved in the integrated circuit form. High gain integrated 
dc amplifiers, with differential input connections and a provision for external feedback have 
been given the name operational amplifiers because of their ability to perform mathematical 
operations. These amplifiers are applied for the construction of ac or dc amplifiers, active filters, 
phase inverters, multi-vibrators and comparators, etc. by suitable feedback arrangement, and 
therefore find a large number of applications in the medical field.

Fig. 4.4 shows a single op-amp in a differential configuration. The common mode rejection for 
most op-amps is typically between 60 dB and 100 dB. This may not be sufficient to reject common 

Z1

Z2r

r
ZI
2

ZI
2

Ve

Vh

Vb

Va

Electrode

Electrode

 Fig. 4.3 Equivalent circuit for the input of an ECG amplifier
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mode noise generally encountered in biomedical measurements. Also, the input impedance is 
not very high to handle signals from high impedance sources. One method to increase the input  
impedance of the op-amp is to use field effect transistors (FET) in the input differential stage. A 
more common approach is to use an instrumentation amplifier in the preamplifier stage.
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 Fig. 4.4 A single op-amp in a differential configuration

The differential amplifier is well suited for most of the applications in biomedical measurements. 
However, it has the following limitations:

the signal source and loads them to some extent.

inadequate in modern biomedical instrumentation systems.
These limitations have been overcome with the availability of an improved version of the 

differential amplifier, whose configuration is shown in Fig. 4.5. This configuration is known as 
an instrumentation amplifier which is a precision differential voltage gain device that is optimized 
for operation in an environment hostile to precision measurement. It basically consists of three 
op-amps and seven resistors. Basically, connecting a buffered amplifier to a basic differential 
amplifier makes an instrumentation amplifier.

In Fig. 4.5, op-amp A3 and its four equal resistors R form a differential amplifier with a gain 
of 1. Only A3 resistors have to be matched. The variable resistance Rvar is varied to balance out 
any common-mode voltage. Another resistor Rg, is used to set the gain using the formula

V

V V a

0

1 2

1
2

-
= +

where a = Rg/R.

V1 is applied to the +ve input terminal and V2 to the –ve input terminal. V0 is proportional to 
the difference between the two input voltages.

The important characteristics of the instrumentation amplifier are:

V1 – V2) to single ended output, is set by one resistor.

V0 does not depend on common-mode voltage, but only on their difference.
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If the inputs are prone to high voltage spikes or fast swings, which the op-amps cannot cope 
with, they may be protected using back-to-back connected diodes at their inputs. However, this 
reduces the input impedance value substantially and also limits the bandwidth.

The instrumentation amplifier offers the following advantages for its applications in the 
biomedical field:

Good quality instrumentation amplifiers have become available in single IC form such as 
μA725, ICL7605, LH0036, etc.

To obtain zero frequency response of the dc amplifier and the inherent stability of the capacitance 
coupled amplifier, a carrier type of amplifier is generally used. The carrier amplifier consists of an 
oscillator and a capacitance coupled amplifier. The oscillator is used to energize the transducer 
with an alternating carrier voltage. The transducers, which require ac excitation, are those whose 
impedance is not purely resistive. Example can be of a capacitance based pressure transducer 
whose impedance is mainly capacitative with a small resistive component. The frequency of 
the excitation voltage is usually around 2.5 kHz. The transducer shall change the amplitude of 
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 Fig. 4.5 Schematic diagram of an instrumentation amplifier
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the carrier voltage in relation to the changes in the physiological variable being measured. The 
output of the transducer therefore, would be an amplitude modulated (AM) signal (Fig. 4.6). 

The modulated ac signal can then be fed to a multi-stage capacitance coupled amplifier. The 
first stage produces amplification of the AM signal. The second stage is so constructed that it 
can respond only to signal frequency of the carrier. It can be further amplified in the following 
stage. After amplification, the signal is demodulated in a phase-sensitive demodulator circuit. 
This helps to extract amplified signal voltage after the filter circuit. The voltage produced by the 
demodulator can then be applied to the driver stage of the writing system.

Amplifier

Direct
writing

recorder

Rectifier
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detector

Carrier
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transducer

 Fig. 4.6 Block diagram of carrier amplifier

Carrier amplifiers can be used with a resistance strain gauge transducer such as a semiconductor 
strain gauge. When used with pressure gauges, a calibration control is provided on the carrier 
amplifier. This enables direct measurements of the blood pressure from the calibrated graphic 
recorder. 

Lock-in amplifier is a useful version of the carrier technique designed for the measurement of 
low-level signals buried in noise. This type of amplifier, by having an extremely narrow-width 
output band in which the signal is carried, reduces wideband noise and increases the signal-to 
noise ratio. Thus, the difference between carrier amplifier and lock-in amplifier is that the former 
is a general purpose instrument amplifier while the latter is designed to measure signals in a 
noisy background.

In principle, the lock-in amplifier works by synchronizing on a single frequency, called 
the reference frequency. This frequency is made to contain the signal of interest. The signal is 
modulated by the reference frequency in such a way that all the desired data is at the single 
reference frequency whereas the inevitable noise, being broadband, is at all frequencies. This 
permits the signal to be recovered from its noisy background.
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The chopper amplifier is a useful device in the field of medical electronics as it gives another 
solution to the problem of achieving adequate low frequency response while avoiding the drift 
problem inherent in direct coupled amplifiers. This type of amplifier makes use of a chopping 
device, which converts a slowly varying direct current to an alternating form with amplitude 
proportional to the input direct current and with phase dependent on the polarity of the original 
signal. The alternating voltage is then amplified by a conventional ac amplifier whose output is 
rectified back to get an amplified direct current. A chopper amplifier is an excellent device for 
signals of narrow bandwidth and reduces the drift problem.

Fig. 4.7 shows a simplified block diagram of a single-ended chopper-stabilized amplifier. The 
amplifier achieves its ultra low dc offset voltage and bias current by chopping the low frequency 
components of the input signal, amplifying this chopped signal in an ac amplifier (A1) and 
then demodulating the output of the ac amplifier. The low frequency components are derived 
from the input signal by passing it through the low-pass filter, consisting of R2, C2 and R2. The 
chopping signal is generated by the oscillator. The filtered output is then further amplified in a 
second stage of dc amplification (A2). High frequency signals, which are filtered out at the input 
of the chopper channel, are coupled directly into the second stage amplifier. The result of this 
technique is to reduce the dc offsets and drift of the second amplifier by a factor equal to the gain 
of the chopper channel. The ac amplifier introduces no offsets. Minor offsets and bias currents 
exist due to imperfect chopping, but these are extremely small. The amplifier modules contain 
the chopper channel, including switches and switch-driving oscillator built on the module; only 
the dc power is supplied externally.
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 Fig. 4.7 Simplified block diagram of a single-ended chopper-stabilized operational amplifier.

Due to the extremely low dc offset and dc drift associated with the chopper-stabilized 
amplifier, the signal resolution is limited only by the noise present in the circuit. Thus, it is 
desirable to design the feedback networks and external wiring to minimize the total circuit 
noise. When the full bandwidth of the amplifier is not required, it is advisable that a feedback 
capacitor be used to limit the overall bandwidth and eliminate as much high frequency noise as 
possible. Shielding of feedback components is desirable in chopper amplifiers. It is particularly 
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necessary in electrically noisy environments. Use of shielded wire for summing junction leads 
is also recommended. Typical voltage drift in chopper-stabilized amplifiers is 0.1 mV/°C and 
current drift as 0.5 pA/°C.

The great strength of the chopper-stabilized amplifier is its insensitivity to component changes 
due to ageing, temperature change, power supply variation or other environmental factors. 
Thus, it is usually the best choice where both offset voltage and bias current must be small over 
long periods of time or when there are significant environmental changes. Both bias current 
and offset voltage can be externally nulled. Chopper amplifiers are available in both single-
ended as well as differential input configurations. Chopper amplifiers find applications in the 
medical field in amplification of small dc signals of a few microvolts. Such order of amplitudes 
are obtainable from transducers such as strain gauge pressure transducers, temperature sensors 
such as thermistors and strain gauge myographs, when they are used as arms of a dc Wheatstone 
bridge. A chopper amplifier is also suitable for use with a thermocouple.

Isolation amplifiers are commonly used for providing protection against leakage currents in 
biomedical recorders such as ECG machine. They break the ohmic continuity of electric signals 
between the input and output of the amplifier. The isolation includes different supply voltage 
sources and different grounds on each side of the isolation barrier. Three methods are used in the 
design of isolation amplifiers: (i) transformer isolation (ii) optical isolation (iii) capacitive isolation.

The transformer approach is shown in Fig. 4.8. It uses either a frequency-modulated or a pulse 
width-modulated carrier signal with small signal bandwidths up to 30 kHz to carry the signal. 
It uses an internal dc–to-dc converter comprising a 20 kHz oscillator, transformer, rectifier and 
filter to supply isolated power.

Elect.
circuit

Internal
shield

Instrument case

Patient’s ground driven
to zero by amplifier

Patient
signal

amplifiers

Patient
isolation

transformer
Mains

transformer

L

N

 Fig. 4.8 Isolation amplifier (transformer type)

Isolation could also be achieved by optical means in which the patient is electrically connected 
with neither the hospital line nor the ground line. A separate battery operated circuit supplies 
power to the patient circuit and the signal of interest is converted into light by a light source (LED).
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This light falls on a phototransistor on the output side, which converts the light signal again 
into an electrical signal (Fig. 4.9), having its original frequency, amplitude and linearity. No 
modulator/demodulator is needed because the signal is transmitted optically all the way.
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 Fig. 4.9 Optically isolated isolation amplifier

The capacitive method (Fig. 4.10) uses digital encoding of the input voltage and frequency 
modulation to send the signal across a differential capacitive barrier. Separate power supply is 
needed on both sides of the barrier. Signals with bandwidths up to 70 kHz can be conveniently 
handled in this arrangement.

Modulator Demodulator
Input Output

signal signal

Capacitive
isolation

 Fig. 4.10 Capacitively coupled isolation amplifier

The relative merits of the three types of isolation techniques are:

popular.

followed by the transformer coupled amplifier. The capacitor coupled amplifier is the 
most expensive.

input and output; transformer coupled 1200 V and capacitance coupled 2200 V.
10, 1011 and 1012 ohms for transformer 

coupled, opto-coupled and capacitance coupled amplifiers respectively.

Electrical isolation is the most commonly used technique to ensure patient protection against 
electrical hazards. Instruments such as electrocardiographs, pressure monitors, pressure 
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transducers, pacemakers and others have been designed to electrically separate the portion of 
the circuit to which the patient is connected from the portion of the circuit connected to the ac 
power line and ground.

An overall consideration in designing for safety is the principle of single fault condition. 
A medical electrical product must be designed so that it operates safely not only in normal 
conditions, but also in abnormal and single fault conditions. The design will also be based on 
the type of applied parts of the equipment to the patient. On this basis, the equipment is divided 
into the following types as explained in Chapter 1:

Type B - No electrical contact with the patient and may be earthed. 

Type BF - Electrically connected to the patient but not directly to the heart. 

Type CF - Electrically connected to the heart of the patient. 

Type F - Floating with respect to earth i.e. basic insulation to earth at mains voltage.

Each one of these types will have different leakage current specifications and are designed 
accordingly.

4.4 SOURCES OF NOISE IN LOW LEVEL MEASUREMENTS

4.4.1 Electrostatic and Electromagnetic Coupling to ac Signals

The distributed capacitance between the signal conductors and from the signal conductors to 
the ground provides a low impedance ac path, resulting in signal contamination from external 
sources like power lines and transformers. Similarly, the alternating magnetic flux from the 
adjacent power line wires induces a voltage in the signal loop which is proportional to the 
rate of change of the disturbing current, the magnitude of the disturbing current and the areas 
enclosed by the signal loop. It is inversely proportional to the distance from the disturbing wire 
to the signal circuit. Unequal distances of the two signal carrying conductors from the disturbing 
current wire result in unequal mutual inductances, which cause the magnetic field to produce 
a noise voltage across the amplifier input terminals.

Low-level signals are sensitive to external contamination especially in the case of high source 
impedance. Referring to Fig. 4.11, it is obvious that the currents generated by various noise 
signals will flow through the signal source impedance Z and result in an unwanted addition to 
the bioelectric or transducer signal. This may include electromagnetic noise pick-up, electrostatic 
pick-up and the unwanted current generated by a ground loop between two separate grounds 
on the same signal circuit. 

To prevent noise pick-up from electrostatic fields, low-level signal conductors are surrounded 
by an effective shield. This is usually a woven metal braid around the signal pair, which is placed 
under an outside layer of insulation. A more effective shielding is provided by a special type 
of signal cable, which has lapped foil shields, plus a low resistance drain wire instead of the 
conventional braided wire shield.

The easiest and generally the best way to protect a signal cable against external electromagnetic 
disturbances is to twist the circuit conductors closely together to electrically cancel the effect 
of an external magnetic field. Shorter the lay of the twist, greater the noise rejection. Thus, 
electromagnetic coupling is reduced by shielding, wire twisting and proper grounding which 
provide a balanced signal pair with satisfactory noise rejection characteristics.
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4.4.2 Proper Grounding (Common Impedance Coupling)

much noise that it may completely obscure the useful signal. The term ‘grounding’ means a low 
impedance metallic connection to a properly designed ground grid, located in the earth. Stable 
grounding is necessary to attain effective shielding of low level circuits to provide a stable reference 
for making voltage measurements and to establish a solid base for the rejection of unwanted 

ground. All low-level measurements and recording systems should be provided with a stable 
system ground to assure that electronic enclosures and chassis operating in an electromagnetic 
environment are maintained at zero potential. In most instances, the third copper conductor in all 

the water system, will provide a satisfactory system ground. In the signal ground, on the other 
hand, it is necessary to ensure a low noise signal reference to the ground. This ground should be 
a low-impedance path to wet earth to minimize the introduction of spurious voltages into the 
signal circuitry. It is important to note that a signal circuit should be grounded at one point only.

Two separate grounds are seldom at the same absolute voltage. If we connect more than 
one ground to the same signal circuit, an unwanted current will flow in the ground loop thus 
created. This current combines itself with the useful signal (Fig. 4.12). Also, there is a second 
ground loop through the signal cable-shield from the signal source to the amplifier. The current 
in the shield is coupled to the signal pair through the distributed capacitance in the signal cable. 
This current then flows through the output impedance of the signal source and back to the 
ground, thus adding a second source of noise to the useful signal. Either one of these ground 
loops generates a noise signal that is larger than a typical millivolt useful signal. Ground loops 
are eliminated by the floating lower input terminal of the amplifier. The amplifier enclosure 
is still solidly grounded to earth-ground No. 2 but this will not create a ground loop, since the 
amplifier enclosure is insulated from the signal circuit. The ground-loop through the signal cable 
is removed by grounding the shield only at the signal source which is the proper configuration 
for minimum noise pick-up as shown in Fig. 4.13.

RecorderAmp.

Signal source

z

 Fig. 4.11 Currents produced by various forms of noise flow through the signal source impedance and 
become an unwanted addition to the useful signal.  The  noise amplitude is directly proportional to signal 
source impedance (Courtesy: Gould Inc., U.S.A.)
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 Fig. 4.12 Ground loop created by more than one ground on a signal circuit.  The potential difference 
between earth ground no. 1 and earth ground no. 2 causes current to circulate in the signal cable shield 
and also in the lower signal conductor, producing two separate ground loops
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 Fig. 4.13 Eliminating multiple grounds. The ground loop in the lower signal lead has been broken by 
removing the jumper wire to earth ground no. 2. The ground loop in the cable shield has been broken by 
removing its connection to earth ground no. 2 (Courtesy: Gould Inc. U.S.A.)

4.5 BIOMEDICAL SIGNAL ANALYSIS AND PROCEESING TECHNIQUES

When we pass a signal through a device that performs an operation, as in filtering, we say we 
have processed the signal. The type of operation performed may be linear or non-linear. Such 
operations are usually referred to as signal processing. Several techniques have been developed 
for an analysis and processing of biomedical signals.

4.5.1 Fourier Transform

In biomedical instrumentation, sensors/transducers pick up signals from biologic tissue with 
the objective of finding out their health and well being. Signal processing employs sophisticated 
mathematical analysis tools and algorithm to extract information buried in these signals received 
from various sensors and transducers. Signal processing algorithms attempt to capture signal 
features and components that are of diagnostic value. Since most signals of bio-origin are time 
varying, there is a need to capture transient phenomena when studying the behaviour of biosignals.
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There are two different presentations of the same experimental data, known as domains. 
These are the time-domain in which the data are recorded as a series of measurements at 
successive time intervals and the frequency domain in which the data are represented by the 
amplitude of its sine and cosine components at different frequencies. For example, for recording 
and display purposes, the biomedical signals are represented in the time domain, i.e. the signal is 
represented by means of its value (y-axis) on the time axis (x-axis). In the frequency domain any 
biomedical signal may be described as consisting of sine waves and having different amplitudes 
and phases (y-axis) as a function of the frequency (x-axis). The transformation between the two 
representations is given by the Fourier Transform (FT).

The basic motivation for developing frequency analysis tools is to provide a mathematical and 
pictorial representation for the frequency components that are contained in any given signal. 
The term spectrum is used when referring to the frequency content of a signal. The process of 
obtaining the spectrum of a given signal using the basic mathematical tools is known as frequency 
or spectral analysis. Most biomedical signals of practical interest can be decomposed into a sum 
of sinusoidal signal components. For the class of 
periodic signals, such a decomposition is called a 
Fourier series. For the class of finite energy signals, 
the decomposition is called the Fourier transform.

Referring to Fig. 4.14, a system’s response 
to a varying input signal s(t), with a frequency 
spectrum S(f), can essentially be described 
interchangeably, by the response r(t) in the time 
domain (as a time history) or R(f) in the frequency 
domain (as a frequency spectrum).

Key system characteristics operate on the signal 
to produce the response to the stimulus. In the 
frequency domain, the operation can be expressed 
as a simple product. The ratio of response to 
stimulus is called the transfer function, H(f)

H(f ) = R(f)/S(f)

The time domain and frequency domains are closely connected via the Fourier transform.

4.5.2 Fast Fourier Transform (FFT)

Using the Fourier Transform can become tedious and time consuming even when using 
computers and especially when a large number of points have to be considered. The situation 
has considerably been eased with the introduction of the Fast Fourier Transform (FFT) algorithm, 
which expands the signal into sine and cosine functions. The frequency spectrum is computed 
for each discrete segment of the signal. The output of the FFT algorithm is a set of coefficients, 
two for each frequency component in the signal’s spectrum. One coefficient (A) is multiplied 
by the cosine, or amplitude portion of the component. The other (B) is multiplied by the sine, or 
phase portion, of the component. Each component in the FFT series can then be represented as:

A cos (Wt) + i B sin (f)

where w = Angular frequency of the component

A = An FFT coefficient

h t( )

H f( )

s t( )

S f( )

r t( )

R f( )

Time domain

Frequency
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Fourier
transform

 Fig. 4.14 A systems transfer function, h(t) 
and H(f)  characterizes its response r(t) in the 
time domain and R(f) in the frequency domain, 
to receive stimuli, s(t) and S(f). The two do-
mains are related by the fourier  transforms
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B = An FFT coefficient

f = The phase angle of the component

i = The imaginary number, ÷ – 1

t = time

The number of frequency components and pairs of FFT coefficients necessary to represent a 
given waveform is a function of the highest frequency to be resolved and the sample rate used.

Fig. 4.15 illustrates the decomposition of a typical bioelectric signal (EEG waveform) into 
its basic frequency components and then displays them as a frequency spectrum. The diagram 
shows frequency components along with the amplitude present in each frequency. Once the 
frequency spectrum of a given segment of the signal has been calculated, a number of techniques 
are available to display the information.
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 Fig. 4.15 EEG signal decomposed into basic frequency components

The FFT method assumes the signal to be stationary and is therefore insensitive to its varying 
features. However, most biomedical signals are non-stationary and have highly complex time 
frequency characteristics. The stationary condition for the non-stationary signal can be satisfied 
by dividing the signals into blocks of short segments, in which the signal segment can be assumed 
to be stationary. This method, is called the short-time Fourier transform (STFT). However, the 
problem with this method is the length of the desired segment. Choosing a short analysis window 
may cause poor frequency resolution. On the other hand, a long analysis window may improve 
the frequency resolution but compromises the assumption of stationarity within the window.

4.5.3 Wavelet Transform

An area of intensive research and development for analyzing non-stationary biomedical signals 
is the wavelet transform. The wavelet method acts as a mathematical microscope in which we can 
observe different parts of the signal by just adjusting the focus. In practice, it is not necessary for 
the wavelet transform to have continuous frequency (scale) parameters to allow fast numerical 
implementations; the scale can be varied as we move along the sequence. Therefore, the wavelet 
transform has very good time resolution at high frequencies and good frequency resolution at 
low frequencies. In biomedical engineering, wavelet transform have been widely used in many 



Recording System 143

research areas including spatial filtering, edge detection, feature extraction, data compression, 
pattern recognition, speech recognition, image compression and texture analysis. 

A wavelet transform is almost always implemented as a bank of filters that decompose a signal 
into multiple signal bands. It separates and retains the signal features in one or a few of these 
bands. Thus, one of the biggest advantages of using the wavelet transform is that signal features 
can be easily extracted. In many cases, a wavelet transform outperforms the conventional FFT 
when it comes to feature extraction and noise reduction. For example, Sahambi et al. (2000) has 
developed an algorithm for beat-by-beat QT interval variability using wavelet approach.

Another method of signal analysis is that of adaptive filter that can continuously adjust itself to 
perform optimally under the changing circumstances. This is achieved by correcting the signal 
according to the specific application. The correction may be enhancement or some reshaping, for 
which a correction algorithm is required. This can be best implemented digitally. Most adaptive 
filters, therefore, are implemented by means of computers or special digital signal processing chips. 

4.5.4 Digital Signal Processing Techniques

Most of the signals encountered in biomedical instrumentation are analog in nature, i.e. the 
signals are functions of a continuous variable such as time or space. Such signals may be processed 
by analog systems such as filters or frequency analyzers or frequency multipliers. Until about 
two decades ago, most signal processing was performed using specialized analog processors. 
As digital systems became available and digital processing algorithms were developed, digital 
processing became more popular. Initially, digital processing was performed on general purpose 
microprocessors. However, for more sophisticated signal analysis, these devices were quite slow 
and not found suitable for real-time applications. Specialized designs of microprocessors have 
resulted in the development of digital signal processors, which although perform a fairly limited 
number of functions, but do so at very high speeds.

the analog signal and the digital processor, which is commonly provided by an analog-to-digital 

operations on the input signal. The programming facility provides the flexibility to change the 
signal processing operations through a change in the software, whereas hardwired machines 
are difficult to configure. Hence programmable signal processors are common in practice. On 
the other hand when the signal processing operations are well defined, as in some applications, 
a hardwired implementation of the operations can be optimized so that it results in cheaper 
and faster signal processors. In cases when the digital output from a processor is to be given to 
a user in the analog form, a DA converter is required.
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 Fig. 4.16 Basic elements of a DSP (Digital Signal Processor) system

10,000,000 multiplications per second, thus giving an increase in speed of 37 times. Because of 
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instruments for signal processing applications like transformation to the frequency domain, 
averaging and a variety of filtering techniques.

4.6 THE MAIN AMPLIFIER AND DRIVER STAGE

Normal practice in the design of recorders is to have a preamplifier followed by the main 
amplifier which in turn is connected to the driving stage for the writing system. The main 
amplifier thus forms an intermediate stage between 
the preamplifier and the output stage. The gain 
and frequency response of the main amplifier 
are adjusted to give adequate pen deflection and 
frequency response. The pen motor is driven by a 
dc driver stage feeding a four transistor output stage 
operating the galvanometer. A bridge arrangement 
is preferred because of the low power efficiency of 
conventional push-pull power amplifiers. Referring 
to Fig. 4.17, the current through T1 and T4 increases 
as that through T2 and T3 decreases. Thus when T1

and T4 approximate to short circuits, T2 and T3 are 
nearly cut-off and almost all the circuit current passes 
through the galvanometer coil. T1 and T2 function as 
emitter loads. T1 and T4 operate as amplifiers having 
T1 and T3 as collector loads. Resistors R1 to R4 secure 
the correct biasing of T2 and T4.

The output stages of the amplifier are required to produce more output for a given input 
signal level as the signal frequency increases. This is achieved in the output amplifiers by the use 
of a frequency selective network in the negative feedback line of the driver and output stages 
so that the gain of the amplifier increases with frequency.

Also, the signal fidelity can be maintained in a linear recording system only when it has a linear 
phase shift characteristic and constant gain over the band of frequencies in the signal of interest. 
The pen motors need to be protected from excessive transient energy being applied during switch 
on or switch off. A delay circuit holds the pen motor gain low for a short time after switch on. 
When the power supply is switched off, the output goes rapidly to zero, reducing pen motor gain 

limits and mechanically by pen stops.

4.7 WRITING SYSTEMS

The final and most important stage in any recorder is the writing system. For a faithful 
reproduction of the input signal, three basic conditions must be satisfied by the individual parts 
of the system. These requirements are linearity over the required range of signal amplitudes and 
an adequate pass-band for the frequencies involved without producing any phase shift between 
the input and recorded signal. Recorders are selected according to the frequency response of 
the data, accuracy requirements, the type of chart record that is desired and the number of 
data channels that must be recorded on a single piece of chart paper. According to frequency 
response, recorders fall into the following groups:
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 Fig. 4.17 Bridge output stage for driving 
galvanometer coil in direct writing recorders
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Potentiometric recorders usually provide a frequency response of 1 Hz at 25 cm peak-to-peak or 
up to 6 Hz at reduced amplitude. Chart paper is inexpensive and the writing method is generally 
capillary ink or fibre-tip pen.

Direct-writing ac recorders provide a frequency response up to 60 Hz at 40 mm peak-to-peak 
or up to 200 Hz at reduced amplitudes. The most common type of direct recorder is the stylus 
type which directly writes on the paper moving beneath it. The stylus can be made to write 
by several methods, but the most commonly employed is a heated stylus writing on specially 
prepared heat sensitive paper. An ink system can also be used but difficulty is experienced in 
obtaining a uniform flow with the additional problem of clogging of ink in the pen if the recorder 
is kept unused over long periods.

Inkjet recorder gives a frequency response up to 1000 Hz. It employs inexpensive plain paper 
as the writing system makes use of a jet of ink.

Electrostatic recorder employs an electrostatic writing process and works for frequencies up 

Thermal array recorder uses a specially designed linear thermal array head and thus dispenses 
with pens, pen motor or linkages. Frequency response is independent of trace amplitude and the 
number of channels. A 20 Hz sine wave is defined by 10 adjacent segments. The accuracy of peak 

greater than 625 ms will be recorded with full amplitude. It uses a plain, heat sensitive paper.

4.8 DIRECT WRITING RECORDERS

In the most commonly used direct writing recorders, a galvanometer activates the writing 
arm called the pen or the stylus. The mechanism is a modified form of the D’Arsonval meter 
movement. This arrangement owes its popularity to its versatility combined with reasonable 
ruggedness, accuracy and simplicity.

A coil of thin wire, wound on a rectangular aluminium frame is mounted in the air space 
between the poles of a permanent magnet (Fig. 4.18). Hardened-steel pivots attached to the coil 
frame fit into jewelled bearings so that the coil rotates with a minimum of friction. Most often, 
the pivot and jewel is being replaced by a taut band system. A light-weight pen is attached to 
the coil. Springs attached to the frame return the pen and coil always to a fixed reference point.

When current flows through the coil, a magnetic field is developed which interacts with the 
magnetic field of the permanent magnet. It causes the coil to change its angular position as in 
an electric motor. The direction of rotation depends upon the direction of flow of current in the 
coil. The magnitude of pen deflection is proportional to the current flowing through the coil. The 
writing stylus can have an ink tip or it can have a tip that is the contact for an electro-sensitive, 
pressure sensitive or heat sensitive paper. If a writing arm of fixed length is used, the ordinate 
will be curved. In order to convert the curvilinear motion of the writing tip into a rectilinear 
motion, various correcting mechanisms have been devised to change the effective length of the 
writing arm as it moves across the recording chart.

Taut band instruments are preferred over pivot and jewel type instruments because they have 
the advantages of increased electrical sensitivity, elimination of friction, better repeatability and 
increased service life.

Of the several writing methods available, the ink recording method was earlier widely used 
in slow speed as well as in high speed recorders. The writing pen depends upon the capillary 
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action of the ink for its performance. The pen tip may be of stainless steel or tungsten carbide 
or a small glass nozzle. The ink reservoir is usually placed slightly above the plane of writing 
to facilitate the flow of ink. The ink used must flow out from the pen tip in an even manner so 
that the trace is continuous and no gaps are produced.

Most of the present day recorders use the heated stylus writing system wherein recording 
paper moves over a steel knife edge kept at right angles to the paper motion and the stylus 
moves along the knife edge. The hot stylus burns off the white cellulose covering of the heat 
sensitive paper, exposing the black under-surface of the paper thus forming the trace.

Paper Drive: The usual paper drive is by a synchronous motor and a gear box. A constant speed 
is the basic requirement of the paper drive because the recorded events are time correlated. The 
frequency components of the recorded waveform can be determined if it is known how far the 
paper moved past the pen position as the record was being taken. Some types of medical recorders 
incorporate arrangements for several chart speeds. In such cases, the gear box has a single fixed 
reduction ratio and the speed variation over the total range is achieved by digital electronic means. 
This technique gives a wide ranging crystal controlled accuracy with exact speed ratios, without 
the high power consumption and relatively large steps of the stepping system, and the added 
reliability of fewer moving parts compared to a mechanical gear change system. 

Most of the recorders contain an additional timing mechanism that prints a series of small 
dots on the edge of the paper as it moves through the recorder. This “time marker” produces 
one mark each second or at some other convenient time interval.

4.8.1 Performance Characteristics of Galvanometers Used in Direct Writing Recorders

The galvanometers used in the recorders generally resemble the corresponding types in the 
indicating instruments except that they have a lighter arm carrying a pen in place of the pointer. 

Writing
arm

Moving coil

Chart
motor

Permanent
magnet

 Fig. 4.18 Principle of a direct writing galvanometric recorder
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The pen rests lightly on a chart which moves at a uniform speed in a direction perpendicular 
to that of the deflection of the pen. Owing to the friction of the pen on the chart and due to 
the necessarily greater weight of the moving system, the design of the galvanometer must be 
somewhat modified if it is to be used for recording purposes.

In the direct writing recorders, there are several forces which act upon the moving system. 
The three basic forces are: (i) the deflecting force, (ii) the controlling force, (iii) the damping force. 

The deflecting force results from the current which flows in the coil and is supplied to it from 
the driving amplifier. This force causes the moving system of the recorder to move from its zero 
position. A controlling force applied to it will limit the otherwise indefinite movement of the pen 
motor and ensures that the same magnitude of the deflection is always obtained for a given value 
of the quantity to be recorded. The damping force is necessary in order to bring the movement 
system in its deflected position to rest quickly. In the absence of damping, owing to the inertia 
of the moving parts, the pen would oscillate about the final deflecting position for some time 
before coming to rest. The function of damping is to absorb energy from the oscillating system 
and to bring it promptly in its equilibrium position.

Damping Control and Frequency Response of Pen Motors: Galvanometers are characterized by 
five important parameters: frequency response, sensitivity (current, voltage and wattage), phase 
angle, damping and power dissipation. Each one of these parameters is not only important 
individually, but is also dependent upon the others. Thus, the galvanometer selected to obtain 
the desired results under certain specified conditions must therefore be a compromise of all 
these characteristics (Mercier, 1973).

Step Function Response: A pen galvanometer is unable to instantaneously follow the deflection 
arising when a step change in current is applied to it as would occur when a calibration signal 
is applied. The response of the moving coil lags behind the driving signal due to the mechanical 
inertia of the movement. With a good direct writing recorder, the rise time is of the order of 3 
ms to attain a 1 cm deflection when the 1 mV calibration button is pressed. The effect of inertia 
also causes the coil to tend to overshoot its final deflection. The amount of overshoot depends 
upon the value of the damping factor. This is taken as unity when the galvanometer is ‘critically’ 
damped. Under these conditions, the coil will deflect smoothly to take up its final position in the 
shortest possible time without an overshoot. If the damping factor is substantially less than the 
critical value, the writing arm will overshoot its final deflected position and execute a damped 
simple harmonic frequency of almost the natural frequency of the coil and arm assembly.

To standardize the curve, response is shown versus free period of 1/natural frequency so that 
the difference in galvanometer sensitivities can be eliminated. The deflections are shown as 
ratios of the direct current deflections. The manner in which a galvanometer follows a sudden 
current rise depends upon the damping ratio.

The degree of damping depends upon the resistance in the coil circuit. The value of the 
resistance required to be placed in parallel with a given galvanometer for correct damping is 
specified by the manufacturers. However, when such a galvanometer is to be used in a recording 
system and it is driven by the power amplifier, it is necessary to read just the damping resistance 
so that the output impedance of the amplifier is taken care of.

Frequency Response and Sensitivity: Galvanometers when damped should give a frequency 

frequency is calculated by multiplying the required frequency response by 1.6. Under certain 
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conditions, it may be desirable to utilize a galvanometer with higher natural frequency than 
that calculated as outlined above, but it may be noted, a lower sensitivity will be the result of 
the accompanying higher frequency response.

The maximum band of flat frequency response for any direct writing recorder is always 
limited by some specific peak-to-peak amplitude on the chart. Fig. 4.20 shows a typical frequency 
versus amplitude curve for a direct writing recorder. The recorder is capable of writing full 
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 Fig. 4.19 The effect of applying a step input current to a galvanometer with varying degrees of 
damping. The ordinate is the ratio of the deflection at a particular time to the steady sate deflection. The 
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 Fig. 4.20 Typical frequency versus amplitude curve for a direct writing recorder
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This characteristic curve is typical of all direct recorders and indicates that increasing the pen 
motor power would not help very much. Therefore, for higher frequency response, it becomes 
imperative to go to some form of light beam recorder where the mass of the moving element 
is much smaller.

4.8.2 Linearity Considerations in Direct Writing Recorders

Ideally, a linear writing system should produce a pen deflection that is directly proportional 
to the input current given to the pen motor. This implies that equal increments of input would 
cause equal changes of trace amplitude in any region of the chart. 

In many industrial and general purpose recorders, the pen generates curvilinear traces. The 
tip of the pen in such cases traces out an arc on the recording chart with the deflection of the 
galvanometer coil. The system is simple, reliable and cheap but may not be acceptable due to 
the following disadvantages: (i) special chart paper is required, ruled to match the pen radius, 
and (ii) curvilinear traces are often difficult to correlate to their mathematical shapes. It makes 
the analysis somewhat more difficult.

The curvilinear arc at the pen tip can be converted into a rectilinear trace with more easily  
interpretable rectangular coordinates. Two methods are in common use. In one, an electrically 
heated stylus moves on an arc across a special heat-sensitive paper as the paper is drawn over 
a straight fixed knife (Fig. 4.21) edge. A different portion of the stylus end contacts the paper 
for each angle of displacement. The arrangement gives a straight line across the width of the 
paper with the paper stationary. However, the method is subject to a degree of geometric non-

to the chart edge. 
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 Fig. 4.21 A heated stylus system for rectilinear writing on a heat-sensitive paper over a knife edge

The second method (Fig. 4.22) makes use of a rotary to linear linkage, which eliminates 
geometric errors inherent with conventional knife edge systems. When the pen motor armature 
rotates, it drives the pen support arm. The coupling provided by a flexible metal band causes the 
pen shaft at the upper end of the pen support arm to rotate in the opposite direction since the 
lower end of the flexible band is firmly attached to a stationary ring on the top of the pen motor 
housing. As the pen support arm swings in an arc about the axis of the pen motor armature, 
the pen tip travels in a straight line and produces a deflection that is directly proportional to 
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the angular movement of the pen motor armature. The angular displacement of the pen motor 
coil is translated into a straight line motion at the pen tip by the equal and opposite curvilinear 

this type of arrangement.
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 Fig. 4.22 Parallel motion mechanism for rectilinear writing. The mechanism keeps the pen tip nearly 
perpendicular to the direction of chart motion

A high degree of linearity, accuracy and rapid response is achieved by using closed loop pen 
position feedback systems, such as the one employed in Brush Recorder Mark 200. This is the 
result of four separate but mutually dependent devices. These are:

(i) A position feedback pen motor that develops more than 250 G’s at the pen tip and main-

(ii) A precise non-contact pen position sensing transducer with infinite resolution called the 
Metrisite.

(iii) A rectilinear transfer linkage which translates angular pen motor movement into 
rectilinearpen travel without introducing hysteresis.

(iv) A pressurized fluid writing system that ensures uniform traces at all writing speeds.
Fig. 4.23 illustrates the principle of closed-loop pen position feedback, which automatically 

eliminates virtually all sources of error between the incoming signal and pen position. Actual 
pen position on the chart is continuously sensed by the contact-free Metrisite transducer located 
inside the pen-motor. Output from the Metrisite is fed to a summing junction on the pen drive 
amplifier where it is compared to the input signal. The difference between the Metrisite output 
and the incoming signal produces an “error” voltage, which is amplified and instantaneously 
corrects the pen position to correspond with the incoming signal. An important advantage of the 
closed-loop pen position feedback is that it can produce position stiffness at the pen tip, which 
is 10 to 100 times greater than the conventional spring restored recorders. Errors due to friction 
are virtually eliminated and the pen motor heating is reduced. Absolute linearity is maintained 
across the entire chart since the pen motor has no torsion spring, never works against mechanical 
restraint and uses operating power only for changing pen position. Thus, recording accuracy at 
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the pen tip is limited only by the output accuracy of the Metrisite transducer and the ability of 
the pen motor to apply the necessary corrective forces.

4.9 THE INKJET RECORDER

Certain biomedical applications like phonocardiography and electromyography require 
recording of signals of which the frequency spectrum extends much above the high frequency 
response of the conventional galvanometric type pen recorders. The high frequency response 
of the stylus based direct recorders is limited by the large moment of inertia of the moving 
parts and friction of the writing arm over paper. Moreover, stylus systems can usually only 
record amplitudes up to 30 mm without colliding with each other and causing damage 
in multi-channel recorders. Overlapping of the adjacent tracings is thus not possible. This 
means that with multi-channel recorders, the stylus recording system requires very wide 
paper for tracing large amplitudes since the maximum deflection must be recorded without 
overlapping.

An elegant method of increasing the frequency response extending to several hundred cycles 
and combining the advantages of the direct recorder input signal with those of the photographic 
recorder is embodied in the jet recording system.

The technique consists of a very fine jet of ink, which replaces the light beam of a photographic 
recorder or the stylus of a direct recorder. The jet of ink is produced when the ink is expelled from 

 Fig. 4.23 Servoloop feedback penmotor system for fast and accurate recordings (Courtesy: Gould 
Inc., U.S.A.)
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a nozzle of an extremely fine bore at high pressure. The ink is squirted over the chart moving 
beneath the jet. The method is usable up to frequencies of about 1000 Hz. The arrangement 
(Fig. 4.24) consists of a glass capillary tube placed between the poles of an electromagnet. The 
coils of this electromagnet are connected to the output amplifier and are driven by the amplified 
signal. Attached to this capillary is a very small cylindrical permanent magnet. The variations 
of current corresponding to the signal variation in the electromagnet coil produce a varying 
magnetic field, which interacts with the field of the permanent magnet. This interaction results 
in the deflection of the capillary tube. The capillary tube is shaped in the form of a nozzle at one 
end and ink is supplied to this tube at a high pressure from the other end. The ink coming out 
of the nozzle strikes the paper and the signal waveform is traced.

Jet dia 0.01 mm

Magnet needle

Capillary

Filter

Input signal

 Fig. 4.24 An Inkjet writing mechanism

Reliable functioning of the jet system demands that the ink be properly filtered to ensure 
that even small particles are kept back so that they do not block the nozzle. The high pressure 
necessary for jet recording is produced by a pump and is adjustable between 20–50 atmospheres.

The inherent high frequency response of the jet recording system is due to the significant 
reduction in the inert mass of the moving assembly. In fact, this mass is so low that it compares 
with that of the photographic system used in earlier days. With very little mass of the moving 
parts, the jet recording mechanism needs only very low driving power despite the high inherent 
frequency. Therefore, it is possible to record deflections of ±30 mm measured from the base line. 
From this it is seen that amplitudes of more than 60 mm can be traced with the jet recorder. 
Overlapping of adjacent tracings causes no difficulty because liquid jets cannot penetrate each 
other as is the case with light beams. Theoretically, the points of impact of the individual jets 
do not lie on the same time ordinate of the recording paper. In practice, however, the shifting is 
not noticed since it is less than the evaluation accuracy. Since the jet recorder can write on the 
recording paper without friction, linear tracing is ensured even with very small amplitudes.
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The jet recorder makes use of normal untreated paper, which is much cheaper than the heat 
sensitive paper used in the heated-stylus paper recorders. Therefore, it provides an economic 
recording method, particularly for multi-channel applications.

4.10 POTENTIOMETRIC RECORDER

For the recording of low frequency phenomena, strip chart recorders based on the potentiometric 
null-balance principle are generally used. The operating principle of a potentiometer recorder is 
shown in Fig. 4.25. A slide wire AB is supplied with a constant current from a battery S. The slide 
wire is constructed from a length of resistance wire of high stability and uniform cross section 
such that the resistance per unit length is constant. The unknown dc voltage is fed between 
the moving contact C and one end A of the slide wire. The moving contact is adjusted so that 
the current flowing through the detector is zero. At that moment the unknown input voltage is 
proportional to the length of the wire AC. In practice, the slide wire is calibrated in terms of span 
voltage, the typical span being 100, 10 or 1 mV. The moving contact of the slide wire is made to 
carry a pen, which writes on a calibrated chart moving underneath it.
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 Fig. 4.25 Schematic diagram of a self-balancing potentiometric recorder

For obtaining the null-balance, a self-balancing type potentiometer is generally used. The 
balancing of the input unknown voltage against the reference voltage is achieved by using a 
servo-system. The potential difference between the sliding contact C and the input dc voltage 
is given to a chopper type dc amplifier in place of a galvanometer. The chopper is driven at the 
mains frequency and converts this voltage difference into a square wave signal. This is amplified 
by the servo-amplifier and then applied to the control winding of a servo motor. The servo 
motor is a two-phase motor whose second winding is supplied with a 50 Hz mains supply that 
works as a reference phase winding. The motor is mechanically coupled to the sliding contact. 
The motor turns to move the pen and simultaneously varies the voltage of the sliding contact 
such that the potential difference between the input voltage and reference voltage is zero. The 
circuit operates in such a manner that the motor moves in one direction if the voltage across the 
ac is greater and in the opposite direction if it is less than the input voltage. The servo motor is 
shaft-coupled to a techno-generator, which provides the necessary damping to the servo motor. 
It slows down as it approaches balance position and thus minimizes the overshoot.

The servo motor generally used to drive the pen in the self-balancing potentiometric recorders 
is the ac two-phase induction motor. The motor has two separate stator windings, which are 
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physically perpendicular to each other. The out-of-phase alternating currents in the two stator 
windings produce a rotating magnetic field. This rotating magnetic field induces a voltage in the 
rotor and the resulting current in the armature produces an interacting field, which makes the 
rotor to turn in the same direction as the rotating magnetic field. To produce a rotating magnetic 
field, the ac voltage applied to one stator winding should be 90° out-of-phase with the voltage 
applied to the other winding. It can be done either in the power amplifier, which supplies the 
control winding, or in a phase-shift network for the line winding. For no input signal, obviously, 
the rotor does not turn. When a voltage is applied to the input, the rotor would turn slowly and 

to supply the necessary alternating current to the control winding of the servo motor. They are 
essentially class B push-pull amplifiers.

The chart is driven by a constant speed motor to provide a time axis. Therefore, the input 
signal is plotted against time. The recorders of this type are called T-Y recorders. If the chart is 
made to move according to another variable, then the pen would move under the control of the 
second variable in the X direction. Such recorders are called X-Y recorders. The chart drive can 
also be provided by a stepper motor, which is controlled by a reference frequency from a stable 
oscillator. Choice of speeds is achieved by a programmable frequency divider and applied to 
the motor. The chart drive accuracy is thus independent of the power line frequency. Using a 
stepper motor instead of a synchronous motor eliminates the need for a mechanical transmission 
to provide different chart speeds and substantially increases reliability.

Wire wound or conductive plastic potentiometers are used as position feedback elements 
in most servo recorders. However, the electromechanical contact between slider and slidewire 
limits the reliability of such recorders and requires regular maintenance. A non-contacting 
ultrasonic pen position transducer permits high reliability and maintenance-free operation of a 
recording potentiometer. Stegenga (1980) explains the circuit used with an ultrasonic feedback 
transducer used in recording potentiometers. The ultrasonic transducer has been found to be 

record a number of slowly varying physiological signals. In particular, it is possible to produce 
a record of the patient’s condition over a period of 24 h. 

4.11 DIGITAL RECORDERS

Digital recorders use a linear fixed array of small recording elements under which the paper 
moves. This is in contrast with the conventional recorders that use a moving pen or stylus. The 
stylus in these recorder is a large number of fixed stylii, each one of which corresponds to one 
amplitude of signal to be recorded. Signals are thus reproduced as discrete values at discrete 
times. Analog as well as digital signals can be processed. In the analog case, sampling and 
digitization are part of the recording process. The accuracy of array recorders is determined by 
the act of sampling and digitization.

As all processing occurs in digital form and recording is a matter of generating the correct 
addresses of writing points to be activated, there is no problem in writing figures along with 
signal tracings. Alphanumeric information to be added to the chart can be supplied via the 
keyboard. A display unit that visualizes the traces stored in memory before they are recorded on 
the chart can be provided, thus, giving an opportunity for saving the paper. Time compression 
or expansion is possible as data can be sampled at a high rate (expansion), stored in memory and 




