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ix

FOREWORD

In the twentieth century, technical and technological innovation has pro-
gressed at such an accelerated pace that it has permeated almost every aspect
of our lives. This is especially true in the field of medicine. With almost con-
tinual technological innovations driving medical care, engineering profes-
sionals have become intimately involved in many medical ventures. As a re-
sult, the discipline of biomedical engineering has emerged as an integrating
medium for two dynamic professions: medicine and engineering. In the
process, biomedical engineers have become actively involved in the design,
development, and utilization of materials, devices, sensors, and techniques for
clinical research, as well as the diagnosis and treatment of patients.

The field of biomedical engineering includes many new areas: biomechan-
ics, biomaterials, physiological modeling, simulation and control, and more.
One of the most important parts of biomedical engineering is that of bio-
medical sensors, which enable the detection of biologic events and their con-
version to signals. Sensors convert one type of quantity, such as temperature,
into an equivalent signal of another type of quantity, for example, an electri-
cal or optical (perhaps mechanical) signal. Biomedical sensors take signals
representing biomedical variables and usually convert them into an electrical
or optical signal. As such, the biomedical sensor serves as an interface be-
tween a biological and an electronic system.

The purpose of this book is to provide a central core of knowledge about
sensors in the biomedical field (fundamentals, design, technology, and appli-
cations). This field now includes many new areas, each of which is presented
in this book:

• sensor technologies
• basic sensor structures
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• sensing effects
• physical sensors and their applications in biomedicine
• sensors for measuring chemical quantities in biomedicine
• biosensors

The author, Gábor Harsányi, Ph.D., is presently Associate Professor and
Head of the Sensors Laboratory at the Department of Electronics Technology,
Technical University of Budapest. He brings his knowledge, as well as his
many years of teaching and extensive research expertise, to this book. 

For biomedical sensor development, interdisciplinary activities are neces-
sary, and the knowledge of engineers, physicists, chemists, biologists, and
physicians has to be combined. This book fulfills this demand, describing in
detail processing, devices, recognition principles of sensitive layers, and con-
crete realizations.

I believe that having all of these useful sensors included in this book will 
be of great value to scientists, engineers, and biomedical students.

Professor Zoltán Benyó
Chief-Supervisor of Biomedical Engineering Course
Technical University of Budapest

x Foreword
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PREFACE

In the second half of the twentieth century, interest in the development of
sensors, which conventionally are electric sensing devices, has increased con-
siderably. Scientific research was followed by an emerging demand from var-
ious application fields. In the 1960s, the technique of chemical sensors grew
rapidly and resulted in the possibility for direct detection of various ion and
molecule types with certain selectivity limits. The research and development
of conventional macrosensors soon turned in the direction of microsensors as
a result of the miniaturization in microelectronics and expanding applications,
including biology and medicine.

Currently, digital display thermometers, ear thermometers, personal blood
pressure meters, and home glucose monitors are frequently used. Computed
tomography and ultrasonography represent well-known modern diagnostic
tools. It is less known that all of these instruments would not be available
without sophisticated sensor elements. The application of sensors in biomed-
ical diagnostics and bioinstruments has brought revolutionary changes that
may already have a positive impact on the quality of life within the next cen-
tury. Some key current and potential applications are as follows:

• Sensors enabled development computer-based medical imaging tools that
could not be available without them, such as computed tomography, ul-
trasonography and many others.

• Sensors may greatly improve conventional imaging tools, like X-ray pho-
tography, by getting more information with smaller radiation doses.

• Portable multiparameter bedside monitoring appliances became available
for intensive care.

• Convenient, easy-to-use appliances are available on the market for per-
sonal and home monitoring or diagnostics.

xi
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• Certain implantable self-regulatory appliances are currently available
only for a few applications. However, widespread applications are pre-
dicted for the near future.

• Sensor-based systems can replace the functions of human sensing organs,
such as artificial retinas, hearing aids, tactile sensing in artificial limbs,
etc.

• Rapid diagnostic tools have emerged recently based on immunosensors
and DNA chips.

Although the practical application of sensors has been developing rapidly,
the theoretical background of their operation is clarified only partly or not at
all in many cases. There are debates about the signal excitation mechanisms,
signal conditioning methods, and the interpretation of practically measurable
and theoretically expected results. Developing new sensors often means con-
ducting considerable basic research at the same time. This is one of the main
commercialization barriers of chemical and biosensors in the biomedical area.

A number of edited surveys and monographs have been published during
rcent years about bioinstrumentation, bioelectronics and biosensors. Some of
them are listed at the end of the preface to orient the reader. Even though the
present book unavoidably covers material in certain areas that was discussed
in previous works, it also has distinguishing characteristics. Thus, it seems to
be important to emphasize what is covered here and what is not:

• The topic is approached from the sensorics side. It does not cover the
general topics of bioinstrumentation and bioanalytical measurements. It
concentrates only on sensors with existing and potential applications in
biomedicine. 

• This book gives a broad survey of all kinds of sensor types, including 
not only chemical and biosensors, but physical ones as well. It is, how-
ever, not an encyclopedia; rather, the basic ideas are covered and their
combination is illustrated by the examples. Providing all kinds of indi-
vidual designs and applications would be impossible within this frame.

• The main issue is the biomedical application. Analytical and environ-
mental applications of biosensors are briefly mentioned, without going
into details.

• The focus is on sensor elements; related signal conditioning and circuitry
are illustrated by block diagrams.

• The main goal is to provide a survey of sensor application. Examples
demonstrate how the basic sensing effects, sensor structures, and fabri-
cation technologies could be combined in a particular application, with-
out giving exact design considerations that may need more detailed math-
ematical discussions and are described in the literature, which is focused
on the sensor type in question. 

xii Preface
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• Physiological aspects are only discussed for better understanding. Doc-
tors cannot use this book as a diagnostic handbook.

The reader will find a strong emphasis not only on “what” and “how” but
also on “why.” Specialists and newcomers to the field will find this compact
book easy to use. Moreover, researchers and development engineers can ac-
cess the book according to physical, chemical, and technical fundamentals,
and since it contains comparisons and assessments of the various types of sen-
sors with respect to their practical applications, users will also benefit. How-
ever, a little knowledge in the following areas is helpful (but not necessary) 
for better understanding: solid state materials, devices and technologies, ana-
lytical chemistry, and biochemistry.

Readers of this book will be able to do the following:

• determine which sensor and transducer types are most appropriate for a
given application

• understand and comply with the special requirements for sensors used in
biomedical applications

• know how transducers can be connected and operated in various medical
diagnostic appliances

• select appropriate interfaces between transducers and human bodies when
they are in direct contact

• estimate the reliability level that can be expected for various sensor struc-
tures and applications

The book is intended for scientists, engineers, and manufacturers involved
in the development, design, and application of biomedical sensors. Individu-
als involved in marketing or technical service will also benefit. Even practic-
ing physicians can extend their knowledge to better understand the results of
engineering in this field.

The most important definitions in connection with sensorics are summa-
rized in the first chapter. The second chapter is devoted to the fabrication pro-
cessing of sensors, including monolithic semiconductor, ceramic, thin-, and
thick-film, polymer film, and optical-fiber-based types. It introduces the reader
to the most important technologies to see how up-to-date sensor structures can
be fabricated and to clarify which processes are compatible.

There are two basic elements in the operation of sensors. The first is a phys-
ical or chemical interaction between the environment and sensing material that
alters material properties (“sensing effect”), while the second, the so-called
“transduction mechanism” inside the sensor structure, converts this material
property change into a useful signal that then holds information about the
environment-material interaction. In the third chapter, various sensor device
structures and their capabilities for some kinds of transduction mechanisms

Preface xiii
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are described, independent of the actual sensing effects, which are the subject
of Chapter 4.

In the subsequent chapter, the discussion then turns to biomedical applica-
tions, providing a comprehensive description of the sensor types available
presently and potentially in the near future. The survey of the various types 
is distinguished according to the following grouping:

• Physical sensors and their applications in biomedicine are presented in
Chapter 5, including those sensors that measure some kind of physical
parameter (i.e., temperature, pressure, etc.) based on a physical interac-
tion.

• Sensors for measuring chemical quantities (practically inorganic analyte
concentrations) in biomedicine are described in Chapter 6. Not all of
these types are based on chemical interactions; physical sensors can also
be used for analytical purposes in some special cases, like photosensors
in oximetry (see Section 6.2).

• Biosensors are described in Chapter 7. The operation of biosensors is
based on specific biochemical reactions characteristic of living things.
Their biomedical application aims mainly at the analysis of organic bioac-
tive molecules. The chapter ends with some chemical sensor examples
that are applied for the analysis of the same materials (such as glucose),
although they do not belong to the “real biosensor” group.

Chapter 8 gives a short summary of special biocompatibility problems of
sensor applications. The description then ends and is followed by a group of
tables in Chapter 9 that summarizes detection techniques, sensing effects, sen-
sor structures, and their present status according to the various biomedical ap-
plication fields distinguished as follows:

• medical imaging appliances
• appliances for personal and clinical use
• sensors for clinical and laboratory applications

Present status and future trends are also described here.
Appendix 1 contains a few examples of realized sensor structures. In Ap-

pendix 2, a few reliability aspects are discussed that are out of the scope of 
the chapters. A Glossary of Acronyms is also provided to make reading eas-
ier.

As mentioned, many sources, in addition to the author’s personal knowl-
edge and expertise, have been used to compile the information presented here
including papers, books, and trade literature containing relevant, up-to-date
material. The sources are referred to and listed in the “References” section at
the end of each chapter. 

xiv Preface
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CHAPTER 1

Introduction

1.1 SENSORS AND THEIR CHARACTERISTICS

The most difficult problem is to define the basic ideas that one is dealing
with; it is really difficult to find a correct and up-to-date definition for sen-
sors. Even the technical literature contains contradictory approaches.

The following definition is provided here: the sensor is a transducer that
converts the measurand (a quantity or a parameter) into a signal carrying in-
formation. The nature of the signal can be

• electrical: this has been the most common for many years
• optical: it became a new trend in sensorics
• mechanical: this has been used in several conventional devices

Instrumentation systems using sensors can be categorized into measurement
(especially analytical) or control systems (Norton, 1982). In measurement sys-
tems, a quantity or property is measured, and its value is displayed. In con-
trol systems, the information about a measurand is used to control it so that
its measured value should equal a desired value. (The schematic structure of
the latter type is shown in Figure 1.1). The actuator converts a signal into an
action in order to modify the measurand. Analyzers are special measuring sys-
tems whose purpose is to display the nature and proportion of the constituents
of a substance.

Measuring systems do not always contain sensors, and are not sensors. The
simplest measuring system is a measuring device, which also displays the 
measured value, for example, a mercury-in-glass thermometer. Nobody thinks
that it is or that it contains a sensor. A bimetal switching unit cannot be han-
dled as an integrated “sensor-actuator,” although it is a controlling device. On

1
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the other hand, a small body thermometer with a liquid crystal display should
contain a temperature sensor: there is a stage of processing where a signal can
be separated from the system; thus, it really contains a sensor and a display
unit. The sensor supplies a signal, an information carrier, and not the infor-
mation itself, as an output. The signal can also be transmitted directly by one
of the information transmission media.

An important property of ideal sensors is that continuous measurement is
possible without taking samples and without modifying the measurand or an-
alyte in question. This is the most important difference between chemical sen-
sors and analytical tools or appliances used in analytical chemistry (Janata and
Bezegh, 1988). For example, an indicator dye itself is not a sensor because
continuous measurement is not possible, even though the function of the dye
can be applied in chemical fiber-optic sensors.

Sensors are conventionally classified according to the quantity to be mea-
sured:

• mechanical quantities (position, displacement, force, acceleration, pres-
sure, flow rate, rpm, acoustic waves, etc.)

• thermal quantities (temperature, heat flow, etc.)
• electrostatic and magnetic fields and fluxes
• radiation intensity (electromagnetic, nuclear, etc.)
• chemical quantities (concentration of humidity, gas components, ions, etc.)
• biological quantities (concentration of enzyme substrates, antigens, anti-

bodies, etc.)

2 INTRODUCTION

FIGURE 1.1. Schematic structure of a process controlling unit using sensors and actua-
tors. (Reprinted with permission from Polymer Films in Sensor Applications by G. Harsányi,
©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. xxi.)
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Another classification is possible according to the nature of interaction giv-
ing the basis of operation in the groups of physical sensors, chemical sensors,
and biosensors. Accordingly, a biosensor is such a sensor that uses a living
component or products of living things for measurement or indication. Thus,
a blood-oxygen sensor is not a biosensor, although it measures a biologically
important parameter; it is simply a chemical sensor in a special application.
On the other hand, an enzyme-reaction-based alcohol sensor is a biosensor
even when used for measuring concentrations in solutions produced by the
chemical industry.

Generator-type sensors operate without external excitation, while modula-
tor-type sensors need an external source. Thermocouples producing tempera-
ture dependent output voltages are generator-type temperature sensors, for ex-
ample, while thermistors (temperature dependent resistors) need an external
voltage or current for producing an output signal and are thus classified as
modulator-type sensors.

Static characteristics demonstrate the most important behavior of sensors:
the relationship between the output signal and the measurand. Sensitivity is
defined as the slope of the former function. In linear ranges, it is a constant
[see Figure 1.2(a)].

FSO stands for full-scale output of the sensor. This is the maximum (or
nominal) output signal.

Linearity is the closeness of a sensor’s calibration curve to a specified
straight line. It is expressed as a percent of FSO, which is the maximum de-
viation of any calibration point from the corresponding point on the specified
straight line [see Figure 1.2(a)].

Hysteresis is the maximum difference in output, at any measurand value
within the specified range, when the value is approached first with an in-
creasing and then with a decreasing measurand [see Figure 1.2(b)]. It is also
given in percent FSO.

The limit of detection is the lowest value of measurand that can be detected
by the sensor. Resolution is the smallest increment in the output, given in per-
cent FSO.

Repeatability (sometimes called reproducibility) is the ability of a sensor
to reproduce output readings when the same measurand value is applied to it
consecutively, under the same conditions, and in the same direction.

Interchangeability means the maximum possible error of the measurements
when an individual sensor device is changed within the measurement appli-
ance for another of the same type.

The zero-measurand output (“the zero” or offset) is the output when the
zero measurand is applied. Zero shift (or drift) is a change in the zero-
measurand output under specified conditions (e.g., temperature change, long-
term storage, aging, etc.). Similarly, sensitivity shift is a change in the slope
of the calibration curve.

Sensors and Their Characteristics 3
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FIGURE 1.2. Calibration curves for sensors indicating the most important properties:
(a) sensitivity, nonlinearity, detection limit, and zero output; and (b) hysteresis error. (Reprinted
with permission from Polymer Films in Sensor Applications by G. Harsányi, ©1995, Tech-
nomic Publishing Co., Inc., Lancaster, PA, p. xxiii.)

4
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The response time is the length of time required for the output to rise to a
specified percentage (generally 90%) of its final value (as a result of a step
change in the measurand).

Selectivity is the suppression of the environmental interference. The ideal
sensor will only respond to changes in the measurand. However, in practice,
sensors can also respond to changes in other quantities, for example, temper-
ature. These cross-effects can be eliminated by compensation or multisensor
operation.

Lifetime is also an important property of sensors; it is the length of time
that sensors remain sensitive under normal operational conditions.

1.2 INTEGRATED AND SMART SENSORS:
UP-TO-DATE REQUIREMENTS

The rapid development of microelectronics, micromechanics, integrated op-
tics, and other related high technologies enabled the miniaturization of sensor
elements and the physical integration of various functions and signal-
processing elements onto the same substrate.

Sensor arrays are integrated sensors consisting of the same or similar sen-
sor units with the same or similar function.

Multisensors consist of several sensor elements, each having a different
function.

A multifunction sensor is a single device that can realize several different
sensor functions under different conditions.

There are several possible levels of integration when integrating signal-
conditioning units with sensors. The first level of signal conditioning that can
be integrated on a sensor chip is balancing the offset, compensating the tem-
perature drift, and so on. A higher level of integration may include amplifica-
tion and signal conversion. The third level, which is the visible technology trend
of smart sensors, is the incorporation of microprocessor and memory for per-
forming different intelligent functions at the sensor level, such as the following:

• digital signal processing and storage
• compensation of static errors
• self-calibration and testing
• automatic switching of the measurement ranges
• recording of the measured data
• calculation of mean values, tolerances, etc.
• possibility of multisensor signal processing (e.g., using self-teaching with

neural network processing)
• compensation of time-dependent instabilities (e.g., with fuzzy)

Integrated and Smart Sensors: Up-to-Date Requirements 5

CHAPTER01  2/15/00 2:01 PM  Page 5



Smart sensors represent the “new wave” of sensors.
Conventional applications of sensors include the measuring and testing of

various physical and chemical quantities and industrial process control and/or
automation. Advanced technologies enabled not only miniaturization and in-
tegration, but also improvements in reliability and low-cost mass production.
Newly emerging application areas are mainly in consumer fields (e.g., do-
mestic and automotive electronics, household, safety, and comfort and pleas-
ure) and in highly advanced scientific areas (e.g., medicine, environmental
protection, research, etc.). The former area needs low-cost sensors, and the
latter area requires very reliable sensors.

The great technical possibilities and the relatively low cost of micro-
processor-based systems have also turned the most important requirements
into other directions. A few years ago, properties conventionally expected were
as follows:

• good linearity
• small hysteresis
• small offset
• low temperature drift
• low interference effects
• good interchangeability
• good long-term stability and reliability

Among these requirements, only the last one should be assured nowadays,
but even these properties can be missing in some cases. Linearity and other er-
rors can be compensated or handled using microprocessor-based systems and
additional sensors (e.g., temperature sensors for temperature compensation).

The most important new requirements are as follows:

• low cost
• physical compatibility with integrated circuit (IC) and packaging/inter-

connection technologies to allow the integration of sensors into arrays
and together with signal-processing units

• electrical compatibility with microprocessors: it is desirable to provide
digital or pseudodigital (e.g., frequency) output

• multifunction sensors and integrated sensor arrays due to the need for
compensating interference effects

1.3 SPECIAL REQUIREMENTS OF
BIOMEDICAL APPLICATIONS

There are special requirements and challenges for sensors used in biomed-
ical application fields and there are special possibilities for the use of sensors

6 INTRODUCTION
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in these fields that cannot be exploited in other applications. The main areas
may be distinguished as follows:

• appliances for diagnosis: measuring or mapping a parameter at a given
time

• monitoring devices for measuring parameters within a given period
• built-in controlling units containing not only sensors but also actuators

Although present practical applications are almost entirely in the first two
areas, one of the most important research tasks of biomedical sensorics is to
develop controlling systems that can be implanted into human bodies and can
continuously operate for long periods of time to simulate the function of an
internal organ or other controlling mechanism. Many chronic diseases of our
age result from the failed operation of one of the controlling systems of the
human body (e.g., high blood pressure, diabetes, etc.). These diseases can be
managed with the use of medications but the real controlling function cannot
be corrected in this way: the danger of overcompensation is always threaten-
ing, as, for example, the hypoglycemia with insulin ration in diabetes. The
ideal treatment solution calls for continuous blood glucose monitoring and a
continuously controlled ration of insulin, always in the necessary amount.

When considering requirements for a sensor, it is very important to deter-
mine whether the sensor element is to be applied inside the human body (in-
vasively) to analyze in vivo or outside to analyze a sample in vitro. Different
approaches should be applied for long-term operation of physical sensors and
for relatively unstable chemical and biosensors.

Because the various possible application modes result in different require-
ments, the sensors should be handled separately according to the following
groups:

(1) Appliances for medical imaging (CT, PET, ultrasound, etc.)
• They generally are computer-controlled, high-cost appliances.
• The cost of the sensing “head,” which contains intelligent sensors,

sensor arrays or multisensors, is relatively low.
• The cost of the sensor element is not a determining factor.
• High reliability, a long lifetime, and the interchangeability of the

“head” is required.
• Integrated smart sensors and sensor arrays are needed.

(2) Small appliances for clinical diagnosis and personal use in measuring or
in continuous monitoring of physical parameters
• These are low-cost, sometimes consumer-like appliances designed to

be used for a few years (e.g., digital thermometer, blood-pressure
meter, pulse and breath monitoring devices).

• Low-cost (sometimes disposable) sensor elements are required.
• They should be interchangeable in many cases.

Special Requirements of Biomedical Applications 7
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• They are not exposed to harsh environmental effects (used outside of
the body, within narrow operation temperature ranges, etc.).

• Their long-term reliability is not the most important requirement.
(3) Appliances for clinical chemical analysis and for personal domestic

analytical diagnosis
• Low-cost disposable sensors can replace competitive conventional

methods, like photometry.
• Domestic applications need easy handling, which can be achieved by

sensors and connected appliances.
• Interchangeability or easy calibration is a severe requirement.

(4) Chemical and biosensors for clinical in vivo monitoring
• Only low-cost and disposable sensor elements can be used for inva-

sive applications in order to avoid sterilization problems or infections
(e.g., with AIDS).

• Interchangeability or easy calibration is important.
• In noninvasive cases, the easy refreshment possibility is also a re-

quirement.
• Long-term operation is not needed: operation only for a period of

continuous use is required (e.g., one day).
• A harsh chemical environment should be expected in blood and tis-

sues.
• Multisensors for compensating interference effects are needed.
• Integrated sensors for long-distance signal transmission (sometimes

telemetry) are desired.
• Miniaturization is essential for catheter-tip applications.
• A number of biocompatibility problems have to be overcome. Tissue-

friendly materials and cover layers should be applied (silicone rubber,
polysulfones, etc.) to minimize blood clotting and prevent the forma-
tion of protein precipitation.

(5) Implanted chemical and biosensors for continuous monitoring and
regulation
• Low-cost, disposable, interchangeable sensors are needed.
• Integrated multisensors and actuators are desired.
• Stable long-term operation and reliability are severe requirements.
• Refreshment should be available without recalibration.

The latter list of requirements seems to be the most difficult in practical re-
alization, of course. This is why such systems are mostly still in research stages
and represent the future of biomedical sensor applications.

The various biomedical application fields and related detection techniques,
sensing effects, sensor structures, and their present status is listed in Chapter
9, Table 9.1.

8 INTRODUCTION
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CHAPTER 2

Sensor Technologies

Over the years, a number of materials and technologies have been devel-
oped in the fabrication of sensors. Some of these are relatively new, while oth-
ers are well developed and have been mastered to a sufficiently advanced level,
such as silicon technology.

Both large categories of materials (i.e., inorganic and organic types) are now
used in the fabrication of sensors. Inorganic materials include single crystals
like quartz, silicon, and compound semiconductors; polycrystalline and amor-
phous materials like ceramics, glasses, and their composites; and metals. Or-
ganic materials applied in sensors are mainly polymers; however, recently,
lipids, enzymes, and biochemical compounds (e.g., antibodies and DNA mol-
ecules) have increasingly been used in biosensors.

Because of the great demand for sensors that are compatible with micro-
electronics, the fabrication processes of microsensors originate from the fab-
rication of various integrated circuits, packaging, and interconnection systems,
as well as from the devices of optoelectronics, mechatronics, and microme-
chanics. The most important material and related processing techniques are
discussed here in the following groups:

• monolithic semiconductor (or other single crystal) processing
• ceramics (and glasses)
• thin- and thick-film technologies
• polymer film deposition techniques
• optical fiber technologies

2.1 MONOLITHIC SEMICONDUCTOR TECHNOLOGIES

Currently, microelectronic circuit fabrication is based on silicon and com-
pound semiconductors, mainly GaAs. However, the former material dominates

11
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semiconductor microsensorics. Therefore, silicon processing will be discussed
in detail, and some special processes of the compound semiconductor tech-
nology will be mentioned.

Single-crystal silicon has a diamond structure with cubic symmetry. The
various directions in the lattice are denoted by three indices. The electrical,
chemical, and mechanical properties of silicon depend on the orientation. For
example, certain planes of the lattice will etch much more rapidly than oth-
ers do when the crystal is subjected to chemical etching.

Silicon in single-crystal form is a unique material: its electrical resistivity
can be varied many orders of magnitude by adding minute quantities of im-
purities (dopants). In single-crystal form, every silicon atom is bonded to four
other silicon atoms. The dopant atoms are substituted for the silicon in the
crystal lattice, and these try to form bonds with four other silicon atoms. How-
ever, p-type dopants have one electron too few, while n-type dopants have one
electron too many to make a perfect crystal fit. These “extra” and “missing”
electrons impart unique electrical properties to the doped silicon regions.
Boron is an example of a p-type impurity, while phosphorus and arsenic are
examples of n-type impurities.

If a boundary exists between a p-type region and an n-type region, a p-n
junction is formed. Such a junction will allow an electric current to pass only
in one direction. Semiconductor devices (diodes, transistors, and integrated
circuits) can be fabricated by forming such junctions.

Bulk-form single-crystal silicon is grown from a very pure melt. After crys-
tal growth and purification by zone refining, this bole is sliced into wafers
about 0.5 mm thick. These wafers are then chemically mechanically ground
and polished to a very high surface quality in preparation for use in produc-
ing integrated circuits or silicon sensors. Single-crystal processing methods
are used not only in silicon technology, but also in the fabrication of other 
single-crystal sensor devices, e.g., those made of quartz, LiNbO3, etc.

Although for integrated circuits one side of the silicon wafer is typically
polished, for sensors it is more common to begin with wafers that are pol-
ished to a mirror surface on both sides. The surface orientation of the silicon
wafers is determined by the bole. The most common types of wafers pro-
duced have surface (100) or (111) orientation. Silicon sensors almost always
employ (100) wafers because of their unique anisotropic etching character-
istics.

Single-crystal wafers fabricated by the processes described above still con-
tain surface crystal defects. It is possible to improve the crystal surface struc-
ture by growing a thin single-crystal layer on the surface of the wafer by a
process known as epitaxy. The expression originates from the Greek word
meaning “arranging upon.” In this, atoms are deposited onto the crystal sur-
face under conditions such that a new crystal is formed layer by layer as long

12 SENSOR TECHNOLOGIES
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as the supply of atoms continues. According to the source of silicon, there are
several main types of epitaxial layer growing:

• Liquid phase epitaxy (LPE) is the simplest crystal growth technique for
depositing semiconductor epitaxial films. It is based on the crystallization
of semiconductor materials from a solution saturated or supersaturated
with the material to be grown.

• In vapor phase epitaxy (VPE), the materials to be deposited are brought 
to the surface of the slice in the vapor phase. The method generally used
to carry this out is chemical vapor deposition (CVD). At the appropriate
temperature, chemical reactions take place that result in the deposition of
atoms onto the surface where they replicate the underlying crystal struc-
ture. In the case of silicon, the often-used source of atoms is silicon tetra-
chloride, which is reduced by hydrogen on a hot silicon surface to de-
posit silicon atoms and gaseous hydrochloric acid.

• Another possibility is molecular beam epitaxy (MBE), which is the most
recently developed method for epitaxial layer growth. It is a sophisti-
cated evaporation of materials in an ultrahigh vacuum. The slices are
placed in a vacuum chamber, and element species are evaporated from
heated sources, impinged on the heated surface, and condensed on the
substrate.

CVD is often applied in semiconductor processing for building up epitax-
ial and polycrystalline or amorphous layers.

Silicon sensors and microstructures are formed on silicon wafers by mod-
ifying their mechanical structure and electrical characteristics. To form a me-
chanical structure, silicon can be etched away from the starting wafer using
various etching techniques. Alternatively, silicon can be added to the structure
by depositing amorphous or polycrystalline silicon (polysilicon), by growing
an “epitaxial” layer of single-crystal silicon onto a single-crystal silicon sur-
face, or by bonding an additional silicon wafer to a partially processed first
wafer. When removing silicon by etching, those areas where etching is not re-
quired must be protected by a suitable masking layer.

Similarly, the electrical properties of silicon can be modified by selective
doping techniques. Solid-state diffusion and ion implantation are two com-
mon techniques for increasing the dopant concentration in the silicon. It is de-
sirable to modify the characteristics only in selected areas of the wafer. Suit-
able masking layers must, therefore, be available for selective doping.

There are a number of techniques for producing masking layers on the sil-
icon surface. The most common is the thermal oxidation process. By heating
the wafer to a temperature near or about 1000oC in an oxidizing atmosphere,
a thin layer of silicon is converted to the insulator silicon dioxide (SiO2). This
dielectric layer is an excellent electrical insulator. In addition, it acts as a mask

Monolithic Semiconductor Technologies 13
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14 SENSOR TECHNOLOGIES

to the diffusion of dopants used to vary the conductivity and to the etchants
used to shape the mechanical structure of the silicon devices and sensors.

Another common insulator and masking layer is silicon nitride (Si3N4). This
insulator is deposited by CVD onto the wafers. Phosphosilicate glass deposited
by CVD is also an often-used insulating and passivating layer on the top of
the chips.

As can be seen, CVD is a commonly used technique for film deposition;
single-crystal silicon epitaxial layers, polycrystalline silicon, insulating lay-
ers, and even conducting films such as MoSi2 can be deposited. Conventional
CVD is performed at atmospheric pressure, but more advanced methods in-
clude low-pressure CVD (LPCVD) and plasma-enhanced CVD (PECVD),
which employ lower temperature ranges.

Metal layers and interconnections on the silicon surface are deposited us-
ing thin-film techniques described in Section 2.3. Polymer films are also of-
ten applied as dielectrics and as sensitive films. Their deposition techniques
are discussed in Section 2.4.

All films deposited on a wafer are patterned by using a process called li-
thography and by subsequent etching. Lithography is a technique by which
patterns are replicated onto the substrate using auxiliary layers, for example,
etch-resistant materials that can be shaped easily to the desired pattern (El-
liott, 1986). The most widely used conventional photolithography applies pho-
toresists: materials that change their solubility properties when illuminated.
For realization of patterns with submicron sizes, techniques other than pho-
tolithography must be used. The exposure may also be accomplished using
electron beams, X rays, or ion beams. These are new techniques in lithog-
raphy.

Once the resist pattern is formed and hardened by heat treatment, the wafer
is put through various etching processes to transfer the pattern from the resist
onto the oxide, nitride, or other film (such as metal) to be patterned on the
wafer. There are wet chemical etchants and dry etching techniques using
plasma reactors. The latter are denoted as plasma etching. In dry etching, the
plasma serves as a source of ionized species that produce, or in some man-
ner, catalyze etching. Noble gas ions perform a simple sputtering, while ion-
ized reactive gas molecules can take part in chemical reactions with the par-
ticles of the film to be etched. After etching, the photoresist is removed
(stripping), and the wafer is ready for further processing steps, which would
include doping cycles or further etching steps.

A fundamental process for the production of microstructures in sensors is
the anisotropic etching of silicon. Certain chemical etchants (such as KOH,
hydrazine, etc.) attack the (100) and (110) planes of silicon much faster than
the (111) planes. This fact is used to produce a number of accurately defined
shapes in a silicon wafer with (100) surface orientation. Typically, the wafer
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is oxidized, and then the oxide is patterned using photolithography. When such
a wafer is immersed into an anisotropic etchant, silicon will be removed only
from the areas where no oxide is present. The etching proceeds downward in
the (111) direction very rapidly, but when (111) planes are encountered, the
etching effectively stops. In a (100) wafer, the (111) planes are oriented at an
angle of 54.7° with respect to the surface. Thus, “V”-shaped grooves and,
when an internal etch-stop layer (e.g., a strongly doped p� epitaxial layer
within an n-type wafer) is applied, specially shaped cavities can be precisely
formed into the wafers as shown in Figure 2.1.

There are two major techniques of introducing dopants into the silicon crys-
tal structure: diffusion and ion implantation. Diffusion is a process in which
impurity atoms penetrate the crystal lattice because of a concentration gradi-
ent at the surface. It is carried out in a high-temperature furnace by deposit-
ing a large amount of the dopant on the surface of the silicon. The dopant on
the surface is at a very high concentration compared to the silicon, and at high
temperatures (usually above 800°C), it will diffuse into the silicon to try to
equalize the concentration gradient from the surface to the silicon.

Ion implantation is a process in which the ionized dopant atoms are accel-
erated through an electromagnetic field and physically blasted into the sili-
con. The acceleration energy determines how far the dopant ion will penetrate
the silicon. Later on, the dopant needs to get a high-temperature annealing (at
about 500°C) in order to become incorporated into the crystal structure and
become electrically activated. This high-temperature operation may also be
used to diffuse the dopant deeper into the wafer from the initially implanted
depth.

Although ion implantation is usually more expensive than diffusion, it has
an important advantage in that the amount of dopant can be precisely moni-
tored and controlled. As a result, resistors made by ion implantation, for ex-
ample, have very tight tolerances over resistance values and their temperature
coefficients. Equivalent tolerances are usually impossible to obtain with dif-
fusion techniques.

Monolithic Semiconductor Technologies 15

FIGURE 2.1. Cross-section of V-groove and cavity type etch profiles in silicon, made by
anisotropic etching. (Reproduced with permission from Polymer Films in Sensor Applica-
tions by G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 9.)

CHAPTER02  2/15/00 2:04 PM  Page 15



In practice, a technology process flow should be built up that connects the
individual process steps in a series. The optimum technology is the one that
minimizes the number of processing steps, while at the same time guarantee-
ing a specified device performance. In microsensor structures, metal-oxide-
silicon-based field-effect transistors, the so-called “MOSFET” devices, are of
great importance. The application of individual technology steps in an inte-
grated process is illustrated through the example of conventional comple-
mentary MOS, the CMOS technology, which is often used in microsensor fab-
rication. In this case, both p-channel (PMOS) and n-channel (NMOS)
transistors are realized on the same substrate (see more about MOSFET struc-
tures and operation in Section 3.2). It should be stressed that the very large-
scale integrated circuits need more sophisticated and much more complicated
processes at the present time, however, the given example is a good demon-
stration for integrated processing, although the aluminum-gate processing has
already been replaced by polysilicon gate technology.

The starting material for the CMOS process is a wafer of slightly doped 
n-type silicon. The manufacturing process flow is summarized in Figure 2.2.
The individual steps are as follows (Sze, 1985):

(1) Oxidation, photolithography, window etching for the first diffusion

(2) P-well diffusion, oxidation

(3) Photolithography, window etching for the second diffusion

(4) P diffusion and oxidation to define source and drain areas for PMOS
transistors and, at the same time, to define a boundary or “channel stop”
around the areas where NMOS transistors will be fabricated

(5) Photolithography and window etching for the third diffusion

(6) N diffusion and oxidation to define NMOS transistors and “channel stop”
around PMOS transistors

(7) Photolithography and window etching for the gates

(8) Thin-gate oxide growing for MOS-gate dielectric layers

(9) Photolithography and window etching for contacts

(10) Metal deposition, patterning, and passivation

Monolithic semiconductor processing offers the following advantages and
disadvantages in sensor fabrication:

(1) Advantages
• batch production of low-cost, uniform elements
• miniaturized elements with low power consumption
• realizable integration in all directions (see Section 1.2)
• possible integration of micromechanical elements
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(2) Disadvantages
• strong temperature dependence of many electrical parameters
• sophisticated high-cost processing, available only for high batch

numbers
• a number of sensor materials cannot be applied on silicon surfaces

Monolithic Semiconductor Technologies 17

FIGURE 2.2. Processing steps of CMOS structures shown in cross sections. (Reproduced
with permission from Polymer Films in Sensor Applications by G. Harsányi, ©1995, Tech-
nomic Publishing Co., Inc., Lancaster, PA, p. 12.)
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• the sophisticated packaging technologies often prevent exploitation of
the advantages of low-cost device production

Further details can be found in classical handbooks of semiconductor tech-
nology (Sze, 1985; Elliot, 1986; Campbell, 1998).

2.2 CERAMICS

The microstructure of polycrystalline ceramics is usually complex, as shown
in Figure 2.3. It can be distinguished by the existence of grain boundaries,
which are not seen in single crystals. Furthermore, the existence of pores and
imperfections and the multiphase composition enable the production of a great
variety of properties (Moulson and Herbert, 1990).

For many years, grain boundaries and additional phases were thought to be
undesirable, and the goal was to eliminate them to obtain a structure as close
to the single-crystal structure as possible. However, new processes have been
found that make positive use of these surfaces and grain boundaries; thus,
functional ceramics in which these properties are important are developing
rapidly.

In general, ceramics are produced from powdered raw material by a sin-
tering process. Ceramics obtained in this way are polycrystalline, an aggre-
gation of fine crystalline grains, and grain boundaries inevitably exist. They
play an important role in the sintering process and have a large influence on
chemical and physical properties.

Figure 2.4 shows the typical manufacturing schematic for ceramics. The
process begins with the mixing of powdered raw materials and additives by
weight. When the starting material is a powder, the synthesis, or refinement,
of the powder is one of the most important processes affecting the quality of
the final product.

18 SENSOR TECHNOLOGIES

FIGURE 2.3. Typical microstructure of ceramics. (Reproduced with permission from Poly-
mer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing Co., Inc.,
Lancaster, PA, p. 13.)
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After the mixing, an organic resin—a temporary binder material—is added
to the raw material powder. Then, the powder is compacted in a definite form.
Prior to sintering, it is necessary to get rid of the organic resin used for form-
ing by heating the compacted material at a low temperature. The formed prod-
uct is sintered at a high temperature and becomes dense through contraction.
Sintering is the consolidation of a powder by means of prolonged use of ele-
vated temperature, which is, however, below the melting point of any major
constituents of the ceramic.

Vitrification is densification in the presence of a viscous liquid, and it is the
process that takes place in the majority of ceramics produced on a large scale
(these are often called “glass-ceramics”) (Baker et al., 1970). Upon cooling
from the firing temperature, the liquid phase solidifies as a glass, thereby, fur-
ther increasing the bonding between particles and so forming a solid material,
albeit with some porosity. Very similar processes occur in thick-film technol-
ogy (see Section 2.3).

It should be mentioned here that special technologies have been developed
for processing high-quality alumina and glass-ceramic multilayer substrates
commonly used in IC and sensor laminations (Buchanan, 1986). These tech-
nologies originate from IC packaging, where the goal is to make an inexpen-
sive hermetic package with metallization for output-lead connections without

Ceramics 19

FIGURE 2.4. Flowchart of the processing of ceramics. (Reproduced with permission from
Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing Co.,
Inc., Lancaster, PA, p. 14.)
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electronic leakage. Currently, this is a technology that is widely used in the
processing of sophisticated interconnection systems for multichip modules and
for sensors.

The manufacturing of an alumina multilayer system also begins with the
mixing of powdered raw materials. A sheet of the powder mixed with organic
resin, called a “green sheet,” has to be prepared in advance by sheet casting,
drying, and cutting processes. Through-holes are then punched into the sheets,
and they are filled with a paste composed mostly of tungsten or molybdenum
powder. A conductive pattern is subsequently screen-printed on the surface.
Several of these sheets are then laminated and sintered over 1500°C in a hy-
drogen atmosphere to avoid oxidation of the metallization system. The outer
surface of the tungsten is nickel-plated, and finally, a fine gold plating is added
after the leads have been silver coated.

The technology of multilayer glass-ceramic systems is almost the same, but
the sintering temperature is much lower; it is about 850°C which is also the
typical firing temperature of thick films (see Section 2.3). Thus, precious metal
thick-film conductive layers can be used for the metallization network. The
former method is often called HTCC (high-temperature co-fired ceramic) and
the latter one LTCC (low-temperature co-fired ceramic) technology. The term
“MLC” (multilayer ceramic) is used for both cases.

Ceramics offer the following advantages for sensorics:

• Low-cost, discrete elements can be produced in high batch numbers.
• A great variety of materials can be processed.
• There is no need for very sophisticated processes.

On the other hand, their disadvantages are:

• They need high-temperature sintering processes.
• A direct integration of electronic components is generally not possible.
• Only high batch number production is desirable.
• Compatibility problems occur with other processing technologies.

Further details can be found in classical handbooks of ceramic technology
(Buchanan, 1986; Moulson and Herbert, 1990; Licari, 1995; Ginsberg and
Schnorr, 1994).

2.3 THIN- AND THICK-FILM TECHNOLOGIES

Originally, thin- and thick-film technologies were developed as metalliza-
tion techniques of silicon wafers, glasses, and ceramics. Later, resistor and in-
sulating layer materials also appeared. Thus, these technologies began as in-
tegrated circuit and microsensor processing methods. The most important
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differences between the two technologies are in the layer thickness, in the ap-
plied materials, and in the processing steps. A short comparison is demon-
strated by Table 2.1.

Fabrication technologies of preparing thin films may be divided into two
main groups, namely, chemical methods (including CVD, electrochemical dep-
osition and oxidation, thermal oxidation, and currentless chemical deposition)
and physical deposition methods (i.e., vacuum evaporation and cathode sput-
tering). In practice, they are applicable to many substrate types, such as sin-
gle crystals (e.g., silicon, sapphire, quartz, etc.), borosilicate glasses, ceram-
ics, glass-coated ceramics, polymers (e.g., polyimid, PTFE, epoxy, etc.), and
to a great range of thicknesses.

A few chemical methods have already been discussed in Section 2.1, but
various other methods are beyond the scope of this book. For a more com-
plete discussion, refer to the literature (Maissel and Glang, 1970).

The process of film formation by vacuum evaporation consists of several
physical stages (Illyefalvi-Vitéz, 1992): transformation of the material to be
deposited by evaporation or sublimation into the gaseous state, transfer of par-
ticles to the substrate, deposition onto the substrate, and rearrangement of par-
ticles on the surface.

In the vacuum evaporation technique, the material to be deposited is heated,
usually by putting small lumps of it in an electrically heated “boat” made of
tungsten or molybdenum, in an ultra-high vacuum (i.e., 10�4 Pa). The
schematic diagram of a vacuum deposition unit is shown in Figure 2.5. In the
case of metals, the deposition starts when the material has formed a liquid
pool in the boat and the shutter is opened. The difference between the vari-
ous evaporation methods is in the heating method and in the type of evapo-
ration sources.

Electron-beam evaporation is now the most commonly used and most de-
veloped evaporation technique. An electron beam of sufficient intensity is

Thin- and Thick-Film Technologies 21

TABLE 2.1. Typical Properties of Thick and Thin Films.

Thick Films Thin Films

Raw Materials Pastes: colloid High-purity metals,
compounds alloys, compounds

Typical Processing Screen-printing Vacuum deposition
and curing processes, CVD, etc.

Layer Thickness 10–50 µm 10–200 nm
Layer Structure Active particles in Polycrystalline,

a binder matrix discontinuous, physical
thin films

(Reproduced with permission from Polymer Films in Sensor Applications by G. Harsányi, ©1995,
Technomic Publishing Co., Inc., Lancaster, PA, p. 22.)
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ejected from a cathode, accelerated, and focused onto an evaporant material.
Impinging electrons heat its surface to the temperature required for evapora-
tion. The method enables the attainment of a very high temperature and the
evaporation of materials that would otherwise be difficult to evaporate or not
be evaporated at all. An additional advantage of the method is the prevention
of contamination by the evaporation source holder material. The beam heats
only the evaporant, whereas the support holder is usually cooled.

The simplest arrangement for cathode sputtering is shown in Figure 2.6.
The material to be sputtered is used as a cathode target in a system in which
a glow discharge is established in an inert gas (e.g., argon or xenon) at a pres-
sure of 1 to 10 Pa and a voltage of several kilovolts. The substrate on which
the film is to be deposited is placed on the anode of the system. The positive
ions of the gas created by the discharge are accelerated toward the cathode
(target). Under the bombardment of ions, the material is removed from the
cathode (mostly in the form of neutral atoms and, in part, also in the form of
ions). The liberated components condense on surrounding areas and, conse-
quently, on the substrate placed on the anode.

In RF (radio frequency) sputtering, AC discharges of 5–30 MHz are em-
ployed. In the case of the DC process described in the previous paragraph,
problems are encountered in initiating the process and with sputtering insu-
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FIGURE 2.5. Schematic diagram of a vacuum evaporation unit. (Reproduced with per-
mission from Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Pub-
lishing Co., Inc., Lancaster, PA, p. 25.)
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lating materials. In the RF process, one electrode is coupled capacitively to a
RF generator. It then develops a negative DC bias with respect to the other
electrode. This is related to the easier response of electrons than ions to an
applied RF field.

A special form of deposition by sputtering is called reactive sputtering. It
is performed in the atmosphere of a pure reactive gas, which is eventually to
be a component of the film, or a mixture of inert and reactive gases.

Magnetron sputtering uses magnetic fields to deflect electrons from strik-
ing the substrate in order to increase the ionization efficiency. Various mag-
netically confined discharge configurations have evolved.

For applications in microelectronics and sensorics, it is necessary to form
the films in specific, sometimes complicated patterns. For this purpose, a
suitable mask is used to prevent condensation on the areas to be kept clean.
The mask is usually formed from a metal and is placed in the vapor stream
as close as possible to the substrate on which the film is to be deposited.
This is the so-called noncontact or masking through-mask-deposition
method. There are several technologies for preparation of “in contact” masks,
which are deposited directly onto the substrate. The most widely used tech-
nology is photolithography combined with selective etching of different lay-
ers, similar to the silicon photolithography process. Another often-used tech-

Thin- and Thick-Film Technologies 23

FIGURE 2.6. Apparatus for diode cathode sputtering. (Reproduced with permission from
Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing Co.,
Inc., Lancaster, PA, p. 26.)
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nique is the so-called “lift-off” technique. In this method, the deposition of
the film is carried out on a substrate that was previously covered with a pho-
tolithographically patterned mask. After the deposition, the mask with the
deposited film will be removed by etching or stripping the unnecessary
areas.

The most commonly used technology for making thick films is screen print-
ing and firing/curing at an elevated temperature (Harper, 1974; Agnew, 1973).
The classical “CERMET” version of the technology uses inorganic-based
glasses, glass-ceramics, and ceramic-glass-metal composite raw materials for
films, as well as relatively high-temperature firing processes. The emerging
polymer thick-film (PTF) technology is based on polymers and conductive
polymer-composite materials with low curing temperatures (Martin, 1982;
Kirby, 1989).

Raw materials for thick films are available in “paste” form. Thick-film pastes
consist of three main ingredients: a finely powdered functional phase (metal
and/or metal-oxide powders) of carefully controlled size and composition;
finely powdered oxide and glass phases, also of controlled size, shape, and
composition (as inorganic binder materials); and an organic vehicle that sus-
pends the inorganic constituents until the paste is fired and must also give the
proper rheological characteristics for the screen printing.

The film application method of thick films is basically a screen printing
technique. The circuit is fabricated by successively printing each layer until
the desired circuitry is achieved. The basic tools used in printing are the
squeegee and the screen. The system that incorporates these basic tools and
provides adequate means for controlling them precisely in the fabrication is
the screen printer. Figure 2.7 shows the steps of the screen-printing process.

The holes of the stainless steel, polyester, or nylon screen are filled with a
photolithographically shaped emulsion, which has openings according to the
layout pattern. The substrate is placed under the screen, and the squeegee
presses the paste through the screen mask openings.

After the film has been printed on a substrate, it should be allowed to “set-
tle,” since printing through the screen tends to produce mesh lines in the pat-
tern. The settling time depends on the viscosity of the paste; however, times
vary from about 5 minutes to approximately 20 minutes. After settling, the
films should be dried before firing. This removes only the volatile and leaves
behind the binders. Desirable drying temperatures depend on the solvents and
vary from 100 to 150°C for 5 to 15 minutes. The resulting films should be
tough enough to permit handling and subsequent printings. Firing is the most
critical step of thick-film technology. The temperature profile and atmosphere
parameters are the most important. Thick-film pastes require peak tempera-
tures in the range of 700–1000°C (typical value is 850°C) for 10 minutes.
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Temperature should be controlled to better than �3 °C at the peak. For fir-
ing, belt furnaces are used.

The following advantages and disadvantages may be encountered when ap-
plying thin and thick films in microsensor fabrication:

• Cost-effective sensor production is possible with low batch numbers.
• Hybridization of various technologies is possible.
• Integration of passive networks is possible.
• Various substrate types are applicable.
• Various materials can be applied.
• Stable passive elements (resistors) can be realized with low temperature

dependency.
• Multilayer structures can be easily realized.
• A high-level of integration, such as at the monolithic ICs, is not available.

Further details can be found in classical handbooks of thin- and thick-film
technologies (Agnew, 1973; Harper, 1974; Maissel and Glang, 1970; Haskard
and Pitt, 1997; Sergent and Harper, 1995; Elshabini and Barlow, 1998).
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FIGURE 2.7. Process phases of screen printing. (Reproduced with permission from Poly-
mer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing Co., Inc.,
Lancaster, PA, p. 31.)
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2.4 PROCESSING OF POLYMER FILMS

In this section, a general survey will be given about those polymer processes
that are compatible or easily applicable with the different inorganic sensor
technologies described in the previous sections.

There are two main possibilities when applying polymer films in sensors:

• Preprocessed polymer films are synthesized and shaped by extrusion and
stretched into sheet forms and covered by metal film separately from the
sensor structures. Then, they can be attached to inorganic sensor surfaces,
typically by using the gluing method (Münch and Thiemann, 1991).

• Polymerization directly on sensor surfaces is the commonly used tech-
nique for fabricating thin polymer layers. The synthesis and shaping
processes occur on the sensor surface; thus, methods that are compatible
with inorganic sensor parts are needed.

Photosensitive polymers for photolithography are widely used in integrated
circuit technologies as photoresists. Photolithography can be adopted for shap-
ing sensor polymer films (Endo et al., 1987). Photosensitive polymers have a
unique advantage in processing, with UV illumination, polymerization and
shaping can occur at the same time. A significant advantage of photosensitive
polymers is the relative ease of processing using an existing integrated circuit
or microsensor fabrication line. Photosensitive polymers can be applied and
patterned with the same technology as used for photoresists. Nonphotosensi-
tive polymers can also be patterned by photolithography, but the process is
more complex; it is similar to the patterning of thin films using the combina-
tion of photolithography and etching. The greatest problem in this case is the
prevention of the interaction between the soft-baked polymer layer and the
photoresist. The reaction can take place if the soft-bake temperature is not
high enough or if the photoresist is applied to a hot polymer film. It is im-
portant to select a suitable temperature to make the polymer hard enough to
prevent the reaction with photoresist, but not too hard for etching (Hijikigawa
et al., 1983).

Screen printing and curing are widely used technologies in processing poly-
mer composite materials that are available in paste form; the process is called
polymer thick-film (PTF) technology (see Section 2.3). Thermoset- and ther-
moplastic-type binder materials are applied; the curing temperature is kept
within the range of 150–400°C, depending on the type of the applied binder.
Special printing processes have also been developed, such as employing etched
metal masks instead of screen masks and special squeegees with a rectangu-
lar pipe structure cross section filled with the solution of a monomer or with
a paste (Takasago et al., 1987).
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Conducting and semiconducting polymers can be synthesized and deposited
onto a conductive surface of a given substrate from monomer solutions by
electrochemical polymerization. The advantage of this method is that precise
flow control and rate of film deposition can be maintained by varying the 
potential/current conditions of the working electrode in the system. Use of this
method yields a high-quality thin film and has great prospects in biosensors,
where enzymes may be entrapped into conducting polymer films (Yon Hin
and Lowe, 1992; Bidan, 1992).

Electropolymerization, like the well-known radical polymerization, is a
chain process. While the growing end groups in radical polymerization are
electrically neutral, they are charged in electropolymerization. During syn-
thesis, charge transfer also takes place. Polymerizing systems are electrically
neutral; hence, some negatively charged ions are present in cationically poly-
merized systems, while positively charged ions are present in anionically
growing species. The participation of these counter-ions makes this poly-
merization intrinsically more complex than radical polymerization. Since the
oppositely charged ions attract each other and strongly interact with the mol-
ecules surrounding them, many species coexist in the polymerized medium.
This is the basis of the conductivity modifying mechanism of electropoly-
merized layers.

Various aromatic compounds can be polymerized by electrochemical oxi-
dation in a solution containing a supporting electrolyte. The reaction involves
the subtraction of hydrogen from the monomer, forming fully conjugated poly-
mers. The simultaneous electrochemical doping of electrolyte anions may ren-
der these polymers highly electrically conductive.

For example, the electropolymerization mechanism for conducting polypyr-
role (PPy) is shown in Figure 2.8 (Bidan, 1992). The electropolymerization
process [see Figure 2.8(a)] is a simultaneous growth and doping that enables
negatively charged A� species (acting as dopants) to be irreversibly captured.

The reaction is, in fact, a condensing oxidation, which follows an electronic
stoichiometry, allowing a coulombmetric control of the film thickness to be
deposited. For reasons of electroneutrality, the dopant counterions are inserted
into the polymer matrix, which can be considered a polymeric organic salt. In
the reaction scheme, k represents the doping level, which can also be changed
by subsequent electrochemical processes [see Figure 2.8(b)]. In fact, this dop-
ing-dedoping reaction is a completely reversible redox process that results in
conductivity changes over several orders of magnitude. In practice, elec-
trosynthesis is carried out by simultaneous deposition and doping-dedoping
using cyclic anodic-cathodic reactions.

Vacuum deposition processes are also possible methods of obtaining thin
polymer films that have high density, thermal stability, and insolubility in or-
ganic solvents, acids, and alkalis. The layers can be deposited on any sub-
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strates that cannot be attacked by vacuum processes. Polymer films can be
grown by the following methods:

• vacuum pyrolysis, which consists of a sublimation, a pyrolysis, and a 
deposition-polymerization process (Taylor and Welber, 1975)

• vacuum polymerization stimulated by electron bombardment (Hill, 1965)
• vacuum polymerization initiated by ultraviolet irradiation
• vacuum evaporation using a resistance-heated solid polymer source and,

more effectively, using an electron beam (Luff and White, 1970)
• RF sputtering of a polymer target in a plasma composed of polymer frag-

ments and with argon added to the plasma (Morrison and Robertson,
1973)

• plasma or glow discharge polymerization of monomer gases or vapors
(Holland et al., 1976)

Figure 2.9 shows a schematic comparison of the different vacuum deposi-
tion processes.

There are a lot of conventional coating methods, such as spin-coating, dip-
ping, casting, bath immersion, and various curing technologies using ovens,
hot plates, vacuum ovens, conveyor belt furnaces, and infrared (IR) irradia-
tion, that are widely used in polymer film applications. Microwave assisted
curing, a newly developed process, provides ease of use and precise control
of the temperature profile and distribution.
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FIGURE 2.8. Schematic electrochemical polymerization mechanism for polypyrrole: (a) syn-
thesis and (b) doping-dedoping. (Reproduced with permission from Polymer Films in Sen-
sor Applications by G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA,
p. 43.)
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FIGURE 2.9. Schematic illustration of the vacuum deposition processes used for polymer
films: (a) vacuum pyrolysis, (b) vacuum UV-polymerization, (c) electron-beam polymeriza-
tion, (d) vacuum evaporation, (e) RF sputtering, and (f) glow discharge (plasma) polymer-
ization. (Reproduced with permission from Polymer Films in Sensor Applications by 
G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 45–46.)
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Cross-linking of highly oriented monomer films made by the Langmuir-
Blodgett method can be achieved by UV irradiation or by chemically initial-
ized reactions. The whole process is illustrated in Figure 2.10 (Imai et al.,
1989). A small amount of a high-molecular-weight substance, which has po-
lar molecules possessing hydrophobic tails and hydrophilic heads (e.g., fatty
acids or higher alcohols), is dissolved in a volatile solvent, and one drop of
the solution is sprinkled on the surface of the water. The solvent evaporates,
and the molecules of the substance diffuse over the surface of the water, all
orientated in the same manner due to their polarity. According to their con-
centration, either a “two-dimensional gas” or a monomolecular film of liquid
or solid is formed. Such a film can be lifted and placed on a plate or directly
deposited onto the surface of a plate-shaped substrate by dipping. Several such
films can be applied on top of each other, and in this way, even films of sev-
eral hundreds of nanometer thickness can be built up gradually, and finally
cross-linked to form a polymer film.

Applying polymer films in sensors may offer the following advantages and
disadvantages:

• Relatively low-cost materials are applicable.
• Their fabrication techniques are quite simple (there is no need for a spe-

cial clean room and/or high-temperature processes).
• The films can be deposited on a great variety of substrates.
• The wide choice of molecular structure and the possibility of building

side chains, charged or neutral particles, and even grains of specific be-
havior into the bulk material or on its surface region enables the produc-
tion of films with various physical and chemical properties, including
sensing behavior.

• Biocompatibility can be easily realized.
• Devices based on polymer films show much bigger instabilities compared

to sensors that are built entirely from inorganic materials.

Further details about sensor polymer film technologies can be found in the
literature (Harsányi, 1995).

2.5 OPTICAL-FIBER TECHNOLOGIES

Recently, a great competition between electric and fiber-optic sensing de-
vices has begun. The importance of fiber-optic sensing devices is increasing
since optical telecommunication channels are becoming widespread.

In optical communication links, it is the optical fiber that provides the trans-
mission channel. The fiber consists of a solid cylinder of transparent material,
the core, surrounded by a cladding of similar material (see Figure 2.11). Light
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waves propagate through the core in a series of plane wave fronts, or modes—
the simple light ray path used in elementary optics is an example of a mode.
For this propagation to occur, the refractive index of the core must be larger
than that of the cladding. There are two basic structures that have this prop-
erty: step-index fibers with two different refractive index values for core and
cladding and graded-index fibers providing a continuous transition of refrac-
tive index from core to cladding. There are multimode fibers that allow a great
number of modes to propagate and single-mode fibers that allow only one
mode to propagate. The propagation in the fibers can be described with the
effective refractive index, which depends on core and cladding refractive in-
dices, as well as on the type and thickness of the fiber.

Optical fibers can basically be made from two different materials: silica
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FIGURE 2.10. Langmuir-Blodgett deposition (a) and polymerization (b) of organic thin films.
(Reproduced with permission from Polymer Films in Sensor Applications by G. Harsányi,
©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 24, 49.)
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glass (SiO2) and plastic polymer, generally polymethyl-methacrylate
(PMMA). The addition of certain dopants to the glass will vary the refractive
index. All-plastic fibers use different plastics for the core and the cladding.
All-glass fibers with 10–50 �m diameter exhibit very low losses and high
bandwidths, which make them ideal for use in long-haul telecommunication
routes. Large-core (1 mm diameter) fibers for use in medical and industrial
applications are generally made of plastic, making them more robust than all-
glass fibers, and are cheaper to produce. However, the very high attenuation
and low bandwidth of these fibers tend to limit their uses, for instance, to the
field of sensors. In integrated optics, silicon, compound semiconductors, and
LiNbO3 are used for optical wave guide purposes.

A specially developed technique is applied for forming glass optical fibers.
The fiber can be drawn directly from the core and cladding glasses, which re-
sults in a continuous process, making the fiber cheap to produce. Such a
process is the double crucible method of fiber manufacturing (also known as
the direct melt technique). A double crucible pulling tower consists of two
concentric funnels. The outer funnel contains the cladding material, while the
inner funnel contains the core glass. The crucibles are usually made of plat-
inum to reduce contamination. The crucibles are heated to melt the glasses,
and the fiber can then be drawn from the tip and attached to a take-up drum
at the base of the tower. As the drum rotates, it pulls the fiber. The rate of
drum rotation determines the thickness of the fiber. A noncontact thickness
gauge regulates the drum speed by means of a feedback loop. Below the gauge,
the fiber passes through a funnel containing a plastic coating to protect the
fiber from impurities and structural damage. A curing lamp ensures that the
coating is a solid before the fiber reaches the take-up drum.

Optical fibers offer the same advantages to transducer systems that they
have in telecommunication systems:

• low signal attenuation and high information transfer capacity
• compatibility with optical telecommunication systems
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FIGURE 2.11. Light propagation in optical fibers. (Reproduced with permission from Poly-
mer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing Co., Inc.,
Lancaster, PA, p. 83.)
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• elimination of electromagnetic interference problems
• flexibility, both physically and technologically

Further advantages, especially for sensors, include the following:

• explosion safety
• biocompatibility and corrosion resistance of most materials applied

Their disadvantage is, however, their incompatibility with most other mi-
croelectronics and microsensor technologies, as well as signal processing
methods.

Further details about optical systems can be found in the literature
(Kongston, 1995).
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CHAPTER 3

Basic Sensor Structures

There are two basic elements of sensor operation. The first is the physical
or chemical interaction between the environment and the sensing material that
alters the material properties (“sensing effect”), while the second is the “trans-
duction mechanism” inside the sensor structure that converts this material
property change into a useful signal, which then holds information about the
environment-material interaction. In this chapter, various sensor device struc-
tures and their transduction mechanisms are described independent of the pos-
sible real sensing effect, which is the subject of Chapter 4. The most impor-
tant sensor device structures can be categorized into the following groups:

• Impedance-type sensors follow the sensing phenomena with capacitance,
resistance, and/or inductance changes.

• Sensing semiconductor devices are more complicated; the sensing effect
can change the most important characteristic and/or parameter of the de-
vices, for example, shift the diode characteristics, alter the threshold volt-
age of the MOSFET, etc.

• In sensor structures operated with acoustic waves, the shift of the reso-
nance frequency or wave phase can be measured as a function of the
quantity in question.

• Electrochemical cells are widely used in chemical sensors; the electrode
potential, the cell current, and/or the cell resistance can be measured as a
function of the analyte composition.

• Calorimetric sensors are based on the measurement of excess heat or
heat loss caused by physical or chemical processes that took place due to
environmental effects.

• Fiber optic sensors represent a new generation of sensors; they are based
on the changes of light propagation, absorption, and/or emission proper-
ties within the devices and provide an optical output signal.
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3.1 IMPEDANCE-TYPE STRUCTURES

The structure and operation principles of impedance-type sensors are the
most simple. Figures 3.1(a) and (b) show some possible device structures: the
sheet capacitor and the film resistor, respectively. The basic equations ex-
pressing the capacitance and resistance values are also given in the figures.
These expressions are also used in the design of discrete and integrated pas-
sive components. Measurand changes alter the permittivity and/or resistivity of
the sensitive layer, which, in turn, produces the variation of capacitance and/or
resistance values of the sensor. There are also generator-type effects that can
be applied to produce voltage output at sheet capacitors; the basis is the po-
larization or surface charge density variations within the dielectrics (e.g., as a
result of the piezoelectric or pyroelectric effect, see in Sections 4.6 and 4.7).

Figure 3.1(c) shows the interdigital device structure that is rarely used in in-
tegrated devices because only small capacitance and resistance values can be
realized. It is, however, a very popular structure in sensorics because of its large
free surface that can interact with the environment. The mathematical expres-
sions for this design are much more complicated (Mansour and Brown, 1963).
The capacitance value is determined not only by the geometry and the per-
mittivity of the dielectric layer, but also by the permittivity of the substrate and
the gas or liquid environment. This interdigital structure can also be used as a
resistor. At AC investigations of the interdigital structure, both capacitive and
resistive behaviors must be taken into account (Tsuchitani et al., 1988). Figure
3.2 shows the equivalent circuit model, including interface impedance. In the
figure, Rb is the bulk resistance of the film; Re and Ce are the dielectrics/elec-
trode interface resistance and capacitance values, respectively; and Cg is the
geometric capacitance, which consists of the bulk dielectrics capacitance and
the stray capacitance. The parameters can be measured experimentally by the
complex impedance spectra method using Cole-Cole plots. Figure 3.2 also
shows a typical complex impedance diagram for interdigital structures using
layers with relatively low permittivity and large resistivity. If Cg-Rb and Ce-Re

pairs are dominating different frequency ranges, Rb and Cg can be determined
simply from the complex impedance spectra, as shown in the figure.

Further details are available in the literature (Göpel et al., 1994; Grandke
and Ko, 1996).

3.2 SEMICONDUCTOR DEVICES AS SENSORS

Silicon or compound semiconductors are used for fabricating semiconduc-
tor devices for transducer device parts. Their sensitive layers may be insulat-
ing, semiconductor, or conductive materials.
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FIGURE 3.1. Structure impedance-type sensors: (a) sheet capacitor, (b) film resistors, and
(c) interdigital structure. (Reproduced with permission from Polymer Films in Sensor Ap-
plications by G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 55.)
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In sensor devices based on the field-effect principle, the semiconductor sur-
face potential is modulated by potential or electric charge variations elsewhere
in the structure, usually called a gate, which is actually an insulator/(metal)/
(sensitive layer)/environment interface. Figure 3.3 shows the cross section of
the conventional p-channel metal-oxide-semiconductor field effect transistor,
the PMOSFET device, as well as the typical structure used in FET-based sen-
sors. In both structures, the two p-type regions are known as the source and
drain and can be interchanged principally without affecting the electrical be-
havior of the device.

The thin insulating layer (SiO2 and/or Si3N4) and the covering (metalliza-
tion and/or sensing) layer comprise the gate, and it is this electrode that mainly
controls the action of the transistor. In the conventional MOS transistor, a bias
voltage is applied to the gate, which is called the controlling gate voltage. If
an increasing negative bias is applied to the gate, a positive charge is first in-
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FIGURE 3.2. Complex impedance spectra and equivalent circuit to interpret them: Cg,
geometrical capacity; Rb, bulk resistance; Re, polymer/electrode interface resistance; and
Ce, polymer/electrode interface capacity. (Reproduced with permission from Polymer Films
in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster,
PA, pp. 56, 57.)
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duced at the silicon surface, and electrons are repelled away from this region.
A depletion region results that will deepen as the bias increases. A point called
the turn-on (or threshold) voltage, Ut is reached when inversion occurs, and
movable free holes are induced at the surface; thus, the transistor channel starts
to conduct between the source and drain (Wolfendale, 1973).

In the sensor FET devices, the gate metallization and/or coating environ-
ment interaction produce the controlling potential (through charge and work
function condition changes) that is a function of the quantity to be measured
and can be detected only as a threshold voltage variation. Practically, these 
devices are operated at the threshold point by an external regulation, and the
gate voltage variations, which are sufficient for the compensation, can be fol-
lowed.

There are a number of special sensitive FET structures, but their names are
not always used in their entirety. Following is a brief survey of the typical ab-
breviations:

• POSFET: polymer-oxide-semiconductor FET (Mo et al., 1990)
• ISFET: ion-selective FET (Bergveld, 1972)
• REFET: reference FET that compensates interference effects for other

sensor FETs (Müller et al., 1991)
• CHEMFET: chemically sensitive FET (Reinhoudt, 1992)
• MEMFET: membrane modified FET (Reinhoudt, 1992)
• ENFET: enzyme modified FET (Schul’ga et al., 1995)
• ImmunoFET: immune-reaction based FET (Schasfoort et al., 1990)
• SOSFET: silicon-on-sapphire-technology-based FET (Saito et al., 1991)

The basic idea (to follow environmental effects by the characteristic shifts
of a device) can also be realized by using other types of semiconductor de-
vices, e.g., diodes. A pn-junction can be applied to a temperature- or photo-
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FIGURE 3.3. Field effect device structures used in (a) transistors (MOSFETs) and (b) in
sensors. (Reproduced with permission from Polymer Films in Sensor Applications by 
G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 58.)
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sensitive device because of its characteristic shifts. A similar effect can be
used in chemical sensors; metal semiconductor diodes, the so-called Schottky-
barrier devices, built from n-GaAs and discontinuous platinum films, can be
used as detectors of different gases over a wide range of temperatures (Lechuga
et al., 1992).

Further details of semiconductor sensors can be found in the literature (Sze,
1994; Ristic, 1994; Göpel et al., 1994; Gardner, 1994; Soloman, 1998).

3.3 SENSORS BASED ON ACOUSTIC-WAVE
PROPAGATION

Sensors based on acoustic-wave propagation apply acoustic waves within
the bulk or on their surfaces for sensing. Resonant sensors generally have an
electromechanical resonance frequency (when standing waves are present in
the structure) that is a function of the measurand. The output is a quasi-
digital frequency signal that is much less prone to noise and interference and
can be directly measured in digital systems. This provides a great advantage
over conventional analog sensors. The operation of another group of sensors
is based on the phase shift of acoustic wave propagation caused by environ-
mental effects.

A common approach for obtaining a frequency output is to use electronic
oscillators in which the sensor element itself is the frequency-determining el-
ement. Piezoelectric resonant sensors use the elastic properties of various
piezoelectric materials (see Chapter 3) to sense and measure a physical or
chemical phenomenon. These sensors are based on the propagation of elastic
bulk or surface waves.

Bulk acoustic wave (BAW, also called thickness-shear mode, or TSM) sen-
sors have been applied to a wide variety of mass, chemical, and biochemical
measurement applications. For BAW sensors, small quartz crystal disks of
10–15 mm diameter and 0.1–0.2 mm thickness are used [see Figure 3.4.(a)].
The resonance frequencies are between 6 and 20 MHz (Lucklum et al., 1991).
The historic development of BAW quartz sensors originated from the use of
quartz resonators as time bases for frequency control. The high reliability and
stability of quartz oscillators are based on the stability of a mechanical reso-
nance in a structure composed of single-crystal quartz.

It has been well known that the deposition of a small mass of material on
the surface of a quartz microbalance (QMB) lowers its resonance frequency.
QMB sensors are commonly used for thin-film thickness monitoring in vac-
uum evaporation equipment. Similarly, the gravimetric sensor principle is
based on changes in the fundamental oscillation frequency, f0, upon adsorp-
tion or absorption of particles from the surrounding gas phase. For the first
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FIGURE 3.4. Sensors based on acoustic wave propagation: (a) bulk acoustic wave (BAW)
quartz microbalance (QMB), (b) dual delay line surface acoustic wave (SAW) resonator, 
(c) Lamb-wave (LW)-type composite plate sensor.

(continued)
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FIGURE 3.4 (continued). (d) shear horizontal (SH), and (e) guided (Love) wave sensor
types. (Reproduced with permission from Polymer Films in Sensor Applications by 
G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, pp. 68–73.)
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harmonic, the frequency shift (�f) can be described as follows (Sauerbrey,
1959):

�f/f0 � ��m/m (3.1)

where �m is the mass change; m is the mass; and f0 is the operating frequency.
For a 10-MHz crystal, the detection limit is at the 0.1 ng/mm2 level. The

sensitivity is limited by the mass of the whole crystal.
In surface acoustic wave (SAW) devices, the acoustic wave energy is con-

strained to the surface; the wave propagates along the surface of a solid
medium. SAWs normally include different waves, the most important of which
are the Rayleigh waves (Rayleigh, 1885). The displacement of the particles
near the surface of the solid that is propagating the Rayleigh wave has two
components: a longitudinal component and a shear vertical component (Wohlt-
jen, 1984). The superposition of these two components results in surface tra-
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jectories that follow a retrograde elliptical path around their quiescent posi-
tions.

Waves can be generated quite easily in piezoelectric substrates using an in-
terdigital transducer (IDT) electrode, which can be fabricated by microlithog-
raphy from thin-film metallization (White and Voltmer, 1965). The time-
varying voltage at the transmitter will result in a synchronously varying de-
formation of the piezoelectric substrate and the subsequent generation of a
propagating surface wave. The counterpart of the phenomenon can also oc-
cur; SAWs can generate alternating voltage in another IDT called a receiver.
Delay line is a configuration consisting of two (or more) IDTs and a propa-
gation path between them [see Figure 3.4(b)]. The first interdigital transducer
excites a SAW. The frequency of the SAW is mainly determined by the elas-
tic constants of the piezoelectric material and the geometrical sizes of the gen-
erator IDT. The receiver IDT will receive this wave after traveling along the
surface of the substrate. The propagation path is the sensitive area. All changes
in the boundary conditions for SAW propagation lead to a variation of the
SAW received by the second IDT. This well-known fact can be used for sen-
sor applications.

The SAW resonator is, in fact, a delay line with an amplified feedback [see
Figure 3.4(b)]. It can be used as a sensor in a similar way to the delay line;
standing waves are formed by reflection from gratings. Any change in the en-
vironment leads to a change in the resonance frequency and can be registered
(Grate et al., 1993).

The response behavior for a SAW device coated with a sorbing film is as
follows:

�f/f0 � �K�m f0 /A (3.2)

where A is the active surface area; K is a constant; and the other symbols are
the same as in the previous equation. The SAW sensors typically operate at
high frequencies up to the GHz ranges. Because the sensitivity of the device
increases as the square of the fundamental frequency, SAW sensors have
greater potential sensitivity than BAW types. Many SAW sensor applications
use a dual delay line configuration; one delay line can be coated with the sorp-
tive or reactive film, while the other remains inert or protected from environ-
mental effects. Typically, the frequency difference will be measured, which is
in the order of kHz and can be easily sampled. The uncoated or protected res-
onator acts as a reference to compensate undesired effects, for instance, fre-
quency fluctuations caused by temperature or pressure changes.

When a good coating is available, it is usually possible to detect species at
the 10–100 ppb concentration level, with a selectivity of 1000:1 or more over
commonly encountered interfaces (Rapp et al., 1991). The mass detection limit
is in the range of 0.05 pg/mm2.
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A new resonator sensor concept similar to SAW sensors, but employing
Lamb waves (LW), was recently applied in sensors (Wenzel and White, 1988).
Lamb waves propagate in the bulk of plates with thicknesses that are small
compared to the ultrasonic wavelength: the thickness/wavelength ratio is less
than one. Particle motions of Lamb waves are similar to those of Rayleigh
waves; however, in a thin plate, the waves give rise to a series of symmetric
and antisymmetric plate modes. The lowest order antisymmetric modes have
a unique flexural character, hence, the name “flexural plate wave,” or FPW.

Figure 3.4(c) shows a schematic cross section of an FPW sensor device
(Wenzel and White, 1990). The core of the device is an ultrasonic delay line
consisting of a composite plate of a low stress insulation, metallization, and
piezoelectric film. IDTs on the piezoelectric layer launch and receive the waves
and, together with the amplifier, form a feedback oscillator whose output fre-
quency depends on the mass per unit area of the membrane, including the
chemically sensitive film. The advantages of FPW sensor devices are that they
operate in the low-MHz frequency range and that they may operate while im-
mersed in a liquid. Theoretical and experimental results also show that, com-
pared to BAW and SAW gravimetric sensors, LW sensors and especially FPW
devices are more sensitive to added mass. They are very attractive for chem-
ical and biological sensing.

Recent advances in the design and construction of acoustic plate mode
(APM) devices have allowed their use as sensors (Grate et al., 1993). Figure
3.4(d) shows the cross section of a typical APM sensor. The sensor consists
of a piezoelectric plate, a receptor film, a fluid containment cell, and appro-
priate signal processing electronics. The piezoelectric plate supports APMs
that are primarily horizontally polarized shear waves. Therefore, the device is
called a shear horizontal acoustic plate mode (SH-APM) sensor. Typical plates
are a few acoustic wavelengths thick. The waves are generated and detected
by IDTs on the lower surface and reflect between the upper and lower sur-
faces of the substrate. This beam interacts with the receptor polymer film and
viscously coupled fluid sample when it reflects from the upper surface.
Changes in the film due to mass loading or viscoelastic stiffening will alter
the phase of the reflected wave and result in a phase shift in the electrical sig-
nal. Similar to SAW sensors, a dual delay line configuration can be used to
compensate nonspecific responses and undesired environmental effects. The
advantage of the APM sensor is that electrical connections can be made on
the surface of the device, which is not immersed in solution. Typical APM de-
vice frequencies are 25–200 MHz.

Because a wave reflection mechanism occurs, acoustic energy cannot be
concentrated at the surface unless very thin plates are used. An alternative ap-
proach (Gizeli et al., 1992) is to apply another geometry to excite another type
of guided SH wave, the Love wave. Mass loading of this surface skimming
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bulk wave (SSBW) device results in a composite acoustic device, known as
Love plate, with an SH wave guided at the interface of the deposited polymer
overlayer and the SSBW substrate. SSBWs are acoustic waves with only a
shear displacement component propagating just below the surface of a piezo-
electric substrate. SSBW suffers from a considerable acoustic loss. A thin over-
layer of a dielectric material on the surface may convert the SSBW into a
guided SH or Love wave, increasing the coupling coefficient of the wave and
reducing the losses.

Generally, devices using thin films to help guide the waves are called Love
wave devices. Figure 3.4(e) demonstrates the geometry used in Love plates.
The substrate is generally piezoelectric quartz crystal and the overlayer is sil-
ica or polymethyl-methacrylate (PMMA), which exhibits much lower shear
acoustic velocities than quartz, and so fulfills the necessary requirement for
the guidance of a Love wave. PMMA shows much lower viscoelasticity than
a lot of other polymers; thus, it shows low acoustic losses. Application of
PMMA in the field of sensors is based on the sensing mechanisms of SH-
AMP sensors. Changes in the receptor film, due to mass loading or viscoelastic
stiffening, alter the phase of the reflected wave. Phase shifts (��) can be mea-
sured as a function of the mass-load (�m/A):

�� � C(�m/A) (3.3)

where C is a constant. Typical sensitivities that can be reached by this type of
sensor are in the range of 5–30 deg/(10�6 gcm2), depending on the applied
material system and layer thicknesses.

Further details about acoustic wave devices can be found in the literature
(Ballantine et al., 1996).

3.4 CALORIMETRIC SENSORS

The basis of transduction in calorimetric sensors is a temperature variation
resulting from the environmental effect to be detected. The latter may involve
heat generation, heat consumption, or variations in heat transfer abilities. Typ-
ical examples are as follows:

• endo- or exotherm chemical reactions on the sensor surface
• heat generation of incoming IR (infrared) or another type of radiation
• varying heat transfer from a heat-flow or a flowing medium

The sensors may operate at room temperatures, however, an elevated tem-
perature is often desired, which is stabilized by a heating control. Dual struc-
tures are typically used in which the reference element is isolated from the
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environmental effects and operates, therefore, at a fixed temperature, while
the sensing element follows the environmental effects by temperature varia-
tions; thus, a temperature difference is practically measured.

Calorimetric sensors are widely used for the detection of reactive gas com-
ponents; they are often called pellistors. Their operation principle utilizes the
heat generated or consumed during kinetically controlled catalytic chemical
reactions of reactive gas molecules for reactive gas component detection
(Walsh and Jones, 1991). The sensor element consists of a substrate that is
heated continuously by the heating resistor (see Figure 3.5). Its temperature
is determined by the heat flow from the substrate to the environment. In a sta-
tionary state, the temperature difference is constant, and the power dissipation
is equal to the heat flow. The temperature of the substrate can be monitored
using a temperature sensor (thermistor, thermoelement, or Pt-resistor, see Sec-
tion 4.1). A Pt-resistor can be used for heating and for temperature monitor-
ing purposes. The polymer catalyst coating can adsorb and absorb gas com-
ponents from the environment that can take part in catalytic chemical reactions.
The reaction heat generated or consumed by the chemical reaction will dis-
turb the stationary state heat flow from the sensor to the environment, and a
temperature change can be detected, which is a function of the partial pres-
sure of the gas component in question.

Calorimetric sensor applications generally use dual sensor configurations;
one substrate is coated with the catalyst polymer film, while the other remains
inert or protected from environmental effects (see Figure 3.5). The uncoated
or protected substrate acts as a reference to compensate undesired effects, for
instance, temperature fluctuations caused by the ambient temperature, heat
conductivity, or ambient gas velocity changes.

In the case of adiabatic sensor types, power dissipation is the same in both
substrates, and the temperature difference is measured. In the isothermic-type
sensors, the temperatures are held at the same value, and the heating power
difference necessary to keep the same temperatures will be monitored.

Conventional calorimetric sensors utilize themodynamically controlled cat-
alytic reactions. In this case, steady-state signals are obtained under continu-
ous flow conditions at constant partial pressure of chemically active compo-
nents. These signals are proportional to the generated catalytic reaction heat
obtained for constant partial pressure of the given component (Walsh and
Jones, 1991). With this type of sensor, the greatest problem may be the con-
tinuous consumption of the analyte that can alter the concentration level in
small volumes.

Some new types of sensors, in contrast, monitor kinetically controlled re-
actions between the sensor material and the detected molecules under chopped
flow conditions. Only changes in the equilibrium concentration of ad- or ab-
sorbed molecules lead to time-dependent nonequilibrium heat generation,
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which only occurs during pressure variations. Fast and rectangular-shaped par-
tial pressure variations should be produced, and the maximum temperature
change that occurs during heat generation upon adsorption or desorption of
molecules has to be determined (Schierbaum et al., 1992).

Further details about thermal sensors can be found in the literature (Ricolfi
and Scholtz, 1990).

3.5 ELECTROCHEMICAL CELLS AS SENSORS

Electrochemical cells are widely used as sensors for the measurement of
chemical quantities, typically ion or gas-molecule concentrations in different
media. It is expected that electrochemical cells will find wide applications in
biosensors. In the simplest cases, an electrochemical cell consists of a mini-
mum of two electrodes and an ionic conductive material, called an electrolyte,
between them (see Figure 3.6). For the practical operation, the whole cell must
be built up, although, the sensor element itself is often only a part of that. Ac-
cordingly, the following cases can be distinguished:

• The sensor element is the whole electrochemical cell that is isolated from
the environment, for example, by a semipermeable membrane.

• The sensor consists of the two electrodes; and the electrolyte between
them is the actual analyte.

• The sensor element is a single electrode (the counterelectrode serves only
the practical measurement purposes).

Electrochemical Cells as Sensors 47

FIGURE 3.5. Application of calorimetric sensors in dual structure. (Reproduced with per-
mission from Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic
Publishing Co., Inc., Lancaster, PA, p. 82.)
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Electrochemical-cell-type sensors can be classified into three main cate-
gories according to the characteristics of the electrode reaction (Wiemhöfer
and Göpel, 1991):

• Type A is characterized by direct participation of the mobile ions, which
are originally present in the electrolyte.

• Type B cells use the electrolytes as “solvents” for the charged products
formed by redox reactions from neutral molecules that are present in the
electrolyte or in its surrounding medium.

• Type C cells are characterized by competing or several step electrode re-
actions.

Electrochemical sensors are based upon potentiometric, amperometric
(more generally, voltammetric), or conductivity measurements. The different
principles always require a specific design of the electrochemical cell. The op-
eration of the sensors is based on the reactions and their equilibrium at the in-
terfaces between electronic and ionic conductors on the electrode surfaces.
Sometimes, their transient behavior may also be applied for analytical pur-
poses. Their operating and measurement principles will be summarized in the
next sections according to the types listed above.

3.5.1 Potentiometric Sensors

In potentiometric sensors, the potential difference between the reference
electrode and the working electrode is measured without polarizing the elec-
trochemical cell, that is, very small current is allowed. In that case, the equi-
librium electrode potential difference can be monitored. This difference is
given by the Nernst-Nicolsky-Eisenman equation (Sudhölter et al., 1989):
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FIGURE 3.6. General structure of an electrochemical cell. (Reproduced with permission
from Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publish-
ing Co., Inc., Lancaster, PA, p. 74.)
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E � E0 � 
zi � F

� ln �ai � �Sij � (aj)
zi /zj� (3.4)

where E0 is the standard electrode potential of the sensor electrode; ai is the
activity of the primary ion; aj represent the activities of the interfering ions;
Sij represent the selectivity coefficients of the primary ion over the interfering
ions; R is the universal gas constant; T is the absolute temperature; F is the
Faraday constant; zi is the valency of the primary ion; and zj is the valency of
the interfering ion. The ion activity is generally approximated as a simple lin-
ear function of the concentration:

ai � kici (ki 	 1) (3.5)

where ki is the activity coefficient of the particular ion.
In the case of ideal ion selective electrodes (ISEs), the selectivity or cross-

sensitivity constants (Sij’s) could be neglected. In practice, they must be taken
into consideration.

The conventional electrodes generally use metal, metal-salt, or metal-elec-
trolyte-glass structures. Recently, for ISE purposes, another generation of elec-
trodes—the membrane electrodes—is also used. These contain an internal ref-
erence electrode and an internal reference electrolyte in an isolation tube that
is closed by an ion-selective membrane that is generally a special polymer
material. One side of the membrane is in contact with the analyte solution to
be probed. The structure is shown in Figure 3.7(a). The polymer-sample so-
lution interactions can be divided into the following groups:

• The membrane contains active grains or ionic sites (called ionophores)
that are the basis of ion exchange and/or complexion within the mem-
brane. By reversible exchange of the ions between the analyte solution
and the membrane phase or by a reversible penetration of the ions ac-
companied by the complexion process, a membrane potential will be de-
veloped, which can be described by the Nernst-equation. Recently, sensor
electrodes with nonionic grains, so-called neutral charge carriers, are
preferably used for complexion processes with ions of the analyte.

• A surface charge and potential shift may also be developed by the sorp-
tion of ions onto the membrane surface. The process is typical for the ad-
sorption of H� ions onto the surface of a glass electrode with special
composition that causes its pH-dependent electrode potential variations.
Glass electrodes are used as pH sensors.

Figure 3.7(a) shows the cell configuration of a conventional liquid junction
ion-selective electrode. A reversible ion or electron transport mechanism is
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present not only at the membrane-analyte solution interface, but also at every
phase boundary, resulting in well-defined interfacial potentials. Electrodes of
this type usually exhibit little potentiometric drift, however, the evaporation
of water alters the electrolyte composition causing problems with long-term
stability (Goldberg et al., 1991).

Another type of ion sensor was developed in which ion-selective polymeric
membranes are deposited directly onto solid electrode surfaces with no inter-
nal electrolyte solution. Figure 3.7(b) illustrates the cell configuration for this
sensor, called solid-contact ISE, which is similar to a coated-wire electrode.
Often, in this type of ISE, the membrane/solid interface is ill defined, leading
to significant potentiometric drifts. A stable and reversible transition from elec-
tronic conductivity in the metal electrode to ionic conductivity in the poly-
meric membrane can be maintained by using double-membrane structures.
Polymer electrolytes or hydrogel buffers are generally combined with perm-
and/or ion-selective membranes. The mechanisms responsible for the im-
provement are still the subject of debate. Adhesion and reaction mechanisms
may influence the behavior of the electrodes.

The application of electroconducting conjugated polymers (ECPs) results
in many new possibilities for building up electrochemical sensors (see in Sec-
tion 2.4). In these materials, a semiconductor polymer contains ionic dopants
and/or specific molecules covalently grafted to the ECP (Bidan, 1992). The
great advantage of ECPs is in the phenomenon that the ion exchange or ion
sorption occurs directly within the electroconducting material or on its sur-
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FIGURE 3.7. Schematic structure of the membrane electrodes: (a) conventional-liquid-
electrolyte-based type and (b) solid-contact electrode. (Reproduced with permission from
Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing Co.,
Inc., Lancaster, PA, p. 76.)
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face. The ion exchange process directly changes the doping level and also the
conductivity and work function of the semiconductor polymer. Thus, ECPs
can be used directly as sensitive electrodes. ECPs even enable the molecular
“ion-sieving” effect. This means that it is possible to vary the permeability of
electropolymerized films via their controlled anodic growth. The cut-off size
of ions can be determined by the size of the anion that was used as dopant
during the electropolymerization, removing them during an electrochemical
dedoping process. By choosing suitable electropolymerization conditions, en-
zymes acting as negative dopants can be entrapped through coulombic inter-
actions. This is a technique for immobilizing enzymes at the surface of elec-
trodes, which is the most promising fabrication method of enzyme-reaction-
based bioelectrodes (see Section 7.1.5).

In connection with potentiometric sensors, the role and nature of reference
electrodes should also be clarified. These are so-called electrodes of second
class that is, the metal electrode is covered by its solid salt and by the satu-
rated solution of the latter one. Their electrode potential is rather indepen-
dent from the current density; thus, it can be handled as a constant. The silver/
silver-chloride electrode (SSC), a silver wire coated by its chloride within a
saturated KCl solution, is typical. Actually, it is a chloride sensitive electrode
surrounded by a constant concentration solution. Their application in the non-
polarized potentiometric measurement methods is unnecessary, but they are
much more important in the amperometric cells (see Section 3.5.2).

3.5.2 Amperometric Sensors

Amperometry is a method of electrochemical analysis in which the signal
of interest is a current that is linearly dependent upon the concentration of the
analyte. As the chemical species approach the working (or sensing) electrode,
electrons are transferred from the analyte to the working electrode or to the
analyte from the electrode. The direction of flow of electrons depends upon
the properties of the analyte and can be controlled by the electric potential ap-
plied to the working electrode. To maintain charge neutrality within the sam-
ple, a counter-reaction occurs at a second electrode, the counterelectrode. If a
constant potential difference is maintained by the external circuit, a continu-
ous current flow can be measured. Linear current via ion-concentration char-
acteristics can be obtained by amperometry at diffusion controlled processes
in the “limiting current operating mode.” Diffusion control can occur at sev-
eral interfaces in the electrochemical cell:

• Diffusion of ions from the electrolyte to the surface of the electrode is
used in the analytical method called polarography (Buttner et al., 1990).
Applying the Fick law of diffusion and Faraday’s law for the charge
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transfer, it can be easily shown that the current density, i, is proportional
to the concentration, c, of the active component in the electrolyte:

i � constant 
 c (3.6)

• Diffusion of molecules from the surrounding gas or liquid through a cap-
illary into the electrolyte and/or to the surface of the electrolyte counter-
electrode interface, where they will be ionized, may occur. In that case,
of course, the electrical current density is a function of the partial pres-
sure, p, of the analyte (Yan and Lu, 1989).

• Diffusion will also control the charge transfer process when particle flow
limiting membranes are used on the surface of the electrolyte. This phe-
nomenon is the basis of concentration measurements in the Clark-type O2

sensors (Clark, 1956, see Chapter 6, Section 6.1.1). The current density is
proportional to the partial pressure of the dissolved gas analyte:

i � constant 
 p (3.7)

• Particle flow limiting membranes can also be used on the surface of elec-
trodes or within the electrolyte (Van den Berg et al., 1991).

Figure 3.8(a) shows the typical voltage-current characteristics of diffu-
sion-controlled processes. Figure 3.8(b) gives the typical limiting current
value and analyte concentration relationship. By setting the operation mode
of the sensor in the limiting current region and keeping the voltage on a
constant value, a current proportional to the concentration can be measured.

To guarantee the constant potential difference between the working and
counterelectrodes independent from the current that polarizes the electrodes,
the application of a potentiostat and a reference electrode is often necessary.
Figure 3.8(c) shows a simple circuit diagram (Schelter et al., 1992). The func-
tion of the circuit is to set the electrode potential of the working electrode to
a given value, always with respect to the reference electrode. The electrode
potential of the reference electrode is independent of the current flowing
through the cell, and it is also inert to the analyte to be examined. At the same
time, the cell current is converted into an output voltage signal using a sim-
ple current-voltage converter circuit.

3.5.3 Other Types of Electrochemical Measurements

The amperometric method is a special case of the voltammetric measure-
ments where potential-current diagrams are used for the analysis. Generally,
the potential of the working electrode controlled by a potentiostat is changed
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FIGURE 3.8. Structure and characteristics of amperometric sensors: (a) voltage-current
characteristics, (b) limiting current-concentration characteristic, and (c) schematic structure
and circuit connection. (Reproduced with permission from Polymer Films in Sensor Ap-
plications by G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 79.)
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continuously with a constant scan rate. Any reaction at the electrode surface
can usually be detected as a current superimposed to the base current due to
double-layer charging. Thus, in these voltammograms, current peaks can be
observed. The peak potential values can be used for qualitative analysis, and
the height of the peaks is a function of analyte concentration (Tieman et al.,
1992). Figure 3.9 shows typical cyclic voltammograms at different concen-
trations.

The structure of voltammetric sensors is generally the same as that of the
amperometric sensors. They are generally fabricated with reference, auxiliary,
and working electrodes.

Conductimetric sensors are based on the measurement of electrolyte con-
ductivity, which varies when the cell is exposed to different environments. The
sensing effect is based on the change of the number of mobile charge carri-
ers in the electrolyte. If the electrodes are prevented from polarizing, the elec-
trolyte shows ohmic behavior. Conductivity measurements are generally per-
formed with AC supply (Watson et al., 1987). As a first approximation, the
conductivity (�) can be expressed as follows:

� � � ci � zi � e � �i, (3.8)

where e is the elementary electric charge; �i is the mobility; zi is the valency;
and ci is the volume number of ionic carriers in the electrolyte. Accordingly,
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FIGURE 3.9. Typical cyclic voltammograms depending on the analyte composition. (Re-
produced with permission from Polymer Films in Sensor Applications by G. Harsányi,
©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 80.)
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the conductivity is a linear function of the ion concentration; therefore, it can
be used for sensor applications. However, it is nonspecific for a given ion type.
On the other hand, both the polarization and the limiting current operation
mode must be avoided. Thus, small amplitude alternating bias is used for the
measurements with frequencies where the capacitive coupling is still not de-
termining the impedance measurement.

All electrochemical sensor and measurement types discussed above are
based on equilibrium or stationary process stages. This is their main disad-
vantage: the response time is rather long and may be comparable to the time
constants of the variations within the observed medium. Another disturbing
circumstance might be that the long-lasting electrochemical processes at the
electrode surfaces might alter the composition of analytes that are present in
small volume. In such cases, techniques that are based on equilibrium stages
cannot be applied because the equilibrium stage can never be reached.

Thus, the application of transient electrochemical measurement methods is
necessary. In these techniques, the time-dependent responses of a given pa-
rameter are followed when a special excitation is applied. By measuring the
response and decay times, asymptotic solutions can be determined without
reaching equilibrium stages. According to the type of external excitation,
the following methods can be distinguished (Buerk, 1993):

• potentiostatic measurements: the excitation is a voltage, the output is the
current response

• galvanostatic measurements: the cell current is the excitation and the
electromotive force of the cell is measured

• coulostatic measurements: the cell is excited by a given electric charge,
while the cell current or electromotive force responses are measured

The transient methods apply various excitation curve shapes, like the step
function, linear time dependent curve, periodic sinusoidal, rectangular or tri-
angular signals, impulses superimposed on linear functions, or impulses with
heights that increase proportionally to time.

Further details on electrochemical sensors can be found in the literature
(Rubinstein, 1995; Lacourse, 1997; Christensen and Hamnett, 1994).

3.6 SENSORS WITH OPTICAL WAVEGUIDES

The advantages of applying optical fibers as transducers were summarized
in Chapter 2, Section 2.5. Optical fibers can be made sensitive to a wide va-
riety of phenomena where the basis of operation is that the environmental ef-
fect alters the parameters of the propagating light. Generator-type operation
is also possible, if light is emitted (e.g., chemiluminescence effect). Accord-
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ing to the variable to be measured, the following cases and measurement tech-
niques can be distinguished:

• intensity measurement: the intensity changes of the transmitted, reflected,
or emitted light are followed

• spectrum analysis: the spectral changes of the transmitted, reflected, or
emitted light are followed; since its measurement technique is rather
complicated, it is generally replaced by a simple intensity measurement
within narrow wavelength ranges

• phase shifts of the transmitted or reflected beams may also be followed
by applying monochromatic and coherent beams; in interferometer
arrangements, simple intensity changes are measured

• polarization changes can also be followed by applying linearly polarized
excitation light; using rotating polar filters, intensity measurement can be
made; this type is rarely applied in sensors

Fiber optic sensors can be categorized in many ways. A basic division is
into intrinsic and extrinsic. In the first, the measured parameter causes a change
in the transmission properties of the fiber itself; in the second, the fiber acts
just as a light conductor to and from the sensor.

Figure 3.10 shows a number of optical sensor structures and measurement
arrangements that have widespread application in optical sensorics.

Figure 3.10(a) shows a typical structure of a chemical or biochemical fiber
optic sensor called an optrode (or optode). It consists of two (maybe one or
more than two) fibers for the input light and output light. The operation is
based on the spectral change of the output light caused by different physical
and chemical effects at the tip of the sensor:

• Colorimetric detection is based on the color changes of indicators en-
trapped in the material at the sensor tip (Sadaoka et al., 1991). Practi-
cally, the reflected light spectra are to be measured. A special case of that
method is the simple reflectance/absorbance measurement using a mono-
chromatic light source or a special wavelength region (Czolk et al.,
1992). Sometimes the spectral change is caused directly by the color
change of the analyte of interest.

• Fluorimetric detection is based on the phenomenon of fluorescence
quenching. The absorbed incident light excites a secondary light wave,
the spectrum of which differs from that of the incident light spectrum.
The intensity of the emitted light may vary according to environmental
changes (Wolfbeis, 1991).

• Phosphorescence behavior is a secondary light emission as an answer for
the excitation, however, the emission decays slowly and is present for a
given period of time even when the excitation has already been switched
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FIGURE 3.10. Typical optical sensor structures using optical waveguides: (a) optrode, 
(b) core-based sensor using porous polymer core, and (c) fiber optic sensor with sensitive
cladding; interferometer sensors: (d) transmission type.

(continued)
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out. Not only spectral changes, but also decay time measurements can be
used for analytical purposes (Buerk, 1993).

• Catalyzed light emission caused by chemiluminescence or biolumines-
cence reactions can also be used for sensor purposes. There is no need
for incident input light in this case (Gautier et al., 1990).

Optrodes can be used for the detection of gases, ions, enzyme substrates,

FIGURE 3.10 (Continued). (e) reflection type; and (f) principle of the surface plasmon res-
onance sensor. [Figures (a)–(e): reproduced with permission from Polymer Films in Sensor
Applications by G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, pp.
85–88; Figure (f) reprinted from Sensors and Actuators B by B. Liedberg, I. Lundström
and E. Stenberg, “Principles of Biosensing with an Extended Coupled Matrix and Surface
Plasmon Resonance,” 11, pp. 63–72, ©1993, with permission from Elsevier Science S.A.,
Lausanne, Switzerland.]
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and macromolecules. The active material and the membrane at the tip may
contain immobilized ionophores, indicators, fluorescent dyes, chemi- or bio-
luminescence enzymes, organic adsorbents, etc., according to the application
purposes and operation principles. Immobilizing selective reagents and/or ap-
plying permselective membranes can increase chemical sensitivity and selec-
tivity.

In core-based sensors, the core-analyte interaction is directly utilized as the
basis of operation [see Figure 3.10(b)]. Some core-based sensors use porous
fibers with chemically sensitive reagents immobilized physically or chemi-
cally on the surfaces of the pores to sensitize them to the analyte of interest
(Zhou et al., 1989). Porous fibers may exhibit very high gas permeability and
liquid impermeability so they can be used for the detection of gases in liq-
uids. Vapors permeating into the porous zone can produce a spectral change
in transmission. For better sensitivity and selectivity, colorimetric reagents can
be trapped in the pores. The observed light intensity is a function of the con-
centration of the analyte to be measured, c, and can be expressed as follows:

I � I0 exp[�hlf(c )], (3.9)

where I0 is the intensity of the incident light; h is the extinction coefficient,
both of light absorption and of light scattering; l is the light passing length of
the sensing segment; and f (c) is the concentration of the absorption and scat-
tering centers.

Cladding-based chemical fiber-optic sensors can be made using micro-
porous or other types of sensitive claddings, as shown in Figure 3.10(c)
(Lieberman, 1993). Evanescent-wave refractometric cladding-based sensors
detect the absorption of the species in the polymeric cladding, which leads to
a variation of its refractive index, thus, also to a variation of the overall trans-
mission efficiency of the fiber. Porous polymer cladding-type sensors can be
used, for instance, for humidity measurements (Ogawa et al., 1988). The quan-
tity of moisture absorbed by the microporous cladding varies with humidity.
The optical power level of the transmitted light in the core varies according
to the moisture absorption quantity because of the refractive index change of
the cladding. Another example is the application of organopolysiloxanes as
cladding materials since they can change their refractive index when they ad-
sorb and/or absorb molecules from the surrounding medium (see Section 4.16).
Also, evanescent wave excited fluorescence quenching can be used for detec-
tion. In special cases, the surrounding medium itself plays the role of the
cladding; the decoupling light from a fiber core having no special cladding on
its surface follows the refractive index changes of the environment.

Both conventional fiber-optic and integrated optical interferometers can also
be used as sensors. Their operation is based on the optical interference be-
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tween reference and sensitive light waves. According to the well-known rules
of light interference, the resultant intensity is a function of the difference in
optical path length of the branches, which can be modulated by a change of
either the refractive index or the geometrical length difference between the
paths. Figures 3.10(d) and 3.10(e) show a transmission type and a reflection
type interferometer structure, respectively.

The former is the Mach-Zehnder interferometer consisting of two Y-branches
(Brandenburg et al., 1993). Incoming light is split into two parts that are guided
in the two branches of the interferometer. For sensor applications, one branch
is usually affected by the quantity to be measured, while the other provides the
reference phase. If one of the branches of the integrated structure is covered
with a sensitive polymer film, the refractive index of which is a function of its
surrounding medium, the effective refractive index of this waveguide branch is
a function of the quantity to be measured. Thus, the interferometer acts as a
sensor based on the refractive index modulation caused by the evanescent field
effect in the branch covered with the sensitive polymer.

Figure 3.10(e) illustrates the operation of reflection-type interferometer sen-
sors (Gauglitz et al., 1993). The superposition of the two partial beams re-
flected from the waveguide/polymer and polymer/air interfaces, respectively,
can be influenced either by swelling of the film caused by permeation of gases
and liquids or by adsorption of particles on the top of the film, which will in-
troduce an additional reflection. Moreover, the introduced analyte can inter-
act with the polymer film, thus influencing the value of the refractive index.
Spectral interferometry allows these effects to be discriminated to a certain
extent.

Surface plasmon resonance (SPR) is one of the surface-oriented biosensing
techniques that can be used to monitor biomolecular interactions. Surface plas-
mons are the quanta of plasma waves propagating along a metal interface. Sur-
face plasmons can be excited by light waves when an intensity decrease oc-
curs in the propagating beam; this phenomenon is called SPR. For sensor
purposes, the most used excitation arrangement is the attenuated total reflec-
tion (ATR) or Kretschmann configuration (Kretschmann, 1971). A recently
developed version is shown in Figure 3.10(f) (Lindberg et al., 1993). It con-
sists of a glass chip coated by a thin gold film closed into a flow-through cell.
The surface of the gold is activated by receptor molecules. Plasmons are ex-
cited optically on the metal-glass interface at a characteristic angle of the in-
cident light (sp). In practical arrangements, a convergent light beam falls
through a cylindrical prism onto the sensitive area. The reflected light is de-
tected by a photodiode array, where the critical angle can be determined di-
rectly. The resonance-angle shifts are measured when molecules or clusters
are bound to the receptors. Further chemical reactions of the immobilized mol-
ecules may also be followed.

60 BASIC SENSOR STRUCTURES

CHAPTER03  2/15/00 2:08 PM  Page 60



Further details about optical sensing devices can be found in the literature
(Wagner et al., 1992; Udd, 1991; Dakin and Culshaw, 1988).
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CHAPTER 4

Sensing Effects

There are two basic elements in the operation of sensors. The first is the
physical or chemical interaction between the environment and the sensing ma-
terial altering the material properties (“sensing effect”). The second, the so-
called “transduction mechanism” inside the sensor structure, converts this ma-
terial property change into a useful signal that then holds information about
the environment-material interaction. In this chapter, a selected group of those
sensing effects will be described that may have important roles in biomedical
sensors. The reason for devoting a special chapter for this description is that
many sensors may be built based on similar sensing effects, although they use
different transducer structures and may be used for the measurement of dif-
ferent parameters. Thus, we cannot distinguish all sensing phenomena ac-
cording to the measurand.

4.1 THERMORESISTIVE EFFECTS

The basis of this group of phenomena is that temperature variations vary
the electrical resistivity of conductor and semiconductor materials due to the
temperature dependency of the concentration and/or mobility of the movable
electrical charges inside them (Göpel et al., 1994).

Resistance temperature detector (RTD) is the commonly used term for tem-
perature sensors, the operation of which is based on the positive temperature
coefficient of metals (Macklen, 1979). For many metals, the resistivity via
temperature characteristic, �(T), is approximately linear within a limited range,
i.e.:

�(T) � �o(1 � ��T ) (4.1)
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where �o is the resistivity at a reference temperature, To; � is the temperature
coefficient of resistance, also called TCR, defined as ��/(�o�T ); and �T is
the actual temperature difference related to To (�T � T � To). The above phe-
nomenon can be exploited in temperature sensors made of metal wires, and
in those made of thin- and thick-film conductor materials. The largest and
most reproducible TCR values can be found in materials that are free from
impurities and defects. Platinum RTDs are the most known and well-
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FIGURE 4.1. Typical characteristics of various temperature-dependent resistors.
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standardized types, but other metals, such as copper and nickel, are also used
in low-cost applications.

The term thermistor was introduced for temperature sensitive resistors with
large temperature dependencies that were found at transition metal oxides.
These simple devices are prepared by ceramic processing technology. Because
a negative temperature coefficient of resistance is observed in semiconductor
oxides, such as the precisely controlled mixtures of the oxides of Mn, Co, Ni,
Cu, and Zn, these sensors were named NTC-thermistors. PTC-thermistors have
an opposite characteristic that results from the temperature-dependent electri-
cal properties of grain boundaries in doped piezoelectric (e.g., BaTiO3) ce-
ramic materials. Steep increases of resistance of the latter type make them par-
ticularly useful as self-regulating heating elements, current limiting devices,
etc. The characteristics of the different temperature-dependent resistor types
are compared in Figure 4.1.

The resistivity characteristic of NTC-thermistors can be expressed as fol-
lows:

�(T ) � �oexp(B/T ) (4.2)

where B is the thermistor constant and assumes values in the range of 1500
K to 6000 K; then the TCR ��B/T2 is typically in the range from �4 to
�6%/K. Thus, NTC-thermistors are much more sensitive than RTDs, for
which the best values are 0.68%/K for Ni and 0.392%/K for Pt (but the typ-
ical value is 0.385%/K for Pt). However, the strong temperature dependency
of the TCR in thermistors is a feature not appreciated in a lot of applications.

Other temperature-sensitive resistors made of crystalline materials, mainly
of silicon, have also been developed. Devices based on the closely linear PTC
behavior characteristic for slightly doped silicon were applied in integrated
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microelectronic circuits. The structure of the spreading resistance ther-
mometer is shown in Figure 4.2. The resistance is practically measured be-
tween two strongly doped diffusion islands as two resistor elements between
them and the highly doped film on the bottom, as shown in the figure. Be-
cause silicon processing is applied, the elements may show very good re-
producibility. More about thermal sensors can be found in the literature 
(Ricolfi and Scholz, 1990).

4.2 THERMOELECTRIC EFFECT

A thermoelement (also called a thermocouple) is a junction of two con-
ducting (metal or semiconductor) materials, A and B, electrically connected
at a “hot” point of temperature, T1, (see Figure 4.3). The nonconnected ends
of both legs are kept at another temperature T0 (“cold” point). In an open cir-
cuit, the net current flow through the thermoelement is zero, and a thermo-
electric or Seebeck voltage can be observed between the thermocouple leads
at the cold point. For small temperature differences, this can be approximated
as follows (Göpel et al., 1994):

Us � (�A � �B)(T1 � T0) � �A/B(T1 � T0) (4.3)

where �A and �B denote the Seebeck coefficients (thermopower or thermo-
electric power) of materials A and B. They express specific transport proper-
ties determined by the band structure and the carrier transport mechanisms of
the materials. Us is always created in an electrically conducting material when
a temperature gradient is maintained along the sample, but it cannot be ob-
served with two legs of the same material for reasons of symmetry. Thermo-
couple sensors are widely used in practice. They are standardized and many
types are available that use precious or base metal wire pairs. The stable ref-
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FIGURE 4.3. Schematic representation of the Seebeck effect.
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erence temperature of the cold point is maintained by immersing it into a so-
lution with melting ice. Otherwise, the application of compensating electron-
ics is necessary (for compensating the cold point temperature variations caused
by the environment). More about thermal sensors can be found in the litera-
ture (Ricolfi and Scholz, 1990).

4.3 OTHER THERMOEFFECTS USED IN SENSORS

Since almost all phenomena of nature are temperature dependent, a num-
ber of further principles are available for fabricating temperature sensors. The
most important effects that are used in practical applications are as follows:

• A temperature sensitive capacitor can be made of dielectric materials
with strong temperature-dependent permittivity: (BaSrPb)TiO3-based fer-
roelectric materials are appropriate for these purposes.

• The pyroelectric effect enables an indirect temperature measurement
through the thermal radiation emitted by the measurand object; this will
be discussed in Section 4.6.

• Semiconductor pn-junctions show an analogous effect as thermocouples
(Ristic, 1994). The different electron band structures at both sides causes
a rectifying behavior of the device. This diode has a temperature-depen-
dent voltage-current characteristic:

U � (kT/e) ln(I/I0) (4.4)

where U is the diode voltage, I its current, k the Boltzmann constant, e
the electron charge, and I0 the reverse current. If the supply is a constant
current source, the voltage is a linear function of the absolute tempera-
ture. This ideal behavior is only disturbed by the temperature dependency
of I0. This can easily be compensated in integrated circuits because I0 is a
linear function of the junction area. The latter can be multiplied when
preparing several diffusion islands with the same geometry in the same
silicon substrate. In this way, multi-emitter transistors can easily be pre-
pared with an exact basis-emitter junction area ratio (A1/A2). When con-
necting them as diodes that are driven by the same current (using an ana-
log current mirror, for example), their voltage difference will be
independent of the reverse currents, and only the area ratio will appear in
the result:

�U � U1 � U2 � (kT/e) ln (I01/I02) � (kT/e) ln (A1/A2) (4.5)

Several types of temperature-sensing ICs are based on this principle.
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More about thermal sensors can be found in the literature (Ricolfi and
Scholz, 1990).

4.4 PIEZOELECTRIC EFFECT

Piezoelectric effect is the production of electricity by pressure; more ex-
actly, a polarization change via mechanical strain or stress variation (Kittel,
1981). Practically, it can be measured as a generated voltage between two elec-
trodes. Piezoelectricity occurs only in insulating materials and is manifested
by the appearance of charges on the surfaces of a piece of material that is be-
ing mechanically deformed. It is easy to see the nature of the basic molecu-
lar mechanism involved. The application of stress has the effect of separating
the center of gravity of the positive charges from the center of gravity of the
negative charges, producing a dipole moment. Clearly, whether or not the ef-
fect occurs depends upon the symmetry of the distributions of the positive and
negative charges. This restricts the effect so that it can occur only in those ma-
terial structures that do not have a center of symmetry. For a centro-symmet-
ric crystal, no combination of uniform stresses will produce the necessary sep-
aration of the centers of gravity of the charges (Cady, 1946).

It is clear that the converse effect also exists. When an electric field is ap-
plied to a piezoelectric crystal, it will strain mechanically. There is a one-to-
one correspondence between the piezoelectric effect and its converse. Those
materials in which strain produces an electric field will strain when an elec-
tric field is applied.

In piezoelectric materials, the electric polarization, P, is related to the me-
chanical stress, T, or, conversely, the development of a mechanical strain, S,
is related to an applied field, E. One can define a piezoelectric coefficient, d,
relating polarization to stress and strain to field, respectively, and similarly,
d*, to the converse effect, by (Anderson et al., 1990):

d � (�P/�T)E d* � (�S/�E)T (4.6)

where subscript E indicates that the field is held constant and subscript T in-
dicates that the stress is held constant. In other words, the piezoelectric coef-
ficient is given by the rate of change of polarization with stress at a constant
field. It can be shown by the laws of thermodynamics that d � d*.

Because the polarization and electric field are vector quantities, and me-
chanical stress and strain are second-rank tensors, d must be a third-rank ten-
sor. It will consist of twenty-seven elements, but based on the symmetry, only
fifteen elements will be independent. How many of these will be nonzero de-

70 SENSING EFFECTS

CHAPTER04  2/16/00 8:35 AM  Page 70



pends on the symmetry of the microstructure of the material in question. An
alternative piezoelectric coefficient, g, may also be defined as follows:

g � �(�E/�T)P (4.7)

where the subscript P indicates constant polarization.
Electrical voltage generated by mechanical stress in piezoelectric materials

decays due to the charge dissipation. Thus, it increases with applied force but
drops to zero when the force remains constant. Voltage drops to a negative
peak as the pressure is removed and, subsequently, decays to zero again, as
shown in Figure 4.4. That is why piezoelectric effect can be used for dynamic
processes but not for static pressure measurements in mechanical sensors.

Among the thirty-two classes of single-crystal materials, eleven possess a
center of symmetry and are nonpolar. For these, an applied stress results in
symmetric ionic displacements so that there is no net change in dipole mo-
ment. The other twenty-one crystal classes are noncentrosymmetric, and
twenty of these exhibit a piezoelectric effect. The exception is the cubic sys-
tem that possesses symmetry characteristics that combine to give no piezo-
electric effect. Quartz is a classical example for piezoelectric crystals. Poly-
crystalline and amorphous materials in which the axes of the dipole moments
are randomly oriented show no piezoelectricity. If the axes can be suitably
aligned, a piezoelectric polycrystalline ceramic material [e.g., lead-zirconate-
titanate (PZT) and BaTiO3] or polymers [polyvinylidene-fluoride (PVDF)] can
be produced (Kawai, 1969). The most important parameters of piezoelectric
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FIGURE 4.4. Typical output signal of piezoelectric devices. (Reproduced with permission
from Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing
Co., Inc., Lancaster, PA, p. 97.)
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material examples are compared in Table 4.1. More information about piezo-
electricity can be found in the literature (Anderson et al., 1990).

4.5 ELECTRETS IN CAPACITIVE TRANSDUCERS

An electret is a piece of dielectric material that has permanent polarization.
If the internal leakage current through the dielectric is small, the polarization
remains constant for a long time. By preventing the charge neutralization ef-
fect caused by the surrounding gas molecules, for instance, keeping the elec-
tret in vacuum, the polarization acts as a built-in voltage between two elec-
trodes. If one electrode of the capacitor is deformed by pressure, the
capacitance variation with the built-in voltage induces a measurable voltage
variation when connected into a circuit shown in Figure 4.5 (Baker, 1980).
This is the operation principle of condenser microphones that would need a
high voltage source without the application of electrets (Sessler, 1991).
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TABLE 4.1. The Comparison of Piezoelectric Materials. (Reproduced with
Permission from Polymer Films in Sensor Applications by G. Harsányi,

©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 101.)

Property Unit PVDF Quartz PZT BaTiO3

Density, � 103 kg/m3 1.78 2.6(|d11|) 7.5 5.7
Permittivity, 	r — 12.78 4.58(|d.)) 1200.5 1700.5
|d31|constant 10–12 C/N 23.78 2.3(|d11|) 110.5 78.5
g31 constant 10–3 Vm/N 216.78 — 10.5 5.5

FIGURE 4.5. Operation principle of electret-based acoustic sensors. (Reproduced with
permission from Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic
Publishing Co., Inc., Lancaster, PA, p. 104.)
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Electrets can be fabricated from insulating materials using a poling process,
which may be performed by field-assisted heat annealing or electron injec-
tion through corona discharge or electron beam scanning. It has been shown
that the conductivity of the electron-penetrated areas rises at charge injection
poling methods, but after the process, this conductivity decreases by several
orders of magnitude, and the materials would require years for charge redis-
tribution (Gross et al., 1987). The charged particles are closed into conduc-
tion traps. Levels of breakdown strength of the dielectric, not the density of
trap sites, seem to limit capabilities for charge storage. The persisting be-
havior of the relative charge density is a function of the material. Polytetra-
fluorethylene (PTFE) and SiO2 system traps retain charge indefinitely,
whereas those in a number of other materials decay relatively quickly (Baker,
1980). More about electrets can be found in the literature (Baker, 1980;
Sessler, 1991).

4.6 PYROELECTRIC EFFECT

When piezoelectric materials are under stress, the centers of gravity of the
positive and negative charges are separated, forming an electrostatic dipole
and, hence, polarizing the film. In electrets, the centers of gravity of the pos-
itive and negative charges are separated, even without applying a stress. These
will exhibit spontaneous polarization, which means that there must be per-
manent electrostatic charge on the surfaces of the film, with one face positive
and another negative depending on the direction of the polarization vector.
However, the observer would not, in general, be aware of these charges be-
cause the atmosphere normally contains sufficient free positive and negative
ions to neutralize the free surface charge by being attracted to and adsorbed
on the surface (Whatmore, 1986).

Spontaneous polarization will be a strong function of temperature, since
the atomic dipole moments vary as the crystal expands or contracts. Heating
the crystal tends to desorb the surface neutralizing ions as well as change the
polarization, so that a surface charge may then be detected. Thus, the crys-
tal appears to have been charged by heating. This is called the pyroelectric
effect.

The electric field developed across a pyroelectric crystal can be remarkably
large when it is subjected to a small change in temperature. We define a py-
roelectric coefficient, p, as the change in flux density, D, in the crystal due to
a change in temperature, T, i.e. (Anderson et al., 1990),

p � �D/�T (4.8)
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Using a capacitor, the pyroelectric voltage signal �U is as follows:

�U � pd�T/	r	0 (4.9)

where 	r	0 is the permittivity, and d is the thickness of the pyroelectric film.
When the temperature changes, an excess charge appears on one of the polar
faces, and a current will flow in the external circuit. The sense of the current
flow depends on the direction of the polarization change. After the initial surge,
the current fades exponentially with time and eventually falls to zero until an-
other temperature change comes along; this is very similar to the time-
dependent behavior of piezoelectric materials.

Pyroelectric films can be used to detect any radiation that results in a change
in temperature of the film but are generally used for infrared detection. Be-
cause of its extreme high sensitivity, a temperature rise of less than one-thou-
sandth of a degree can be detected. The detector must be designed so that the
heat generated by the radiation does not flow away too quickly. The per-
formance characteristics of the sensors depend on the sensing material, the
preparation and geometry of the electrodes, the use of absorbing coatings, the
thermal design of the structure, and the nature of the electronic interface as
well. Since the output is rate-of-change-dependent, the radiant flux incident
upon the sensor must be chopped, pulsed, or otherwise modulated.

Important parameters of the materials are the heat capacity per volume, cth,
the heat conductivity, gth, and the penetration depth, l, of the temperature wave
in the pyroelectric material at a given modulation frequency (typically 25 Hz).
In high accuracy measurements and thermovision applications these parame-
ters have great importance; they influence sensitivity and resolution. Table 4.2
lists the most important properties for some pyroelectric materials (Ploss and
Bauer, 1991). More information about pyroelectricity can be found in the lit-
erature (Anderson et al., 1990).
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TABLE 4.2. Material Data for Common Pyroelectric Materials. (Reproduced
with Permission from Polymer Films in Sensor Applications by G. Harsányi,

©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 106.)

Property PVDF NaNO2 LiTaO3 TGS*

p(10–4 Cm–2K–1) 0.25 0.4 1.8 2.8
Permittivity, 	r 9.25 4.0 47.8 38.65
cth (106 Jm–3K–1) 2.3 2.2 3.2 2.3
gth (W/mK) 0.14 2.2 3.9 0.65
l (
m, at 25 Hz) 28.25 110.0 90.8 55.65

*TGS � Triglycine sulphate
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4.7 PIEZORESISTIVE EFFECT

It has been well known for several decades that metal films, semiconduc-
tors, and CERMET film resistors are characterized by a resistance variation
when mechanical stress and/or strain is applied. This is due to the superposi-
tion of two effects: one is the resistivity change versus stress (piezoresistivity)
and the other is a pure geometrical effect caused by deformation (geometrical
piezoresistivity). More recently, it has been noted that polymer thick-film (PTF)
resistors screened and cured on epoxy-glass or polyimide substrates present a
notable sensitivity to deformation. If a mechanical stress, T, is induced on a re-
sistor, the resistivity (�) change can be expressed as follows:

��/� � � � T (4.10)

where � is the piezoresistivity coefficient. The behavior of anisotropic single
crystals (such as silicon) can be explained using a tensor form of Equation
(4.10).

The deformation sensitivity of a resistor can be described with the gauge
factor that is defined as the ratio of the fractional change in resistance to the
fractional change in geometrical sizes (Prudenziati, 1994):

G � (�R/R)/(�l/l) (4.11)

where l is the resistor length. If the current is parallel to the strain, the longi-
tudinal GL, and if the current is perpendicular to the strain, the transverse GT

gauge factors can be defined. For isotropic film resistors, their difference is
determined by the Poisson ratio () of the substrate and is independent of the
physical properties of the resistor material:

GL-GT � 2(1 � ) (4.12)

In metal film resistors, the change in resistivity is negligible. The basis of op-
eration of a strain gage that consists of a metal alloy deposited onto flexible
polymer substrates relies basically on a geometrical effect. The high gauge
factor of diffused silicon and CERMET (ceramic-metal composite) thick-film
resistors, however, cannot be explained by pure geometrical changes. In sili-
con and thick-film resistors, the real piezoresistive effect is present, which can
be explained by the change of the lattice constant in silicon and by the tun-
neling of electrons between conductive grains in thick-film composite mate-
rials. Table 4.3 gives a comparison of the most important parameters of the
different piezoresistors (Forlani and Prudenziati, 1976; Harsányi and Hahn,
1993).
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76 SENSING EFFECTS

The piezoresistive effect is the basis of operation in the majority of me-
chanical sensor types, including pressure and acceleration sensors. Compared
to the piezoelectric effect, the great advantage of the piezoresistive effect is
that static pressure and force measurement can be accurately realized. More-
over, the interference of the pyroelectric effect is not present, however, tem-
perature dependency and long-term stability are important parameters when
designing piezoresistive mechanical sensors (Harsányi, 1991).

More information about piezoresistivity in silicon can be found in the book
by Göpel et al. (1994), about piezoresistivity in thick films in the book by Pru-
denziati (1994), and about mechanical sensors in the book by Benedict (1984).

4.8 HALL EFFECT

The Hall effect is widely and conventionally used in several types of mag-
netic sensors. The basic structure is shown in Figure 4.6. Assuming that l � w,
the carriers of the electric current through the conducting or semiconducting
sample will flow parallel to the length at the center of the device. Therefore,
an electric field perpendicular to the current direction appears to compensate
the Lorentz force acting on the carriers that are moving perpendicular to the
magnetic field. The Hall voltage appearing on the Hall electrodes is as fol-
lows (Ristic, 1994):

UH � RHIB/t (4.13)

where I is the current, B the magnetic field, t the thickness of the sample, and
RH the Hall constant. The Hall voltage improves for a material with high mo-
bility, low conductivity (e.g., GaAs, InSb), and thin device geometry. More
about magnetic sensors can be found in the book by Boll and Overshott (Boll
and Overshott, 1989).

TCR Long-term Relative
Resistor Type G (ppm/°C) Stability Cost

Metals 2 20 excellent high
Thin films 50 0–20 very good high
Semiconductors 50 1500 good medium
Thick Films 10 50 very good medium
PTF 10 500 poor low

TABLE 4.3 Properties of Piezoresistor Types. (Reproduced with Permission
from Polymer Films in Sensor Applications by G. Harsányi, ©1995,

Technomic Publishing Co., Inc., Lancaster, PA, p. 120.)
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4.9 FURTHER METHODS OF SENSING MAGNETIC FIELDS

The magnetoresistive effect occurs when the resistance of solid-state de-
vices changes with the applied magnetic field (Göpel et al., 1994). There are
two causes of the resistance change: change in the resistivity of the material
and change in the current path of the magnetic field. In a magnetic sensor,
such as a magnetoresistor, both effects contribute to the change in the resis-
tance value. A large change in resistivity requires high mobility, and InSb is
the only candidate for such magnetoresistors among semiconductor materials.
On the other hand, in ferromagnetic materials, such as Ni-Co and Ni-Fe, the
second type of magnetoresistive effect is commonly used because of the spon-
taneous magnetization of these materials in a relatively low magnetic field.
The current path changes according to domain structure redistribution under
varying magnetic fields.

Magnetic induction is also an obvious method for sensing a magnetic field.
It can be realized by employing simple coils. According to the nature of the
effect, however, only changes can be detected, or alternating fields can be 
measured. More about magnetic sensors can be found in the book by Boll and
Overshott (Boll and Overshott, 1989).

4.10 SUPERCONDUCTING QUANTUM INTERFERENCE
DEVICE (SQUID)

SQUIDs are the most sensitive devices for sensing magnetic fields; their
detection limit is in the femtoTesla range. For a better understanding of the

FIGURE 4.6. Schematic representation of the Hall effect.
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quantum effect that is the basis of their operation, a short refresher on super-
conductivity seems to be unavoidable.

The superconducting state is typical for certain conducting materials at
cryogenic low temperatures. Its two independent main characteristics are zero
resistivity and ideal diamagnetic behavior (when a superconductor material
practically excludes the magnetic field). Superconductivity can be reached
near zero K in metals, but in high-temperature superconducting (HTS) ce-
ramics, it can be reached near 100K. The great advantage of HTS ceramics
is that they are already in the superconductor state when cooled with liquid
nitrogen.

The corpuscular explanation of superconductivity is that the electrons are
forming Cooper pairs due to the electron-phonon interaction inside the mate-
rial, and these pairs have integer spin numbers. Thus, they follow the Bose-
Einstein statistics instead of the Fermi statistics. The superconductive state can
be destroyed not only by temperature elevation, but also by the magnetic field
even when induced by the supercurrent itself, if these quantities exceed their
critical values.

A special device, a Josephson junction, can be fabricated if a thin insulat-
ing layer is formed between two superconductors. Conduction through the in-
sulation is possible by the tunneling of the Cooper pairs; this is the basis of
operation. The current-voltage characteristic of the device is very sensitive to
the external magnetic field and to high-frequency electromagnetic waves. The
critical current density ( jc) of the junction is modulated by the external mag-
netic flux (�) passing through its area:

sin � � �

�0

� � �

�0

jc � j0 � (4.14a)

where j0 is the value with zero external flux, and �0 is the “fluxon,” the quan-
tum of the magnetic flux (� h/2e, here h is the Planck constant, and e is the
elemental electrical charge). This variation is similar to the Fraunhofer dif-
fraction pattern of light waves passing through a single slit, and this is why
the phenomenon is called quantum interference.

A SQUID is a superconducting loop containing one or two Josephson junc-
tions (Wikswo, 1995). A RF (radio frequency) SQUID uses a single junction
that is connected into a superconducting loop; a RF current bias is inductively
coupled to the SQUID to measure its impedance. A DC SQUID uses a su-
perconducting loop with a pair of Josephson junctions, and a DC current is
applied directly to the SQUID to measure the loop impedance [see Figure
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5.28(a)]. The overall current (I) of the loop is a quasiperiodic function of the
magnetic flux; thus, it is sensitive to magnetic field variations:

I � I01 � cos � I02 (4.14b)� � �

�0

where I0i represent parameters characteristics for the SQUID.
Early SQUIDs applied conventional superconductor-based Josephson junc-

tions such as Nb/Al/AlOx/Nb structures, while the newer ones apply HTS ma-
terials [e.g., YBa2Cu3O7 (YBCO) or Tl2Ba2CaCu2O8 (TBCCO)] as thick or
thin films deposited onto insulator substrates. More about SQUIDs can be
found in the literature (Wikswo, 1995).

4.11 RADIATION INDUCED EFFECTS AND RELATED
SENSOR STRUCTURES

The effects of various radiation types (electromagnetic and nuclear), which
can be detected by sensors, can be separated into two main groups (Norton,
1982):

• thermal effects: the absorption of the energy transmitted by the radiation
results in the increase of the temperature of the absorbing object, which
enables an indirect detection (e.g., by the use of temperature sensors in
bolometers, or of pyroelectric materials in pyrodetectors).

• quantum effects: the basis is an energy exchange between the quanta of
radiation and the particles inside the sensor structure, which results in
measurable changes (e.g., when photons of the radiation pass energy to
electrons resulting in an ionization effect in gases or electron-hole gener-
ation inside solid-state semiconductors, or other effects)

Thermal effects require indirect transduction mechanisms based on tem-
perature change measurements that are discussed in the previous sections.
Quantum effects are different from thermal effects and will be described in
this section.

At first, the effects caused by visible light and electromagnetic radiation
with wavelengths near the visible ranges [i.e., infrared (IR) and ultraviolet
(UV)] will be described. The quantum effect resulting in free movable elec-
trical charge generation is used as a sensing effect in almost all photosensors.
The structures of the most important types are shown in Figure 4.7:

• The conventional photoelectron multiplier (PEM) is a vacuum tube [see
Figure 4.7(a)] applying the photoelectron emission of metal surfaces for
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FIGURE 4.7. Basic photosensing effects and related sensor structures: (a) photoelectron
multiplier (PEM), (b) photosensitive resistor, (c) photovoltaic cell, (d) photodiode, (e) photo-
transistor, (f) photosensitive MOSFET, and (g) charge coupled device (CCD) and its charge
transfer mechanism.
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transduction. Electrons are emitted from the cathode when photons im-
pinge on it. The electrons are ejected from the cathode surface when the
energy of the radiation quanta is greater then the work function of the
cathode material. In the PEM tube, additional electrodes (dynodes), at
subsequently higher positive potential, are located between cathode and
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anode so as to amplify the electron current by means of secondary emis-
sion from the dynodes. The electrons are collected by the anode and
cause a current flow that can be used to produce an output voltage im-
pulse on the load resistor that is connected in series with the anode. De-
spite its large size and the necessary high voltage, the PEM has unique
advantages, such as low noise and great sensitivity.

• Photoconductive sensors [photoresistors, see Figure 4.7(b)] are made of
semiconducting materials that reduce their resistance in response to in-
creased illumination. This change results from the electron-hole genera-
tion that is created by the absorption of the energy of incident photons.
Polycrystalline films (e.g., lead salts and InSb), as well as single crystals
(such as doped Ge and Si), are used as photoconductor materials. A pop-
ular example is the CdS “cell” used in many cameras.

• Photovoltaic sensors [see Figure 4.7(c)] are generator-type devices; they
require no external excitation power. Their output voltage is a function of
the illumination of a junction between two dissimilar materials. The junc-
tion acts as a potential barrier across which electron flow is excited by
incident photons. Several types of material pairs exhibit the photovoltaic
effect, such as Fe-Se, Cu-CuO, and polycrystalline Se-CdO (used in the
popular selenium cells). Single-crystal semiconductor photovoltaic cells
employing doped Si, Ge, or CdSe use a pn-junction as their potential bar-
rier. In a variant of this, the junction is formed by an n-type glass (phos-
phosilicate glass) deposited on a p-type single-crystal silicon. The wide
variety of available materials enables the creation of photovoltaic cells
that are sensitive to various wavelength ranges. InAs-, InSb-, PbSnTe-,
and HgCdTe-based cells are sensitive within the IR range and, in order to
improve the signal-to-noise ratio, are operated at cryogenic temperatures
(typically at 77 K).

• Photodiodes [see Figure 4.7(d)] are also based on semiconductor pn-junc-
tions. They apply the current-voltage characteristic shift of the device due
to the electron-hole generation caused by the absorbed light. The reverse
biased current of the diode is measured. The devices have a built-in field
that enables them to operate in the photovoltaic cell mode, but they per-
form better in the photoconductive mode. Photodiodes often apply Si or
Ge pn-junctions and compound semiconductors with heterojunctions. De-
vices operated within the visible range are based on compound semicon-
ductors

• Phototransistors [see Figure 4.7(e)] are light-sensitive pnp- or npn-junc-
tions based on photodiodes but they also provide inherent amplification
of the photocurrent.

• An intrinsic region (which defines the depletion layer) characterizes the
PIN diodes between the p- and n-type regions. Their operation is based
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on the excitation of electron-hole pairs in the intrinsic layer, which is
caused by photons received at the surface of the p-type region. Because
the photons are passing through the intrinsic layer generating secondary
electron-hole pairs, generation efficiency is improved compared to that of
the simple photodiode. The main advantage of PIN diodes is that due to
the small reverse biased capacitance, they have an extremely short
switching time.

• Avalanche photodiodes (APDs) are depletion-layer photodiodes operated
with a bias voltage at which electron-hole multiplication will be induced
by the avalanche effect. The avalanche effect produces significant ampli-
fication of the photocurrent with negligible noise. The operation of these
devices is similar to that of the PEM tubes, and they have often been re-
ferred to as “silicon avalanche PEMs.” They can be integrated with am-
plifier units.

• Photosensitive MOS transistors [see Figure 4.7(f)] can be created by an
appropriate doping of the channel region (typically with Au) of a MOS
transistor in order to form electron-hole generation centers inside of it.
This can be detected as a threshold voltage shift and/or as a channel re-
sistance variation (see Section 3.2).

• Charge-coupled devices (CCDs) are advanced sensor elements in image
transfer processing (Ristic, 1994). Their structure and charge coupling
operation is illustrated by Figure 4.7(g). The charge induced by the inci-
dent light can be transferred by an appropriate series of impulses given
on the gate electrode system developed on the top of the MIS (metal-
insulator-semiconductor) structure. The readout can be performed at a lo-
cation far from the generation site.

More information about optical sensors can be read in the book by Norton
(1982) and in the book by Wagner (Wagner et al., 1992).

Nuclear radiation is the emission of charged and uncharged particles and of
electromagnetic radiation from atomic nuclei (Norton, 1982). Charged parti-
cles include �- and �-particles, and protons. Uncharged particles are neutrons.
Gamma rays and X rays are forms of nuclear electromagnetic radiation.

Nuclear electromagnetic radiation photons have many effects similar to
light, however, because of their higher energy, they have some specific inter-
actions as well. The most important atomic interactions are illustrated in Fig-
ure 4.8 (Kittel, 1981):

• In the photoelectron effect [see Figure 4.8(a)], free electrons are gener-
ated by the incident radiation, leaving ions behind. That means genera-
tion of electron-hole pairs in solid states and ionization in gases. Sec-
ondary electromagnetic radiation may also be generated by the
redistribution of electrons.
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• Compton scattering is the elastic scattering of photons on electrons [see
Figure 4.8(b)]. The Compton electron is set in motion by interaction with
a photon. The energy loss of the photon results in a frequency shift. Also,
the direction of movement may change.

• Gamma photons with energies above 1.02 MeV may induce electron-
positron pair generation when scattering on the internal electromagnetic
field of the atoms [see Figure 4.8(c)].

Nuclear particle radiation may result in a number of corpuscular interac-
tions. The phenomenological sensing effects are, however, the same or very
similar to those of electromagnetic radiation. They can be distinguished into
the following groups (Van der Ziel, 1982):

• ionization effect: Incident radiation results in the ionization of gases that
can be detected as a current impulse between electrodes in a closed
chamber filled with a specially optimized gas mixture. The basic device
for detection is called an ionization chamber. Proportional counters are
operated at voltages high enough for multiplication; thus, the output
pulses are proportional to the energy of the incident particle. Geiger
counters are operated at higher voltages, in the Geiger plateau range,
where the collected charge is entirely independent of the amount of initial
ionization (Norton, 1982).

• light emission: Corpuscular interactions may also cause a secondary light
emission. In fluorescence quenching, redistribution of the electrons on the
outer electron shells of the excited atoms results in the emission of elec-
tromagnetic radiation. This phenomenon is used, for example, in X-ray

FIGURE 4.8. Corpuscular interaction mechanisms of high-energy (�- or X-ray) photons
scattering on atoms: (a) photoelectric effect, (b) Compton effect, and (c) electron-positron
pair generation.
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image amplifier tubes utilized for real-time X-ray imaging in biomedical
applications. The incident X rays excite a fluorescent screen and the large
area photocathode, which emits electrons due to the photoelectron effect,
absorbs the emitted secondary photons. Applying appropriate electron op-
tics allows the image to be transferred onto a monitoring screen. Scintil-
lation generally means the emission of light by a photoluminescent mate-
rial (called phosphor) due to the incidence of ionizing radiation upon the
material. It is actually a result of real-time fluorescence excited by photo-
electrons. (Compton electrons mean that there is a disturbing effect in
scintillating crystals.) This phenomenon is used in scintillation detectors
that consist of a scintillation material and a photosensor. PEM is an of-
ten-used transducer in scintillation detectors, however, solid-state detec-
tors (SSDs) are preferred in new devices. A number of transducers from
the SSD group, ranging from photoconductors to CCDs, have already
been applied. Solid scintillation materials are also preferred in these de-
tectors instead of classical scintillation solutions. A conventional scintilla-
tion crystal is sodium-iodide (NaI); newer types of scintillation crystals
include bismuth-germanate (BGO � Bi4Ge3O12) (Melcher et al., 1985),
cadmium-tungstanate (CWO � CdWO4) (Miyai et al., 1994), and
lutetium-orthosilicate (LSO) (Melcher and Schweitzer, 1992). The detec-
tors are often referred to using the crystals’ abbreviations. For example, a
BGO detector means that it is a scintillation detector using a piece of
BGO crystal.

• Electron-hole generation in solid-state semiconductors: The effect of
electron-hole generation is basically the same as that of the light sensors,
but there can be difficulty in reaching the appropriate generation effi-
ciency inside the materials. Both intrinsic Si (i-Si) and Ge (HPGe � high
purity germanium) single crystals found applications as radiation-sensi-
tive resistors. The advantage of Ge is its better electron-hole pair-genera-
tion efficiency, but, due to the rather large dark current, cryogenic opera-
tion temperatures should be applied. Certain compound semiconductors
have also found applications in nuclear detectors, such as CdTe and
CdZnTe. The sensors operated with CdZnTe material are often called
CZT detectors. Extrinsic pn-junction detectors can also be used. A shal-
low diffusion pn-junction in Si is one of the typical structures. The other
is the surface barrier type with an nSi-pSiO2-Au multilayer structure,
where the oxide is a rather thin, almost monomolecular film. The lithium-
ion-drifted Si(Li) and Ge(Li) detectors are actually PIN diodes. Lithium-
ions that act as high mobility donors (n-type dopants) are drifted into a 
p-type material in the presence of a high-electricity field and an elevated
temperature (called field-assisted diffusion). The Li ions electrically com-
pensate the acceptor sites, thus, forming an intrinsic region (Rossington
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et al., 1993). These devices also should be operated at cryogenic tempera-
tures (at 77 K).

More information about nuclear sensors can be found in the literature (Nor-
ton, 1982).

4.12 ADSORPTION AND ABSORPTION OF
CHEMICAL SPECIES

A chemical microsensor can be defined as the combination of a physical
transducer with a chemically selective thin film. The physical transducer by
itself cannot directly detect the analyte molecules in the phase being moni-
tored. Instead, the transducer senses changes in the physical properties of the
layer on its surface. It is the sorption of analyte molecules or charged parti-
cles from the gas or liquid phase and the resulting modification of the sensed
properties of the selective layer that result in the detection of the species in
the measurand phase. Thus, the sensor’s response is dependent on two con-
ceptually distinct processes, sorption and transduction.

Two types of sorption can be distinguished that are useful for sensing. Ad-
sorption is the collection of species on a surface. In absorption, adsorbed
species dissolve in the bulk of the material. Absorption is dependent on the
strengths of various fundamental interactions of the absorbed species and the
sorbent material. Both processes are reversible, while in chemisorption, a sta-
ble new compound is formed on the surface. Thus, chemisorption is irreversible
and is not useful for conventional sensor applications. (Affinity biosensors are
exceptions, see Section 7.2.) In sensor applications, bulk absorption can col-
lect a higher amount to a sensor surface than surface adsorption, thus offer-
ing higher sensitivity. In addition, sensors based on absorption have greater
resistance to surface contamination that can degrade the performance of sen-
sors that rely entirely on surface adsorption for their selectivity. On the other
hand, adsorption-based sensors offer much better response times (Grate et al.,
1995).

The sorbent film may produce several parameter changes:

• The sorbed species alter the overall mass of the film, thus, they also alter
the overall mass of the transducer.

• Changes in electrical parameters, such as permittivity and/or resistivity,
may occur.

• When charge exchanges are induced, a surface potential may develop.
• Variations in acoustic wave propagation properties may be caused.
• Changes in optical properties can also be imagined, such as refractive in-

dex or color changes, etc.
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• In certain types of films (mainly polymer), the thickness of the layer may
have a measurable variation due to the polymer swelling process.

The interaction between the recognition sites of the sensitive layer and the
particles to be detected adjusts the concentration at the surface and in bulk
sites. In adsorption and absorption processes, the concentrations within and/or
on the sensitive film correspond to the concentration in the analyte after it
reaches the thermodynamic equilibrium state. This effect makes it possible to
obtain a signal that varies depending on analyte concentration. At adsorption,
the surface coverage (the number of adsorbed molecules related to the total
number of adsorption sites per unit area) of the component i, �i, can be ex-
pressed conventionally by the Langmuir isotherm:

�i �
1 � � bj � pj

(4.15)bi � pi

where pi represent the partial pressure values of the components that are pres-
ent, and bi represent temperature-dependent constants. This equation is some-
what more complicated when the adsorbed molecules dissociate on the sur-
face (Mandelis and Christofides, 1993).

Bulk absorption leads to the enrichment of species in the sensitive film with
respect to the gas phase. This may be described by a temperature-dependent
equilibrium constant that is denoted as a partition coefficient:

K � cab/cg (4.16)

i.e., the ratio of the concentration of molecules in the film (cab) and the ana-
lyte (cg).

Surface and bulk contributions may be separated quantitatively if the over-
all concentration of the molecules is related to the surface area (cs) and is de-
termined for the sensitive layers with various thicknesses. If the number (N)
of ad- and absorbed molecules is determined experimentally by measuring the
mass change (�m) of a quartz microbalance (N � �m NL/M), the value of cs

may be calculated as follows:

cs � N/A� �m NL /MA (4.17)

where A is the area of the sensitive layer, NL is the Loschmid number, and M
is the molecular weight of the molecules to be detected. For combined ad-

j
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and absorption processes, the concentration cs is a linear function of the thick-
ness of the layer d:

cs � cad � dcab (4.18)

Then, surface (cad) and bulk concentrations (cab) can be determined from the
intercept and the slope in a cs-d plot, respectively. More information about
this topic can be found in the research conducted by Grate, Göpel, and Schier-
baum (in Harsányi, 1995).

4.13 SELECTIVE MOLECULAR RECEPTORS

Polymers and supramolecular compounds play an increasing role in selec-
tive chemical sensing. They may offer extreme selectivity properties and high
flexibility. Two different model systems can demonstrate the basis of selec-
tive detection. Polymers, like polysiloxanes, utilize the selective bulk absorp-
tion of molecules that corresponds to their permselective properties due to spe-
cific built-in organic side chains. Supramolecular compounds, like calixarenes
that are bound generally to polymeric surfaces, utilize the incorporation of
molecules in cages built of cyclic organic molecules (Schierbaum and Göpel,
1995).

The structure of polysiloxanes consists of a polymeric [RR�Si-O-] “net-
work” with different organic groups R and R�. The geometric structure of the
simplest polysiloxane with R�R��CH3, i.e., polydimethylsiloxane (PDMS),
is well known. At very low temperatures, short-range order forces lead to a
helical conformation of the Si-O chain over several atomic distances. How-
ever, the geometric structure of the polysiloxane matrix offers a statistical time-
dependent structure and, hence, a distribution of recognition “sites” for or-
ganic molecules. The sites are formed by the short-range ordering of small
intercepts of the RR�Si-O-chains and may turn around an individual solvent
molecule [see Figure 4.9(a)].

As a “model system” of supramolecular compounds, we consider cal-
ixarenes, which consist of several aromatic rings (in particular, four rings with
tertbutyl and isopropyl groups in para-position of the phenolic OH group are
considered here) condensed with methylene (-CH2-) groups to form macro-
cycles of different sizes [see Figure 4.9(b)]. For this relatively small
calix[4]arene molecule, the geometry of the recognition site does not change
significantly upon interaction with guest molecules. To a good approximation,
this compound has a time-independent structure. Since the “calyx” of
calix[4]arenes has a well-defined, but small, size and a limited torsion flexi-
bility of the dihedral angle around the methylene groups, these molecules are
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expected to exhibit a pronounced shape selectivity for the incorporation of dif-
ferent solvent molecules. More about this topic can be found in the literature
(CIBA, 1991).

4.14 PERMEATION THROUGH MEMBRANES

Because the principal function of a polymeric membrane is to act as a vari-
able resistance to the passage of permeating species, its most important char-
acteristics, to which all others must be considered secondary, are permeabil-
ity and permselectivity. Permeability is a measure of the rate at which a given
species permeates a polymeric barrier, and permselectivity is a measure of the
rates of two or more species relative to one another. The following consider-
ations are valid mainly for gas permeation, but they can easily be applied for
the other process types (Harsányi, 1995).

Permeation is a function of two factors: diffusion and solubility. Because

FIGURE 4.9. Examples of selective chemical sensing mechanisms: (a) selective bulk ab-
sorption in polysiloxanes and (b) molecular recognition with supramolecular cages of cal-
ixarenes (reproduced with permission from “Polymer Films in Sensor Applications” by 
G. Harsányi ©1995, Technomic Publishing Co., Inc., Lancaster-Basel, p. 153)
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the solubility of various analytes within a solid membrane generally varies by
less than two orders of magnitude, whereas permeability can vary by as many
as five orders of magnitude, it is apparent that gas permeation is primarily a
diffusion-controlled process.

The phenomenon can be described according to the model shown in Fig-
ure 4.10. The two compartments with partial pressures p1 and p2 are separated
by the membrane. The equilibrium distribution of a vapor between the gas
phase and a sorbent polymer is given by the partition coefficient defined by
Equation (4.16). Accordingly,

p1M � Kp1 and p2M � Kp2 (4.19)

where piM represent the partial pressures (concentrations) in boundary regions
of the membrane. The particles are transported through the membrane because
of the diffusion caused by the concentration difference. The material current
density can be expressed according to Fick’s law:

J/A � D( p1M � p2M)/t � DK( p1 � p2)/t (4.20)

where D is the diffusion coefficient, t is the thickness of the membrane, J is
the material current, and A is the area of the membrane surface. The perme-
ability constant, P, which is characteristic for a permeant system, can be de-

FIGURE 4.10. Schematic model of gas permeation through polymeric membranes. (Re-
produced with permission from Polymer Films in Sensor Applications by G. Harsányi,
©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 174.)
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fined as the ratio of the flux of the gas or vapor to the concentration gradient
across the thickness of the membrane:

J/A � P( p1 � p2)/t (4.21)

thus, it can be expressed with the diffusion and partition coefficients: P � DK.
Permselectivity can be defined as a separation factor, �AB, that is, the ratio

of permeabilities for components A and B:

�AB � PA/PB (4.22)

More information about this topic is available in the literature (Kesting, 1971).

4.15 ION-SELECTIVE MEMBRANES

Potentiometric ion-selective electrodes are based on the development of a
double layer of electrical charges on their surface. For example, in glass pH
electrodes, the adsorbed film of H� ions and the developed neutralizing
charges inside the electrode form the two layers. In thermodynamic equilib-
rium, the Nernstian-potential development is characteristic of the ionic activ-
ity inside the solution (see Section 3.5.1).

In the new highly selective polymer membranes, an ion penetration into the
membrane material should be supposed (Armstrong and Horvai, 1995). The
ion-membrane interaction has a determining role in the development of the
electrode potential. These polymer membranes generally consist of the fol-
lowing compounds:

• A polymer is the basis material (generally PVC).
• Plasticizers primarily provide the required mobility for sufficient fast ki-

netics of the ion exchange and/or ion extraction at the phase boundary of
the membrane and the sample. To some extent, plasticizers may also take
part in and influence the stability of the ion/ionophore complex, thus in-
fluencing the selectivity pattern of the membrane.

• Ionophores introduce the desired electrochemical properties; they can
form complexes with the ion to be sensed selectively. Conventionally,
ion-exchanger salts were used for this purpose; currently, neutral ion car-
rier ligands are preferred.

• A salt of the primary ion must be present for the reversible operation.
• Other compounds on and/or under the membrane, such as supramolecular

receptors, permselective films, hydrogels, polyelectrolites, or electrocon-
ductive polymers may also be added in order to improve selectivity and
stability properties.
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The ion/ionophore complexion process is responsible for the double-layer
formation and, thus, for the Nernstian electrode potential response. The pos-
sible mechanism types are as follows:

• in the case of ion exchangers

Io1Io2(M) � I�(W) � C�(W)
Cc Io1

�I�(M) � Io2
�(W) � C�(W) (4.23)

• using neutral ion carriers

L(M) � H2O(W) � I�(W) Cc IL�(M) � OH�(M) � H�(W) (4.24)

where I is the ion to be detected, C is its counterion in the solution, Io is the
ion exchanger, L is the ligand neutral carrier, and W and M refer to the aque-
ous and membrane phase, respectively.

In newer ion-selective sensors, the application of neutral ion carriers is pre-
ferred. They do not disturb the analyte composition due to the ion extraction
and their complexing mechanism is based not only on simple electronegativ-
ity but on secondary chemical bonding forces due to their molecular structure
as well. Thus, better selectivity properties can be reached. A wide selection
also enables the sensing of a variety of simple and complex ion types. More
about ion-selective membranes can be found in the research conducted by
Armstrong and Horvai [in the book by Harsányi (1995)].

4.16 CHEMICAL-OPTICAL TRANSDUCTION EFFECTS

Fiber-optic sensors are based on a great variety of transduction effects; a
complete description of them is not possible here. However, the most impor-
tant chemical transduction effects can be distinguished in a few well-defined
groups (Harsányi, 1995) as follows.

Colorimetric sensors can be built from materials showing color changes for
some kind of environmental effect. This can be measured as an absorbance
variation of an active film. Optical ion sensors, mostly ion optrodes, are based
on the ion-concentration-dependent changes of optical properties in thin ion-
permeable films. Colorimetric pH sensors can easily be fabricated directly
from acid base indicators or from their combination. The indicator dye mol-
ecule when protonated is in its acidic form, HI, and is always in equilibrium
with its base form, I�, through the process HIRKrI��H�, where K is the
chemical equilibrium constant. According to the definition of pH, the follow-
ing relationship exists: pH�pK-log([HI]/[I�]), where pK is the negative log-
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arithm of the equilibrium constant K, and the angular brackets represent con-
centrations. Figure 4.11 shows, as an example, the pH-dependent absorbance
spectra of phenol red. The largest sensitivity value can be reached near the
540 nm wavelength; thus, the light source LED should be operated around
this wavelength. This type of optrode may be operated within the pH range
of 6–8. The absorbance [A � ln(Iin/Iout), I denotes light intensity] via pH char-
acteristic is given in Figure 4.12. Supposing that the absorbance changes are
due to the scattering on acid formed dyes, and putting its concentration [I�]
into the Lambert-Beer equation [see Equation (3.9)], their relationship can be
expressed as follows:

pH � pK � lg[hcl/ln(Ibe/Iki) � 1] (4.25)

where h is the extinction coefficient, l is the path length inside the medium
containing the indicator, and c is the total concentration of the indicator dye

FIGURE 4.11. Absorption spectra of phenol red indicator dye as a function of the pH-
value. (Reprinted from Sensors and Actuators B, T. Hao, X. Xing and Ch.-Ch. Liu, “A pH
Sensor Constructed with Two Types of Optical Fibers: The Configuration and Initial Re-
sults,” 10, pp. 155–159, ©1993, with permission from Elsevier Science S.A., Lausanne,
Switzerland.)
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{c � ([HI] � [I�])}. The practical meaning of pK is that pK � (AM � Am)/2,
where AM and Am are explained in Figure 12.

The most important problems of this type of optrode sensor can be sum-
marized as follows:

• The detection range is quite narrow; in some applications (e.g., in the
case of blood pH measurements) this is advantageous, but in others (e.g.,
in the case of wide gastric pH ranges), it makes the measurements impos-
sible, thus, the application of indicator mixtures is necessary in the latter
cases

• Only indicators with reversible operation capabilities can be used.
• Indicator dyes should be immobilized in order to prevent their dissolu-

tion; the best approach is chemical (covalent) immobilization which re-
sults in absorbance spectra shifts (pK adjustment, see Section 6.1.4).

• The colorimetric change is a direct function of the ion concentration in
contrast to the electrodes, the electrode potential of which depends on the
ion activity [see Equations (3.4) and (3.5)].

Various types of colorimetric ion optrodes can be produced when both an
ion-selective ionophore and a pH indicator are entrapped in a polymer matrix
as functional additives. The potential that arises from the complexation of re-
active ions (I) with the ionophore (L) in the membrane is compensated by the

FIGURE 4.12. Typical absorbance-pH characteristic of colorimetric indicators. (Repro-
duced with permission from Polymer Films in Sensor Applications by G. Harsányi, ©1995,
Technomic Publishing Co., Inc., Lancaster, PA, p. 201.)
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coextraction of protons by the indicator (Ind). The process can be illustrated
by the following reaction scheme:

L(M) � Ind(M) � H2O � I�(W)
, LI�(M) � OH�(W) � IndH�(M) (4.26)

The ion concentration in the solution is, therefore, correlated with the amount
of protons in the membrane and can be detected spectroscopically by the pro-
tonation of the indicator. The counterreaction, the deprotonation of a pH in-
dicator entrapped in a polymer matrix, can also be used for the detection of
ions:

L(M) � Ind�H�(M) � I�(W) , LI�(M) � Ind�(M) � H�(W) (4.27)

Gas and humidity sensors can be operated with acid-base indicators by means
of further indirect sensing mechanisms. Currently, direct operation chromo-
ionophores that may follow the concentration of the primary ion by direct
color changes without applying any pH indicators are also available.

Fluorescent optrodes utilize the fluorescence quenching of special indica-
tor dyes. In these cases, incident light excites a secondary light emission (see
Section 4.11) with a different wavelength. Several sensor types were devel-
oped for measuring the partial pressure of molecular oxygen in liquids, for in-
stance, in blood. The fluorescent dye, such as perylene dibutyrate, is absorbed
to organic beds contained within a hydrophobic gas permeable membrane,
such as porous polyethylene tubing. The dye is excited with blue light (468
nm) and it emits radiation at 514 nm (green). The oxygen partial pressure can
be calculated according to the Stern-Volmer equation:

pO2 � A[(Iblue /Igreen) � 1]m (4.28)

where A and m are empirical constants. Fluorescent dyes can also be applied
for pH measurements and in other ion-selective optrode types.

Phosphorescence is different from the former effect in that the time decay
of the secondary light emission is long enough to allow operation of the op-
trode even as a light source after the excitation.

The chemiluminescence effect can also be used in sensors. The basis of the
phenomenon is a catalytic chemical reaction resulting in light emission. It is
a generator-type sensing effect and can be operated without applying an ex-
ternal light source. If the reagents are present in high enough concentrations,
a continuous light emission can be measured, the intensity of which is a func-
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tion of the analyte concentration. The enzyme, if necessary, should be immo-
bilized on the optrode tip. The general reaction scheme is as follows:

Reagents ———r Products � hv (4.29)

A familiar example of chemiluminescence comes from the firefly, which
uses the enzyme luciferase. In the presence of Mg� and the substrate luciferin,
ATP is utilized in the following reaction (Gautier et al., 1990):

ATP � luciferin � O2 ———r Products � light (560 nm) (4.30)

This is a typical enzymatic reaction that is characteristic for a group of biosen-
sors that will be discussed in Section 7.1.

Light refraction (see Section 3.6) and/or interferometry are obvious ways
to build up sensor elements. The refractive index and the geometrical path
length determine the optical path length in a given medium. Changes in any
of the parameters result in a phase shift, which can be detected by interfer-
ometry.

Polysiloxane polymers seem to present these properties and can be used
successfully in chemical-sensor applications. Polysiloxanes have been inves-
tigated for several years as possible sorbent dielectric films in gas sensors.
They are able to alter their permittivity and/or their film thickness when ab-
sorbing molecules from the surrounding gases. The close connection between
the refractive index (n) and permittivity (	r) is well known and can be ex-
pressed as follows:

n2 � 	r (4.31)

Therefore, the refractive index of the polymeric film varies with the per-
mittivity as the vapor to be detected is absorbed. The Clausius-Mosotti equa-
tion,

enzyme

luciferase

n2 � 1
�

4 � �
� 

�
� pm, (4.32)

can be used as an approximation. It can be seen that a variation of the mo-
lecular polarizability, pm, of the density �, and/or of the molecular weight M,
leads to a variation of the refractive index of the polymer film. Moreover, poly-
siloxanes may show considerable swelling when they absorb gas molecules;
therefore, the films can alter their thickness according to the absorbed amount

n2 � 2 3 M
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of gases, which may also be a useful effect in interferometric sensors (see Sec-
tion 4.6).

More details about optical transduction effects can be found in the litera-
ture (Udd, 1991; Dakin and Culshaw, 1988).
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CHAPTER 5

Physical Sensors and Their
Applications in Biomedicine

This chapter deals with physical sensors and their applications in biomed-
ical measuring devices, in artificial organs, and in small personal and clinical,
and large diagnostic appliances. Our approach is to provide a technical de-
scription of the sensor elements and their application problems. The basics of
diagnostic and medical imaging techniques and their physiological relations
are not discussed here.

5.1 MEASURING TEMPERATURE

Temperature is one of the most closely controlled variables of the human
body. Its regulatory system is extremely efficient and capable of maintaining
interior body temperature within a range of �0.5°C. The inner (core) tem-
perature is almost independent of the exterior environment, even when exposed
to extreme conditions; it is about 37°C for a healthy person. As in any regu-
lated system, thermal control is based on a feedback mechanism. It must in-
clude a reference (a substance needed to determine the “set point”), temper-
ature sensing elements (warm and cold receptors located in the skin), actuators
(the organs capable of generating or losing heat: muscles, skin, lungs, etc.),
and a central controlling module (the hypothalamus). The nature of the refer-
ence temperature is presently not clear. One hypothesis (Fraden and Bochkov,
1976) suggests that the structure of water may determine the reference tem-
perature. Structural changes are reflected in the specific heat curve of water,
which has a minimum value near 37°C.
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There are several distinct areas of interest in medical thermometry that are
pursued using different methods:

• Body (near-core) temperature measurement is a venerable, routine diag-
nostic method. Fever is a result of toxic substances and viral and bacter-
ial diseases that affect the hypothalamus.

• Skin or surface temperature reflects the condition of subcutaneous tis-
sues. Surface temperature distribution measurement, applying thermal im-
aging equipment, can be used for detecting tumors, especially breast tu-
mors, that exhibit slightly elevated temperatures (hyperthermia) in the
surrounding tissues. On the other hand, reduced big-toe temperature (hy-
pothermia) is a good early indicator of shock in anesthesiology.

• Blood temperature is almost equal to the core temperature. Its measure-
ment is performed intravascularly; this is almost always obtained with
other measurements by using multisensor catheters. The role of the tem-
perature sensor often is the temperature compensation of other sensor sig-
nals.

Basics of temperature measurements are summarized in the literature
(Fraden, 1991).

5.1.1 Measuring Core Temperature

Because skin temperature cannot directly be correlated with interior body
temperature, body (core) temperature measurement is traditionally performed
inside a body cavity: orally, rectally, or under the arm. These measured cav-
ity temperatures may vary from the “true” core temperature depending on a
number of physiological and environmental effects. An old and traditional de-
vice used for body temperature measurement is the mercury thermometer that
does not contain sensors (see Chapter 1). Its drawbacks are slow operation
and difficult reading and registration of the result; furthermore, it can easily
be broken and poison the environment. However, its application is widespread
because it is a low-cost device.

Microelectronics and related modern mounting processes of the electronics
technology enabled the production of low-cost electronic thermometers with
digital displays to replace mercury thermometers. Their application is already
widespread. They generally contain diodes as temperature-sensing elements
with a special package design that can assure small thermal capacity and good
thermal conductivity to the environment. They have relatively short response
times and good visible display units, but they require the use of batteries. More
complicated versions for clinical use may also contain intelligent functions,
such as storage and readout facilities for computer data processing. Long-life
batteries enable up to a three-year operation.
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Nowadays, very low-cost, disposable oral thermometers are available for
clinical use (see Figure 5.1) This type of thermometer consists of a small-size
thick-film thermistor and two wires between two appropriately shaped and im-
pregnated paper pieces that are attached. The contact area can be pushed into
the display unit during measurement. The application of thermistors avoids
polarity problems. A limiting requirement is the interchangeability of the dis-
posable elements. On the other hand, long-term operation is not needed; thus,
the low-cost packaging solution demonstrated here is appropriate.

All contact measurement methods discussed above require a significant de-
gree of patient cooperation, which is not always the case in medical practice,
especially when dealing with babies and unconscious patients. Although skin
temperature varies from the core value and exact measurement is not possi-
ble when using simple surface contact, temperature variations can be moni-
tored continuously. For such purposes, simple meandrous copper resistor ther-
mometers can be used that are etched from a flexible printed wiring board
(PWB) copper cladding (see Figure 5.2). Other electrodes, for example for
ECG, may also be integrated onto the same flexible PWB substrate and the
whole structure can be fixed onto the body by means of an elastic belt. The
system was developed for a baby monitoring system to prevent sudden infant
death (Hubin et al., 1993).

All contact methods have disadvantages in that the measured temperature
varies from the “true” core temperature. One can measure various values by
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FIGURE 5.1. Structure of a disposable oral thermometer.

FIGURE 5.2. Resistor thermometer and ECG electrodes on a flexible printed wiring board
substrate. (Reproduced with permission after Hubin et al. from Proceedings SENSOR 93,
Vol. I.)
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choosing different measurement sites. Results also depend on physical and
mental activities of the patient and environmental conditions. While perspir-
ing, skin temperature is considerably decreased. Oral temperatures can be affected
by respiration, food, or speech. Underarm measurement time may be relatively
long due to a poor coupling between the probe and dry skin.

Ideally, the probe should be positioned in a body cavity that is not affected
by the mentioned interferences and is reasonably clean and easily accessible.
Close proximity to the hypothalamus is also preferred. The auditory canal is
a near perfect cavity to use to obtain for body temperature measurements.
Tympanic membrane temperature is the most accurate approximation of body
core temperature. In addition, the ear canal acts as an ideal black object in the
term of radiation. Measuring its emitted infrared radiation intensity, tempera-
ture can be calculated. The block diagram of an ear thermometer is shown in
Figure 5.3 (Fraden, 1991). This version is based on a pyroelectric sensor. Ther-
mal radiation flux from the auditory canal is channeled by the optical wave-
guide toward the pyroelectric sensor. When pressing the start button, the shut-
ter opens momentarily, exposing the sensor to thermal radiation and replacing
the radiation coming from the shutter itself. An ambient temperature sensor
element is behind the shutter. The radiation reaches the sensor where it is con-
verted into electric current impulse due to the pyroelectric effect (see Section
4.6). A current-to-voltage converter feeds its output voltage into the multi-
plexer (MUX) and then into the A/D converter that also reads the ambient
temperature sensor signal. Calculation of the temperature of the radiating el-
ement continues in the microprocessor. The sensor element has a dual struc-
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FIGURE 5.3. Block diagram of a pyroelectric radiation ear thermometer. (Reprinted after
Fraden, 1991, p. 546, courtesy of Marcel Dekker, NY.)
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ture to compensate the pyroelectric signals caused by ambient temperature
changes. Ceramic- and polymer-based sensor elements have been used within
these types of appliances that have been available on the market since 1986
for clinical and personal use. The obvious disadvantage of pyroelectric sen-
sors is the necessity of employing moving elements. Thermopile sensors have
also been used in radiation thermometers. These are sensors consisting of thin,
alternating layers of metals acting as serially connected thermocouples. A heat
absorbing black layer is deposited above the hot points, while the cold points
are kept at the ambient temperature. A multiplied thermovoltage can be meas-
ured at the output, which is a function of radiation impinging the absorbent
film.

Telemetry temperature measuring systems also became available; they were
especially designed for animals (Sugiura et al., 1991), but recently are also
used in human applications, e.g., for astronauts. NASA developed an ingestible
temperature-monitoring capsule for this purpose. The epoxy shell capsule cov-
ered with an outer silicone coat contains a miniature battery, a communica-
tion coil, PWB and hybrid circuit assemblies on ceramic substrates, and the
temperature sensing element: a resonator crystal oscillating at a temperature-
dependent frequency.

5.1.2 Surface Temperature Mapping

Surface (skin) temperature distribution can be determined by thermal im-
aging using mainly infrared cameras. A thermograph is essentially a picture
taken in the thermal radiation spectral range and converted into the visible
range for observation and analysis. Using digital picture processing, isotherm
lines can also be displayed.

Design of a high-performance electronic infrared camera is usually based
on an array of bandgap semiconductor (e.g., HgCdTe) sensors housed in a 
liquid-nitrogen-filled Dewar enclosure. The sensors are shielded from visible
light by an infrared-only transparent window (Si or Ge). At room tempera-
tures, self-radiation of the sensor elements is enough to generate photoelec-
tron-hole pairs; thus, the dark current is extremely high. To get a reasonably
better sensitivity and signal-to-noise ratio, cryogenic operation is necessary.

A thermal imaging camera operating at room temperature can be built us-
ing pyroelectric materials. The structure of the pyroelectric vidicon (PEV) is
shown in Figure 5.4. The photocatode of a conventional vidicon camera is re-
placed by a pyroelectric film that generates electrical charge superimposed on
the thermal image. The face of the receiving tube is an infrared transmitting
window. Imaging radiation impinges on the pyroelectric film and an electron
beam reads out the charge created. The charge density is then displayed si-
multaneously with the scanning. The disadvantages of PEV are its compli-
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cated and large structure sensitive to mechanical effects due to the piezoelec-
tric behavior.

Because the use of CCDs is widespread in cameras, their application in
thermal imaging is also desirable. Cooled infrared cameras have been designed
recently using platinum silicide gate CCDs. Their application has, however,
not overcome the cooling problem. Typical pixel numbers are 640 � 480.

Increased need for thermal imaging has accelerated the development of
solid-state uncooled mosaic sensor arrays. One approach is the fabrication of
pyroelectric detector arrays on the surfaces of silicon chips. Cross-talk prob-
lems become more difficult to overcome with miniaturization; PVDF seems
to be a good pyroelectric material within these structures because of its low
thermal conductivity (see Table 4.2). In Figure 5.5(a), the typical realization
of a sensor array using a PVDF film on the silicon IC surface is presented.
Its circuit connection is illustrated by Figure 5.5(b) (von Münch and Thie-
mann, 1991). A p-well CMOS process with aluminum gates (see Section 2.1)
is used. New technology for integrating high-value gate resistors as pn-junc-
tions operated at zero bias has also been developed.

The sensors are coupled to an impedance-matching preamplifier with a
MOSFET input. A bias resistor for each element is useful in order to elimi-
nate the influence of temperature variations of the whole detector. This resis-
tor is also necessary for adjusting the operating point of the MOSFETs. Spe-
cial attention has to be paid to these resistors. The basic requirement is that
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FIGURE 5.4. Structure of the pyroelectric vidicon camera. (Reprinted after Fraden, 1991,
p. 523, courtesy of Marcel Dekker, NY.)
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FIGURE 5.5. Noncooled integrated infrared detector arrays realized on a silicon substrate:
(a) cross section and (b) circuit diagram of the pyroelectric sensor array, and (c) sensor ar-
ray based on silicon micromachining [(a) and (b) are reprinted from Sensors and Actuators
A, W. von Münch and U. Thiemann, “Pyroelectric Detector Array with PVDF on Silicon In-
tegrated Circuit,” 25–27, pp. 167–172, ©1991, with permission from Elsevier Science S.A.,
Lausanne, Switzerland.)
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the electrical time constant of each sensor element must exceed the inverse of
the chopper frequency (which is necessary for operating the pyroelectric ele-
ments continuously), while the chopper frequency must exceed the thermal
time constant of the system. Using a chopper frequency of 10 Hz and a sen-
sor capacitance of 10 pF, this leads to a resistance value in the 10 G� range.
It is evident that conventional diffused silicon resistors cannot achieve this
value. In order to be compatible with the CMOS process, the gate resistor is
realized as a pn-junction in a separate p-well.

The thick oxide layer reduces parasitic capacitance and heat conduction.
The sensors are further improved by sputtering a thick oxide under the PVDF
film. A 25 �m-thick PVDF film was used as a pyroelectric material. The up-
per side was coated with a thin IR-absorbent conducting film of graphite,
which also serves as the common counterelectrode for all sensors. The sensor
electrodes were formed from the contact metallization on the silicon chip.

The use of integrated pn-junctions as gate resistors makes it possible to po-
larize the pyroelectric layer on the chip without damaging the gate oxide film
of the sensor MOSFETs. This is done by operating the diode in a forward di-
rection, thus reducing the resistance of the junction by several decades. The
transfer function at 10 Hz is about 850 V/W, the cross-talk between adjacent
pixels in the low frequency range is about 0.3 � 10�3.

Several similar structures for building linear and small (3 � 3 size) arrays,
have been designed in the past few years that are very small compared to the
optical imaging arrays with 512 � 512 pixels (von Münch et al., 1993). How-
ever, the advantages of pyropolymer detectors and the great progress made in
their development in the last five years indicate that larger arrays may be ex-
pected in the near future.

Another charge coupling and readout possibility is the application of charge
coupling devices (CCDs) in combination with pyroelectric materials. An in-
frared imaging sensor with 64 � 32 infrared-sensitive MOS gates has been
developed by combining several types of pyroelectric materials on Si-CCDs
(Okuyama et al., 1990).

The necessary chopping of pyroelectric detectors and the cryogenic opera-
tion of quantum detectors can be avoided by using silicon micromachined de-
tector arrays. A typical example is shown in Figure 5.5(c). This infrared sen-
sor array is based on thermopiles consisting of p-Si/Al thermoelements.
Cantilever beams made by anisotropic etching of silicon (see Section 2.1) sus-
pend the individual thermopiles. The supporting rim acts as a heat sink, keep-
ing the thermopile cool points at a constant temperature, while the hot points
at the cantilever edges are heated by the incident infrared radiation impinging
on the absorbent material (Ristic, 1984).

Other approaches have been developed for uncooled micromachined sili-
con IR imaging devices. The bimaterial cantilever system is highly sensitive.
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The cantilevers made by silicon micromachining operate like bimetal devices;
their thermal movement can be recorded by capacitive position measurement.
Potential applications include inexpensive infrared cameras.

A similar technology is the application of micromachined suspended mi-
crobolometers: polysilicon resistors covered by absorber material. A 327 �
245 microbolometer array with compatible CMOS circuitry has been devel-
oped recently (White et al., 1998).

Another possibility for thermal imaging is based on microwave emission
mapping. Since any object radiates electromagnetic waves over a theoretically
infinite bandwidth, detection in the radio-frequency range is also possible.
Within the cm wavelength ranges, microwave power is proportional to the ob-
ject’s temperature. In the microwave scanner, emitted energy is focused
through a large elliptical reflector into the horn of a radiometer, and the de-
tected power is displayed according to the scanning. Temperature and spatial
resolutions are about 0.1°C and 1 cm, respectively, when detecting the 3 cm
wavelength emission. In contrast to infrared thermal scanners, this method al-
lows noninvasive imaging to subcutaneous depths of several centimeters
(Fraden, 1991).

5.1.3 Invasive Temperature Measurements

Invasive temperature measurements (mostly intravascular blood) can be re-
alized with catheters. Small-diameter wire thermocouples, miniature thermis-
tors, and microchip pn-junctions will be mentioned here. Because these types
of sensors are generally combined with other catheter measurements as sec-
ondary applications, they will be discussed later.

Special attention should be given to fiber-optic invasive temperature meas-
urements that can be applied in combination with the use of optical fiber
catheters. The excited state phosphorescence lifetime of alexandrite crystals
can be used to monitor temperature in the physiological range with an accu-
racy of 0.2°C. The crystal is excited by pulsed laser light, creating Fourier
transform of the response impulses; the intensities of given frequency har-
monics are temperature dependent (Alcala et al., 1995). Another approach is
to employ temperature-dependent spectral transmission in special glasses that
provide temperature-dependent transmissions at given frequency ranges that
can be used for temperature measurements. They are, however, temperature
independent at other frequencies and can be used for other sensing purposes
when the device is designed as a simple transparent element. Thus, it can be
connected serially to other fiber-optic sensors (Wolthuis et al., 1993).

Optical-fiber thermometers, due to their electrical isolation and immunity
from electromagnetic interference, are particularly suitable for inducing con-
trolled heating of biological tissues, for example, when using microwave or
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RF hyperthermia for cancer treatment. The use of conventional temperature
sensors (thermocouple or thermistors) can perturb the incident electromag-
netic field and lead to localized heating spots or sensing errors (Harmer and
Scheggi, 1989). The main measurement requirement is resolution of 0.1°C
over a range of a few degrees (35°C to 50°C). Several practical solutions have
been developed from which a few examples are mentioned as follows.

Thermographic phosphors with a temperature-dependent fluorescence emis-
sion are well known, and fiber-optic temperature sensors operating by means
of this effect are commercially available. Mainly rear-earth phosphor mixtures
were used conventionally. A newer technique uses the measurement of fluo-
rescence decay times of magnesium fluorogermanate phosphor (Wickersheim,
1987).

Another well-established technique employed for temperature sensors is
based on the light absorption of semiconductors. Since the energy gap defin-
ing the absorption cutoff characteristics shows a negative temperature coeffi-
cient for most semiconductors, the light from a suitably chosen source in the
band-edge region will be strongly amplitude modulated by temperature. A sen-
sor of this type has been engineered for a clinical hyperthermia system con-
sisting of a small GaAs prism as the sensing element and a GaAlAs LED
source. The temperature-dependent photoluminescence of crystalline GaAs
has also been used as a sensing principle (Harmer and Scheggi, 1989).

5.2 OTHER APPLICATIONS OF TEMPERATURE SENSORS

Temperature sensors can be used for measuring not only temperature but
also a number of other physical parameters. They are often applied in calori-
metric (see Section 3.4) flow sensors, i.e., for measuring blood or respiratory
airflow. A few examples are demonstrated in this section.

5.2.1 Skin Blood-Flow Sensor

The measurement of thermal conductivity is obviously based on tempera-
ture sensors. The thermal distribution around a heat source depends on the ther-
mal conductivity of the surrounding medium. By placing temperature sensors
in fixed positions around the source, variations of the thermal conductivity can
be followed. Thermal conductivity is defined by the following equation:

jth � �K � grad T (r) (5.1)

where jth is the thermal current density, T (r) is the temperature distribution,
and K is the thermal conductivity with the practical dimension of mW/cm°C.
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Skin blood flow (SBF) or skin perfusion is a complex phenomenon that oc-
curs in capillaries. In perfused tissue, thermal conductivity depends not only
on the thermal conductivity of the tissue materials, but also on the heat con-
vection transferred by the blood flow in capillaries. Thus, thermal conductiv-
ity of the skin can vary within a wide range; its minimum value, 2.5 mW/cm°C,
is characteristic for null blood flow, and its maximum value, 10 mW/cm°C,
is typical for vasodilatation. SBF measurements are important diagnostic tools
when studying the vascularization of skin that has been burnt or operated on,
and, since SBF is related to brain activity, vigilance status and emotional re-
sponse may be monitored.

Figure 5.6 shows the cross-sectional view of a miniature SBF sensor called
“Hematron” (Dittmar et al., 1992), which is based on thermal conductivity
measurements. The transducer consists of a disc (25 mm in diameter, 4 mm
in thickness) that is fixed to the skin with double-sided adhesive tape. A flat
heater with a very low thermal inertia a 2 �m-thick constantan resistor on a
polyamide substrate, is located in the central part of the sensor element, in
close contact with the skin. The difference between the temperatures of the
center and the periphery of the sensor is measured by a thermopile consisting
of sixteen copper-constantan thermocouples. The circular layout of the trans-
ducer avoids any influence due to the direction of blood flow. The tempera-
ture of the central part is regulated by a PID (proportional-integral-derivative)
controller to ensure a constant (2°C) temperature difference, which is meas-
ured by the thermopile. This requires the application of a heating power that
varies with the skin blood flow. The sensor could be calibrated using refer-
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FIGURE 5.6. Cross section of the skin blood-flow (SBF) sensor with an isotherm system
generated in the skin. (Reprinted from Sensors and Actuators B, A. Dittmar, T. Pauchard,
G. Delhomme and E. Vernet-Maury, “A Thermal Conductivity Sensor for the Measurement
of Skin Blood Flow,” 7, pp. 327–331, ©1992, with permission from Elsevier Science S.A.,
Lausanne, Switzerland.)
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ence materials. Figure 5.7 illustrates an interesting example: the effect of men-
tal calculation on skin blood flow.

5.2.2 Hot-Film Anemometry for Measuring Blood Flow

Measuring blood-flow velocity and/or flow rate in the heart and large ves-
sels is an important diagnostic tool for monitoring the cardiovascular system.
One way of measuring velocity and flow rate is to apply a hot-film anemome-
ter on a catheter tip (Yamaguchi, 1989). The method is based on the heat trans-
fer from a small body placed in the fluid flow. The sensing element is a small
thin-film or wire-wound Pt or Ni thermoresistive element (see Section 4.1)
connected to a bridge circuit (Figure 5.8) for the generation of heat by elec-
trical current. A servoamplifier feeds back the error voltage of the bridge cir-
cuit so that the resistance of the sensor, which is a function of the tempera-
ture, is kept constant. This principle is called constant temperature anemometry
(CTA). Heat loss varies with the flow velocity of the surrounding medium;
thus, the bridge voltage necessary to keep the sensitive element at a constant
temperature follows velocity variations. The sensor system generally has non-
linear characteristics. The resistor material should be covered by a thin insu-
lating film, usually quartz, that does not interfere significantly with heat trans-
fer. The method can easily be used to obtain invasive blood-flow
measurements. The sensing resistor element is mounted onto a catheter tip
with a typical diameter of 0.5 mm.

This method has several disadvantages:

• Catheterization of the large inner vessels is rather complicated.
• The general problem with invasive techniques is that sterilization recently

became undesirable due to the possibility of transmitting HIV. Thus, dis-
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FIGURE 5.7. Effect of mental calculation on skin blood flow (36-year-old male, ambient
temperature 24°C, sensor on left hand). (Reprinted from Sensors and Actuators B, A.
Dittmar, T. Pauchard, G. Delhomme and E. Vernet-Maury, “A Thermal Conductivity Sensor
for the Measurement of Skin Blood Flow,” 7, pp. 327–331,. ©1992, with permission from
Elsevier Science S.A., Lausanne, Switzerland.)
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posable invasive elements are preferred, which makes the use of accurate
but costly Pt resistors impractical.

• The operation of the sensor strongly depends on the consistency of
blood; for the exact calculation of blood-flow velocity, the hematocrit
value and the plasma total protein content must be taken into considera-
tion.

These disadvantages explain the primary reasons why other, mainly nonin-
vasive, methods are becoming widespread for obtaining blood-flow measure-
ments. Some of these methods will be discussed later. More about blood-flow
measurements can be found in the literature (Webster et al., 1997).

5.2.3 Respiratory Flow Monitoring by Hot-Film Anemometry

Hot wire anemometers are used for obtaining respiratory flow measure-
ments, especially when using anesthesia and mechanical ventilation. Silicon
processing enables small, integrated resistor bridges to be placed into the re-
spiratory system (van Putten et al., 1997). A bidirectional flow vector sensor
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FIGURE 5.8. Schematic circuit diagram of the constant temperature hot-film anemome-
ter used for blood-flow measurements. [Reprinted with permission from T. Yamaguchi,
“Blood Flow Measurement with the Hot-Film Anemometer, “ in M. Sugawara, F. Kajiya, A.
Kitabatake and H. Matsuo (ed), Blood Flow in the Heart and Large Vessels, pp. 187–188,
Figure 13.1, ©1989, Springer-Verlag, New York/Berlin.]
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was employed recently on a silicon chip consisting of two Wheatstone bridges.
Two resistors of the bridge vary in the airflow. This bridge is driven by a con-
stant current, while the other bridge is heated so that the voltage across the
measurement bridge remains constant. The output follows the heating voltage
variations. The measurement range is from �1 to 	1 l/s with a response time
less than 60 ms.

Respiratory frequency can be measured by using the nasal thermistor tech-
nique: a simple, unheated miniature (1 mm diameter) bead-type thermistor is
mounted on a plastic crocodile clip that can be attached to one of the patients’
nostrils with the thermistor placed in the nose (Storck et al., 1996). The ex-
pired air passes over the sensor and heats it, altering its resistance so that this
change can be used to measure a periodical signal. Thin- and thick-film ther-
mistors integrated on specially shaped flexible substrates have also been used
as infant respiratory sensors (Neuman et al., 1994).

More information about respiratory measurements can be found in the lit-
erature (Webster et. al., 1997).

5.3 MECHANICAL SENSORS IN BIOMEDICINE

Mechanical sensors are mainly used for measuring and/or monitoring force
and pressure, as well as mechanical impulses and waves, including the de-
tection of sound.

5.3.1 Noninvasive Blood Pressure Measurements

Blood pressure measurement appliances are among the oldest diagnostic
tools. Arterial blood pressure measurement is conventionally performed using
the Korotkoff technique by means of mercurial or aneroid sphygmomanome-
ters. A latex bag inside a Velcro cuff is fixed onto the arm and is subsequently
pumped to compress the vessels until the bloodstream is stopped. During the
slow cuff deflation, one has to listen to the Korotkoff sound (the arterial pres-
sure-wave propagation caused by the heartbeats) in the arteries of the arm us-
ing a stethoscope. The sounds can be heard when the changing pressure of
the cuff is between the systolic and diastolic values. The application of the
stethoscope can be replaced by using a piezoelectric capacitor sensor inside
the cuff close to one of the arteries so that it gives electrical voltage impulses
according to the heartbeat. However, the pressure itself is still measured by
manometers.

The application of low-cost, silicon-based piezoresistive pressure sensors
brought a real breakthrough to blood pressure measurement techniques. The
battery-operated, digital-display electronic appliances based on pressure sen-
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sors are able not only to measure the static pressure but also using an appro-
priate electronic filtering process, to detect the pressure waves caused by the
Korotkoff effect as well. This is the oscillometric measurement method. Pulse
rate and systolic and diastolic pressure values are displayed. Cuff inflation and
deflation are performed and controlled automatically. The miniaturization of
the electronics enabled the development of wrist and finger appliances. Fin-
ger monitors have great importance since portable blood pressure monitors re-
cently became part of the personal care market. Digital data processing and
storage are essential when collecting blood pressure values over a longer pe-
riod: the ambulatory blood pressure monitoring (ABPM) technique became
an important tool in the pharmacological treatment of high-blood-pressure pa-
tients, because a single measurement provides poor information.

Piezoresistive silicon pressure sensors employ resistors as sensing elements,
diffused or implanted into the surface region of a membrane made by
anisotropic etching (see Section 2.1). The typical layout and circuit diagram
is illustrated in Figure 5.9, while the cross section of the structure is shown
in Figure 5.10(a). A pressure difference between both sides of the membrane
causes its deformation. Due to the piezoresistive effect (see Section 4.7), the
resistors follow the deformation with resistance changes; two resistors increase
and two decrease, resulting in a multiplied effect in the Wheatstone-bridge
configuration. The resistance changes, 
Ri, can be expressed as follows:


Ri/Ri � GKp/Ea (5.2)

where G is the gauge factor, E is the Young’s modulus of the membrane, a is
its thickness, and K is constant depending exclusively on the geometrical sizes.
The output voltage of the bridge, U, related to the supply, U0, is:

U/U0 � GKp/Ea (5.3)
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FIGURE 5.9. (a) Typical resistor layout structure and (b) circuit connection of the piezore-
sistive pressure sensor membranes.
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The linearity of the sensor depends on the uniformity of the resistance val-
ues and deformations; thus, the bridge must be exactly balanced and the re-
sistors must be well positioned. The temperature drift of the zero output is de-
termined by the TCR tracking of the resistors, while the temperature
dependency of the sensitivity is determined mainly by the temperature coef-
ficient of the gauge factor (TCGF). The bridge balance adjustment is gener-
ally made by external potentiometers or by laser trimming. An analog com-
pensation of the temperature dependency can be achieved by connecting
appropriate temperature-dependent resistors between the bridge and the power
supply. Digital temperature compensation can be realized by measuring the
chip substrate temperature with a simple integrated pn-junction temperature
sensor element (see Section 4.3). The pressure sensor chip is generally
mounted onto another silicon or glass substrate, as shown in Figure 5.10(a),
in order to minimize the stresses due to the thermal expansion mismatch be-
tween the silicon chip and the packaging materials.

5.3.2 Hemodynamic Invasive Blood Pressure Sensors

The application of miniature silicon pressure sensors enables the practical
realization of invasive blood pressure monitoring, when the time dependency
of hemodynamic pressure impulses that are generated by the heartbeats can
continuously be followed. One approach is to package the pressure sensor chip

114 PHYSICAL SENSORS AND THEIR APPLICATIONS IN BIOMEDICINE

FIGURE 5.10. Pressure sensor structures based on silicon diaphragms: (a) piezoresistive
and (b) optical fiber version. [Reprinted with permission: (b) from R. Wolthuis, G. Mitchell,
J. Hartl and E. Saaski, “Development of a Dual Function Sensor System for Measuring
Pressure and Temperature at the Tip of a Single Optical Fiber,” IEEE Transactions on Bio-
medical Engineering, Vol. 40, No. 3, pp. 298–302, ©1993, IEEE.]
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in a sterilizable plastic housing called a dome. A cannula is installed into one
of the arteries, and a pipe transmits the blood pressure from this to the dome
and the pressure sensor membrane. In some solutions, an intermediate mem-
brane is mounted between the blood and the sensor chip, and the cavity be-
tween them is filled with silicon oil. Thus, blood clotting and protein forma-
tion occurs not on the sensor chip but on the intermediate membrane that can
be replaced periodically. Another advantage of this version is that bioelectric
interferences from the sensor chip can be isolated. Table 5.1 summarizes the
parameters of several commercially available cannula-dome physiological
pressure sensors (one example is demonstrated in Appendix 1).

Catheter (invasive) blood pressure measurements are sometimes desired to
collect information from special locations of the body, for example, to obtain
intrauterine and intracardial pressure measurements. For these purposes, sili-
con processing offers great advantages: the pressure sensor, the temperature
sensor, and the signal processing circuit can be integrated onto a single minia-
ture silicon chip with typical measurements of 5 mm x 1 mm x 15 �m that
can be mounted directly onto a catheter tip. In this case, the silicon chip is in
direct contact with blood. Because the relative pressure measurement is not
possible, a closed cavity with a reference pressure should be formed between
the anisotropically etched silicon chip and the glass substrate to achieve an
absolute pressure measurement (Otter et al., 1991). A sensitivity of 1
mV/V/mmHg was achieved with a temperature coefficient of offset less than
0.5 mV/°C.

Ultraminiaturized piezoresistive pressure sensor chips with sizes of 0.5 �
0.5 � 2.3 mm for catheter applications were also developed using surface mi-
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TABLE 5.1. Most Important Parameters of Physiological Pressure
Sensor Examples.

Manufacturer, type AME1 AE 840 HIPOT2

Pressure range �10...	 40 kPa �2.666...	 40 kPa
(�75...	 300 mmHg) (�20...	 300 mmHg)

Sensitivity 5 �V/V/0,1333 kPa 200 �V/V/0,1333 kPa
Maximum supply voltage 15 V 15 V
Bridge resistance 1 kΩ 1 kΩ
Nonlinearity and hysteresis max. 1% FSO max. 0.5% FSO
Zero balance max. 1% FSO max. 2% FSO
Thermal sensitivity shift 0.1%/°C 0.15%/°C
Thermal zero shift max. 0.02 kPa/°C max. 0.02 kPa/°C
Operating temp. range �20...	 100°C �20...	 100°C
Isolation resistance min. 50 MΩ min. 103 MΩ

1AME—Aksjeselskapet, Horten, Norway
2HIPOT-RDG, Senternej, Slovenia
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cromachining (Lisec et al., 1996). In this processing, an LPCVD polysilicon
film is deposited onto a sacrificial layer that is etched to form a polysilicon
bridge or membrane. A sensitivity of 20 �V/V/0.1333 kPa could be realized
with this sensor. A picture in Appendix 2 shows the sensor chip.

Fiber-optic pressure sensors were also fabricated for catheter blood pres-
sure measurements. One example is shown in Figure 5.10(b) (Wolthuis et al.,
1993). The sensor consists of an optical reflecting cavity etched onto one face
of a glass substrate. The optical reflecting cavity is evacuated and then cov-
ered and sealed with a thin, pressure-sensitive diaphragm made of single-
crystal silicon. As pressure above the sensor changes, the diaphragm deflects and
changes the cavity depth. Thus, the pressure modulates the reflected light in-
tensity. The cubic-shaped sensor has a dimension of 300 �m. It provides an
accuracy of 0.1333 kPa (1 mmHg) within the range of �2.666 . . .	40 kPa
(�20...	300 mmHg). Because of its construction and the materials used, the
sensor exhibits essentially zero hysteresis.

More about blood pressure measurements can be found in the literature
(Webster et al., 1997; Geddes and Baker, 1989).

5.3.3 Mechanical Sensors in Spirometry

Another important application field of pressure sensors is in respiratory flow
measurement. Conventional pneumotachograph instruments operate with the
Fleisch tube that measures the pressure difference across a grid as a function
of the flow (Kacmarek et al., 1993). If the flow-resistance (Rf) of the grid is
known, the flow rate (v) can be calculated from the pressure difference (
p):
v � 
p/Rf. Nowadays, such instruments employ silicon-based miniature pres-
sure sensors for measuring the pressure difference. Turbine flow, respiratory
flow testing systems are also available on the market.

An optical fiber pressure transducer was also developed for use in the up-
per airways to prevent obstructive sleep apnea syndrome (OSAS). A total of
seven transducers were thought to be necessary: one at the tip of the catheter
placed into the esophagus to measure pressure in the chest, and six arrayed
over 20 mm intervals to measure the pressure from the back of the nose to
just above the larynx (Goodyer et al., 1996). The design of the transducer uses
a series of three optical fibers, one emitting and two receiving, the combina-
tion of the two receiving optical fibers is used to reduce effects of light loss:
a bend radius of 50 mm is typical for insertion into the nasopharynx. The
transducer’s transduction element is a silicone gel coated with reflective tita-
nium dioxide; the meniscus deforms under pressure and modulates the inten-
sity of light reflected back into the receiving optical fibers. The transducer has
a resolution of 10 Pa over the range �5 kPa; the diameter of a single trans-
ducer element is 0.94 mm.
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Flow measurements in anesthesia and respiratory function analysis can be
performed with mechanical sensors other than pressure transducers. If there
is a tube with airflow outside of the body, many possibilities are realizable
among the conventional flow-rate measurement methods. One example is the
turbine flow meter that measures the number of rotations of a turbine wheel
placed inside the flowing medium (Doebelin, 1990). Another approach is to
use the vortex shedding flow meter. If a fluid (liquid or gas) flows around an
obstacle, it creates vortices behind it. Above a certain velocity, uniform vor-
tices are shed alternately from either side of the obstacle. The vortex shed-
ding frequency is proportional to the flow velocity. Vortices create local pres-
sure variations at the bluff body that can be detected by piezoelectric
capacitors, for example. The output is an AC signal with a frequency propor-
tional to the velocity of the flow. Supposing a respiratory function analysis
system, the total number of counts is proportional to the total volume that is
the vital capacity.

More information about flow measurements can be found in the literature
(Webster et al., 1997).

5.3.4 Sensors for Pressure Pulses and Movement

A wide variety of mechanical sensors are based on the piezoelectric effect
of the PVDF polymer, which can be applied for detecting pressure impulses
or movements.

Figure 5.11 shows the structure of the piezopolymer finger pulse and breath-
ing wave sensor (Chen et al., 1990). Pulse sensing is a convenient and effi-
cient way of acquiring important physiological information concerning the
cardiovascular system. Finger pulse pickups can be employed in systems that
measure blood pressure, heart rate, and blood flow. The sensor shown in Fig-
ure 11 can pick up breathing waves simultaneously with pulse waves. It has
a U-shaped structure, and its open side can be closed with Velcro. In this way,
the sensor can conveniently and comfortably be fixed in the right position on
the finger. For the purpose of enhancing the sensor’s immunity to electric in-
terferences, a hybrid buffer electronic system incorporating high-impedance
FETs is affixed to it. The pulse-wave signal is sent through the buffer to the
signal-processing electronics. The PVDF film is in direct contact with the fin-
ger; therefore, its metallized surfaces have to be shielded on both sides with
thin metallized protecting polymer films and sealed with highly insulating sil-
icone rubber to avoid damage to the surface electrodes through friction and
sweat erosion. Separation of pulse and breathing waves is possible through
electronic low- and high-pass filtering, respectively. From recordings gener-
ated by the PVDF finger pulse sensor, not only the informative pulse wave
and respiration wave can be extracted, but also meaningful information con-
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cerning the local microcirculation condition of the measured finger can be ob-
tained.

Piezofilms are used in a variety of medical monitoring systems. One of the
most important areas is in the application of apnea sensors in baby monitor-
ing systems. A sheet of piezopolymer film placed under the baby’s mattress
picks up respiration and heartbeat of the child by way of slight center-of-grav-
ity shifts. The sensitive part of the film can also be attached to an elastic belt
that is then fixed onto the baby’s chest. If an apnea occurs, alarms in the mon-
itor system are activated, waking the child and the parents (Halvorsen, 1988).

A piezopolymer-based sensor was also developed for service in a portable
fetal heart rate (FHR) monitor that will permit an expectant mother to per-
form the fetal nonstress test, a standard predelivery test, in her home (Zuck-
erwar et al., 1993). Several piezopolymer-based capacitive sensor elements
were mounted in an array on a belt worn by the mother. The sensor layout
and signal processing design conforms to the distinctive features of the fetal
heart tone, namely, the acoustic signature, frequency spectrum, signal ampli-
tude, and localization. The components of the sensor serve to fulfill five func-
tions: signal detection, acceleration cancellation, acoustical isolation, electri-
cal shielding, and electrical isolation of the mother. Seven hexagon-shaped
twin-capacitor cells separated by a Ni plate were mounted onto the belt to
form another hexagon with their centers and with the seventh hexagon in the
center of the latter. Two copper-coated Kapton foils completely surround the
sensor elements to assure electrical shielding. A silicon rubber coating pro-
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FIGURE 5.11. Structure of the piezopolymer-based finger pulse and breathing wave sen-
sor. (Reprinted from Sensors and Actuators A, Y. Chen, L. Wang and W. Ko, “A Piezopoly-
mer Finger Pulse and Breathing Wave Sensor,” 21–23, pp. 879–882, ©1990, with per-
mission from Elsevier Science S.A., Lausanne, Switzerland.)
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vides electrical isolation. Conventional microphones can also be used to mon-
itor fetal heart rate.

Strain gauges are applied mainly for measuring joint angle variations. Fin-
ger and other joint angular displacement measurements are important during
physico-therapy treatments in order to receive quantitative feedback about any
changes. Such sensors can be fabricated using the strain gauge principle: a
narrow, metal film is deposited on one surface of a thin, flexible substrate such
as polyimide to form a strain gauge (Neuman et al., 1994). By flexing the
structure so that the strain gauge is on the convex surface, the deformation
causes the strain gauge to be extended, and its resistance will change. For
small deformations, the change in the resistance will be proportional to the
angle over which it is fixed, according to the piezoresistive effect. For prac-
tical applications, several strain gauges are applied and connected to form a
resistor bridge, similar to the pressure sensor configuration discussed previ-
ously. For example, finger joint angular displacement measuring units were
fabricated by placing the strain gauges in a flexible tube sewn to a tightly fit-
ting glove, so that the sensor spans the finger joint to be measured. Overall
errors are 2° over a range of angles of 0–105°.

A compliant strain-gauge-based abdominal infant respiration sensor was
also developed that consists of a corrugated polyester or polyimide substrate
with a thin-film strain gauge pattern deposited on one surface (Neuman 
et al., 1994). The function of this sensor is similar to that of the angle sensor
described in the previous paragraph. The gold film patterned on the convex
portions of the corrugations is wide and contributes only a small portion of
the total resistance. On the other hand, a narrow strip is patterned on the
concave portions of the corrugations, and it is these strips that contribute the
majority of the resistance. The corrugations make this sensor compliant so
that it can easily be extended by applying a small tensile force between its
ends. This tensile force causes the structure to elongate as the corrugations
flatten. The narrow portions of the gold film in the concave regions of the
corrugated substrate will experience a tension that remains within the elas-
tic limits of the gold film, but, nevertheless, elongates it. Thus, the electri-
cal resistance of these portions of film will increase as the sensor is stretched,
thereby increasing the overall resistance. The contribution of the convex por-
tions can be neglected. The sensor is used on infants by stretching it slightly
and then taping each end to the abdomen. As the infant inhales, the sensor
is stretched, and as the infant exhales, the elastic recoil of the corrugations
brings the sensor back to its original configuration. The changes in electri-
cal resistance are converted to voltage variations. The advantage of the cor-
rugated structure is that the infant does not need to put any extra effort into
breathing compared to using stretched belts. Also, skin irritations are mini-
mized.
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5.3.5 Measuring Internal Ocular Pressure

Another important application field of miniature silicon-based mechanical
sensors may be intraocular pressure measurement (IOP) in ophthalmoscopy
in order to diagnose the eye disease open-angle glaucoma (Bergveld, 1994).
Normal intraocular pressures are in the range of 1.33–2 kPa (10–15 mmHg),
while a pressure over 2.8 kPa (21 mmHg) may indicate the mentioned dis-
ease. The internal pressure (p) in a sphere can simply be calculated by meas-
uring the necessary force (F) that can flatten a certain area (A) of the sphere:
p � F/A. Two correction terms have to be introduced, one due to the cornea
stiffness and the other resulting from shear forces due to the cornea tear film.
Both correction terms cancel each other if the flattened area has a diameter
of 3.06 mm. The Goldmann tonometer is based on this principle. It measures
the force by which a glass plate is pressed against the anesthetized cornea un-
til the desired deformation is adjusted. The edges of the applanation can be
observed by means of a slit-lamp microscope because the anesthetizing fluid
is made fluorescent. By measuring the corresponding force, the IOP can be
calculated. Another approach is the Mackay-Marg method in which a fixed 
5 mm-diameter footplate containing a small pressure sensor in the center is ap-
plied. When pressing it against the eyeball, a pressure versus time curve can
be recorded that shows a typical dip in the value of IOP. It can be proved that
at a sufficient applanation, the disturbing forces act only on the footplate and
not on the pressure sensor, however, the result is strongly dependent on the
distance between the edge of applanation and the pressure sensor. If the dip
does not exist on the curve, the measurement should be repeated. Thus, a si-
multaneous applanation measurement would be desirable to avoid false or un-
successful measurements.

For the improvement of IOP measurements, a combined Goldmann
Mackay-Marg tonometer was developed that employs not only miniature 
silicon-based pressure and force sensors, but also a silicon applanation sensor
designed especially for tonometer purposes (Bergveld, 1994). The applana-
tion sensor and its application are illustrated in Figure 5.12. The sensor con-
sists of a silicon substrate of 6.3 � 6.3 mm that contains four meandrous
diffused resistor arrays with a number of resistor elements with meandrous
contacts at the resistor nodes. The resistors are shaped around a plunger,
which is located in the center as shown in Figure 5.12(a). The sensor is cov-
ered by a Mylar® (DuPont) foil that is coated with a thin gold layer at the
side that faces the sensor surface. The foil is separated from the sensor by a
polyimide spacer as shown in Figure 5.12(b). The center plunger, produced
by anisotropic etching of silicon, provides the coupling with the attached
pressure sensor. When the applanation sensor is pressed against the eye globe,
the Mylar® foil with its gold film contacts a certain area as a function of the
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FIGURE 5.12. Structure and application of the applanation sensor used in tonometers: (a)
resistor array layout on its surface, (b) cross-sectional view, and (c) applying it in a tonome-
ter by combining with a pressure (1) and a force (2) measuring sensor. (Reprinted from Sen-
sors and Actuators A, P. Bergveld, “The Merit of Using Silicon for the Development of
Hearing Aid Mcrophones and Intraocular Pressure Sensors,” 41–42, pp. 223–229, ©1994,
with permission from Elsevier Science S.A., Lausanne, Switzerland.)
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applied force; thus, short-circuiting the meander resistor arrays within that
area. By measuring the resistance values that reflect the size and eccentric-
ity of the flattened area, its diameter and distance from the nearest edge can
be calculated. A resolution of 60 �m could be achieved with this sensor. By
attaching two silicon pressure sensors to the applanation sensor, as shown in
the configuration of Figure 5.12(c), the pressure and the force measurements
can be obtained simultaneously; thus, both measurement methods can be ap-
plied.

5.3.6 Acoustic Sensors in Hearing Aids

Hearing aid appliances are a special biomedical application field of acoustic
sensors. The sensor elements are miniature microphones designed especially
for this purpose. Modern hearing aid appliances consist of one unit that can
be fixed into the auditory canal. It contains the microphone with preamplifier,
a signal processing unit, and a power amplifier with a loudspeaker. The newest
techniques of electronics packaging are applied to minimize the size, such as
combining flip-chip and wire bonding techniques. The microphone is always
of the electret type (see Section 4.5) due to its high sensitivity and built-in
electric field. Due to its capacitive nature, the microphone capsule needs to
contain the preamplifier as well. Since noise reduction can most effectively
be achieved in the first stage, microphone elements should be integrated with
preamplifiers. A typical hybrid integrated version based on a ceramic substrate
is illustrated in Figure 5.13(a) (Baker, 1980).

Silicon micromachining enables the integration of mechanical parts with
preamplifiers. Efficiency can also be improved by integrating several micro-
phone elements onto the same chip. A silicon-based microphone structure is
shown in Figure 5.13(b) (Voorthuyzen et al., 1989). The sensor applies elec-
tron-beam-charged PTFE (polytetrafluoroethylene) electret deposited onto the
bottom surface of the cavities and patterned by plasma etching prior to the
poling process. A Mylar® (DuPont) foil, metallized on one side, was applied
as a diaphragm. The silicon substrate was shaped by anisotropic etching. The
sensitivity of the device is (applying a 200 V electret, without amplification)
25 mV/Pa, the maximum frequency is 15 kHz. Newer silicon-based capaci-
tive microphones were also developed by surface micromachining based on
the sacrificial layer technique. They employ SiO2 and Si3N4 layers as elec-
trets and diaphragms, respectively. The processing is generally CMOS com-
patible; thus, the power consumption can also be minimized by applying
CMOS preamplifiers (Bergveld, 1994). The new generation of hearing aids
consists of a single chip with nerve stimulating electrodes. This may replace
the role of the eardrum. Its nerve-stimulating principle is similar to that of the
artificial retina.
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FIGURE 5.13. Miniature microphone structures for hearing aid appliances: (a) hybrid inte-
grated and (b) silicon micromachined based versions (A � acoustic hole, G � hole for glu-
ing). [Reproduced with permission: (a) from W. O. Baker, “Polymers in the World of Tomor-
row,” Proc. of the Symp. at the 2. Chemical Congress of the North American Continent,
Las Vegas, 1980, pp. 165–202, ©1980, American Chemical Society; (b) from J. A.
Voorthuyzen, P. Bergveld and A. J. Sprenkels, “Semiconductor-Based Electret Sensors for
Sound and Pressure,” IEEE Transactions on Electrical Insulation, EI-24, pp. 267–276,
©1989, IEEE.]
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5.4 SENSORS IN ULTRASOUND IMAGING

Ultrasound imaging (echography or sonography) is one of the most impor-
tant and still growing diagnostic tools in use today. Its great advantage is that
it uses nonnuclear radiation; thus, the danger of genetic or somatic damages
is prevented. State-of-the-art ultrasonic scanners offer real-time gray-scale im-
ages of anatomical detail with millimeter spatial resolution superimposed on
a color map of Doppler blood-flow information. Complex diagnostic imaging
is possible: several organs can be investigated simultaneously. The greatest
limit of the technique is that organs filled with air (e.g., lungs) cause total re-
flection of waves that appear as nontransparent shadows in the image.

Ultrasound energy has the ability to propagate through soft biological tis-
sues and suffer only a moderate attenuation in its passage. The basis of im-
aging is the fact that at an interface between two acoustically different types
of tissue, ultrasound waves will be partly reflected and partly transmitted. The
reflected waves can be detected and used as an indication of the position of
the interface by measuring the reflected wave impulse time-of-flight times.
Together with knowledge of the propagation velocity, the distance of the in-
terface can be calculated. The reflected intensity depends on the acoustic im-
pedance difference between the two media on both sides of the interface (the
acoustic impedance is the product of the mass density and the ultrasound wave
propagation velocity).

Clinical applications of ultrasonic imaging are expanding as the operating
frequency increases. The conventional frequency ranges from 1 to 10 MHz that
corresponds to a wavelength range of 0.15–1.5 mm in water. The attenuation
increases, thus, the penetration depth decreases with higher frequencies, how-
ever, the resolution will be improved. In some cases, such as ophthalmoscopy,
ultrasound measurements at frequencies above 15 MHz are employed. Periph-
eral organs, such as skin, arteries, and veins of the digits, are amenable to ul-
trasound measurements at frequencies up to 40 or 50 MHz (Payne, 1985).

The most important part of ultrasound imaging appliances is the transducer
that emits and detects ultrasound waves. The alternating signal of an electronic
impulse generator will be converted into pressure waves by means of a piezo-
electric (see Section 4.4) capacitor (called a transmitter). The same capacitor
detects the echo waves, converting their energy into alternating voltage sig-
nals (the receiver mode) through the reverse piezoelectric effect. Thus, the
piezoelectric transducer launches and detects ultrasound wave pulses in alter-
nating periods (pulse-echo operation mode).

5.4.1 Ultrasound Imaging Modes

The first and simplest ultrasound imaging systems applied the A-mode (am-
plitude modulation) imaging illustrated in Figure 5.14(a) (Payne, 1985): echo
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FIGURE 5.14. Illustration of A-mode ultrasound imaging: (a) principle and (b) transducer
construction. (Reproduced with permission from P. A. Payne, “Medical and Industrial Ap-
plications of High Resolution Ultrasound,” Journal of Physics E, Scientific Instruments,
Vol. 18, pp. 465–473, ©1985, IOP Publishing Ltd.)
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impulse amplitude heights are displayed as a function of time-of-flight which
corresponds to the deepness of the reflection.

In B-mode (brightness modulation) imaging, all echo impulses are repre-
sented by a pixel on the display, and the brightness corresponds to the am-
plitude of the echo. To get a two-dimensional cross-sectional image, an ap-
propriate scanning of the desired cross section is necessary. Several scanning
methods are illustrated in Figure 5.15 (von Ramm and Smith, 1983). Two-
dimensional images are produced in a sequential linear array scanner, consist-
ing of a number (typically 128 to 512) of individual transducer elements, by
transmitting on each of the array elements (or small group of elements) and
receiving the echo information with the same elements for each B-mode line
in the final display. These sequences of image formation result in a rectangu-
lar image format as illustrated in Figure 5.15(a). Mechanical sector arrays
used in early stages include one or more piston transducers that are rocked or
rotated about a fixed axis by means of an electric motor [see Figure 5.15(b)].
Individual B-mode lines are scanned radially from a common origin corre-
sponding to the center of rotation.
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FIGURE 5.15. Scanning methods in B-mode ultrasound imaging: (a) sequential linear ar-
ray scanner, (b) mechanical sector scanner, and (c) phased array sector scanner. (Repro-
duced with permission from O. T. von Ramm and S. W. Smith, “Beam Steering with Lin-
ear Arrays,” IEEE Transactions on Biomedical Engineering, Vol. 30, No. 8, pp. 438–452,
©1983, IEEE.)
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Phased array scanners are the most sophisticated real-time systems. They
utilize a small array transducer with a length of 1–3 cm and a composition of
64–256 elements. They produce images by rapidly steering the acoustic beam
through the target organ by electronic rather than mechanical means. In con-
trast to the sequential linear array scanners, all of the array elements in a
phased array system are utilized in producing each of the individual B-mode
lines that comprise the final two-dimensional image. While the pitch size (the
raster of the array elements) should be greater than �/2 (� is the wavelength)
at the linear array in order to minimize the cross talk, it must be smaller than
�/2 at phased arrays because the wave interference effect is utilized for steer-
ing. The method by which a linear array may be excited to produce a wave
front that propagates at any desired azimuth angle is illustrated in Figure 5.16
(von Ramm and Smith, 1983). The direction of propagation of the effective
wave front is directly related to the excitation time sequence of the array el-
ements. Focusing can also be realized by an appropriate excitation schedule,
as shown in Figure 5.16(b). Rapid two-dimensional B-mode imaging known
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FIGURE 5.16. Wave generation with a phased array system: (a) transmit steering and (b)
focusing. (Reproduced with permission from O. T. von Ramm and S. W. Smith, “Beam
Steering with Linear Arrays,” IEEE Transactions on Biomedical Engineering, Vol. 30, No.
8, pp. 438–452, ©1983, IEEE.)
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as “real-time scanning” enables visualization of moving targets within the
body.

M-mode (movement mode) imaging uses a standard A-mode instrument. The
pixel elements are rendered together according to the distance of reflection
(Shung et al., 1992): the horizontal or x-axis is driven by a relatively slow
ramp sweeping (representing the time axis), while the y-axis indicates the dis-
tance of echo. M-mode display is useful for mapping the movement of mov-
ing objects such as mitral valve in the heart, etc.

C-mode or (constant depth mode) instrumentation is very similar to that of
B-mode. However, unlike B-mode, where one dimension of the display is in-
ferred from the time-of-flight information of the ultrasonic pulse, the scan-
ning plane is fixed at a constant depth, and the two-dimensional mapping of
reflection intensity is displayed. This type of imaging has not been found use-
ful in clinical diagnosis, but it occupies an important position in acoustic mi-
croscopy.

5.4.2 Ultrasound Transducers and Arrays

The typical cross section of a single ultrasound transducer (transmitter-
receiver) element fabricated for A-mode operation is shown in Figure 5.14(b).
Focusing can be achieved by applying bowl-shaped or disc-shaped transduc-
ers with acoustic lenses. The role of the matching material is to assure a low
reflection from the body surface. Conventional transducers applied piezo-
electric ceramic materials, such as BaTiO3, PZT, and lead metaniobate. Re-
cently, much attention has focused on the use of piezoelectric polymer (PVDF)
material. Its acoustic impedance matches that of water and of biological tis-
sues, hence, removing the need for matching layers. The easy fabrication of
the material enables the production of linear or two-dimensional (2D) trans-
ducer arrays, as well as their integration with preamplifier circuit elements,
which can result in better signal-to-noise ratio and smaller cross talk. A num-
ber of other factors will also be involved when applying this material, such as
the low-cost and the achievable broad bandwidth. The disadvantages of PVDF
are that it has a low transmitting constant, and its dielectric loss is large. One
of the most promising frontiers in transducer technology is the development
of piezoelectric 1–3 composite materials consisting of small-diameter PZT
rods embedded in a low-density polymer. By varying the volume ratios and
rod sizes, the properties can be adjusted to their desired values. One of the
most important disadvantages is the complicated and, therefore, high-cost fab-
rication of the material (Shung and Zipparo, 1996).

Modern B-mode ultrasound imaging almost entirely applies multielement
transducers. Figure 5.17(a) shows the structure of a sixteen-channel linear
transducer array (Granz, 1986). The common electrode of the piezoelectric
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transducer capacitor elements is on the surface of the PVDF polymer foil,
while the individual signal electrodes are on the substrate connected with al-
ternating wires to both sides. The signal conditioning is performed by two
eight-channel hybrid integrated MOSFET-input amplifier units. The resolu-
tion is limited by the size of the array elements and the lateral ultrasound
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FIGURE 5.17. Integrated ultrasound transducer structures with PVDF: (a) linear hybrid ar-
ray and (b) one cell of a silicon-based version (POSFET). [Reproduced with permission: (a)
from B. Granz, “Ultraschall-Empfangsarray aus dem piezoelektrischen Polymer PVDF,” NTG-
Fachberichte, Sensoren - Technologie und Anwendung, Bad Neuheim, pp. 264–270,
©1986, VDE-Verlag GmbH; (b) from Sensors and Actuators A, J. H. Mo, L. Anrew, L.
Robinson, F. L. Terry, Jr., D. W. Fitting and P. L. Carson, “Improvement of Integrated Ul-
trasonic Transducer Sensitivity,” 21–23, pp. 679–682, ©1990, with permission from Else-
vier Science S.A., Lausanne, Switzerland,]
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spreading inside the piezoelectric material and the substrate. The application
of PVDF is favorable from the latter point of view.

Linear arrays can be focused and steered in only one plane—the azimuth
plane. A lens is used in the elevation plane, perpendicular to the imaging plane,
to focus, and this determines the slice thickness of the imaging plane. Because
of the broadened beamwidth in the near field and beyond the focal zone, con-
trast resolution degrades in these regions. This problem can be alleviated by
using multidimensional (1.5D or 2D) arrays (Shung and Zipparo, 1996). A
few rows of linear arrays comprise 1.5D arrays. The use of additional rows in
the elevation plane is limited to provide a dynamic focus, similar to that de-
scribed in connection with Figure 5.16(b). Focusing in the elevation plane al-
lows a reduction in slice thickness and, thus, an improvement in the image
quality over a larger depth of view.

The ultimate ultrasonic scanners, which should be capable of producing
real-time images in 3D, necessitate real 2D arrays with a large number of lin-
ear array rows. Annular arrays with concentric, ring-shaped transducer ele-
ments have also been used to achieve biplane focusing. With appropriate dy-
namic processing, focusing throughout the field of view can be attained.
However, this type of probe cannot provide beam steering; mechanical steer-
ing has to be used to generate 2D images (Shung et al., 1992).

Recently, miniature two-dimensional integrated ultrasound sensor arrays
based on silicon micromachining have been developed. The structure of a sin-
gle individual cell is shown in Figure 5.17(b) (Mo et al., 1990). The metal-
lized piezoelectric foil is attached to the surface of the silicon chip that con-
tains a thin diaphragm made by anisotropic etching. The input MOS transistor
of the preamplifier unit is integrated close to the diaphragm; its gate electrode
is directly connected to the piezoelectric capacitor. The operation is based on
the sound-pressure-induced modulation of the drain current in the field effect
transistor. The device is often called POSFET (Piezopolymer Oxide Semi-
conductor FET). The structure assures a number of advantages for ultrasound
imaging. It employs the mentioned advantages of PVDF. The thin diaphragm
can pick up the sound-pressure-induced deformations with a high efficiency;
the thin silicon substrate assures low lateral propagation, and thus, a low-level
cross talk between adjacent array elements; the integration of the preampli-
fier improves the signal-to-noise ratio; and the small cell size gives good res-
olution. Not only linear arrays, but also 2D-matrices, can be realized, which
enables the three-dimensional imaging technique. Its disadvantage is that the
direct connection between the capacitor and the field effect transistor prevents
transmitter operation. The transmitter can be operated either by disconnecting
the preamplifier electronically during transmission or by controlling the trans-
mitter and receiver elements separately. Both solutions result in more com-
plicated cell structures. The device performs at about a 1 mV/Pa sensitivity
and at a 1.6 kPa lower detection limit.
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5.4.3 Doppler-Sonography for Blood-Flow Measurements

With a suitable choice of wavelength, ultrasound may be scattered from
moving structures such as red blood cells (Atkinson and Woodcock, 1982). It
is possible with ultrasound to measure the velocity of red blood cells and de-
duce the velocity of blood flow in arteries and veins. To do this, the well-
known Doppler technique is employed, the principle of which is illustrated in
Figure 5.18 (Doppler sonography). In the duplex transducer, two piezoelec-
tric elements work together: one only in transmitter mode, the other only in
receiver mode. The transmitter generates monochromatic ultrasound waves,
and the receiver detects the frequency shift of the reflected sound waves scat-
tered from the moving blood cells. Supposing a small angle between the in-
cident and reflected directions, the connection of the velocity (v) and frequency
shift (�f) can be expressed as follows:

�f � �(2v/�) � cos	 (5.4)

where � is the wavelength and 	 is the angle between the incident radiation
and the direction of flow. The frequency shift can easily be monitored by elec-
tronic mixing.

Doppler sonography has recently become the most important tool for non-
invasive blood flow measurements. CW (continuous wave) Doppler blood-
flow detectors operate by means of continuous sinusoidal excitation. The fre-
quency difference calibrated for flow velocity can be displayed or transformed
by a loudspeaker into an audio output. Such appliances are available on the
market with various interchangeable, pencil-like probes that are operated with
different frequencies, generally, one is used for examining vessels near the
skin, another for intermediate or deep vessels, and a third for fetal heartbeat
monitoring. Angle adaptors can be used for holding the probe at a fixed de-
gree.

Simple CW Doppler systems are unable to distinguish the source of the
echoes. This may be a serious problem when there are overlapping vessels. In
pulse-mode wave (PW) operation, sinusoidal ultrasound pulses are excited
while time-of-flight and frequency shift are simultaneously monitored. Com-
bined with dynamic scanning, a blood flow velocity map can be displayed ac-
cording to the cross section of the vessel. CW Doppler imaging systems can
also be operated based on similar principles such as C-mode scanning. Du-
plex Doppler imaging appliances, which combine B-mode real-time imaging
with Doppler flowmetry, provide unique possibilities unattainable with other
imaging modalities. Color Doppler imaging techniques involve displaying the
conventional cross-sectional gray-scale B-mode view superimposed on a color
blood-flow velocity map. Because a discussion of further details of ultrasound
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imaging is beyond the scope of this book, we refer to the literature (Shung 
et al., 1992; Webster et al., 1997).

Invasive catheter echography and Doppler sonography also became avail-
able with the introduction of PVDF- and silicon-based miniature transducers.

5.5 DETECTORS IN RADIOLOGY

5.5.1 X-ray Imaging with Sensors

X-ray radiation is the oldest and most widely used noninvasive medical im-
aging tool in radiological diagnostics. In classical X-ray diagnostics, visible
images are produced on X-ray-sensitive film or are displayed on a fluorescent
screen. When displaying these images on a fluorescent screen, X-ray image
amplifiers enable a direct image display. Incident X rays impinge on the sur-
face of a fluorescent (generally CsI) screen from which secondary, visible pho-
tons are emitted (Shung et al., 1992). These photons excite photoelectrons
from the photocathode of a vacuum tube that, by means of appropriate elec-
tron optics, can be used to obtain a real-time visible image on a display screen
located on the opposite side of the same vacuum tube. By combining the X-
ray amplifier with image dividers and video cameras, real-time monitoring
and image and motion storage become available. Modern teleradiology makes
it possible for digital imaging equipment to be used to store, send, and view
X-ray images. Digital image processing tools, such as background subtrac-
tion, smoothing, windowing, zooming, etc., enable improved image quality;
thus, details that may be hidden during normal image viewing can be recog-
nized. Another advantage is that patients may be exposed to lower doses of
X-ray radiation. The possibilities of the X-ray-amplifier/TV-chain system are
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FIGURE 5.18. Principle of the Doppler blood-flow measurement.
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limited by the complicated multiplied signal transduction (X ray r visible
light r photoelectron r visible light r electron r A/D conversion) that re-
sults in the deterioration of resolution and signal-to-noise ratio. Thus, the most
important tools of future teleradiology should be X-ray sensor arrays that en-
able direct image digitalization.

One approach for producing X-ray images by sensor arrays is to use X-ray
CCDs that are covered by fluorescent materials, “phosphors.” The most no-
table problem with these sensors is that since X rays cannot be handled by
lenses as can visible light, the image they produce is much smaller than that
needed in general applications. Therefore, the first application of these sen-
sors was in dental radiography: making x-ray images of teeth. Also, conven-
tional X-ray mammography systems using large-area (49 mm � 85 mm) CCD
detectors became available recently. For larger images, NASA researchers ap-
plied a new mosaic scanner technique with CCD chips arranged as shown in
Figure 5.19 (Jalink, 1995). In this mosaic scanning, a checkerboard of CCDs

Detectors in Radiology 133

FIGURE 5.19. X-ray image formation using CCD mosaic (Jalink, 1995).
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quickly acquires an image several times in different positions, eliminating
“dead stripes.” The movement is tracked by an appropriate lead-collimator
system placed between the X-ray source and the patient. The mosaic images
formed in each position are then recombined by a computer that produces a
composite. The prototype can prepare images with a size of only 5.08 �
5.08 cm (2
 square) with a resolution that enables the recognition of precan-
cerous tissue spots with the size of 0.1 mm diameter.

According to another approach called the optically coupled CCD X-ray im-
aging system, X rays are impinged into a fluorescent screen and the image
produced is then transferred onto the surface of an individual CCD by opti-
cal lenses (Liu et al., 1994). The resolution is worse than that of the previ-
ously mentioned system, but allows for large moving pictures to be viewed in
real time and processed digitally. To overcome the problem of resolution, the
applied photosensor array elements should be fabricated directly on the sur-
face of the scintillation screen, called a flat-panel imager (Antonuk et al.,
1992). One array element consists of a hydrogenated amorphous silicon 
(a-Si:H) thin-film-based photodiode and a thin-film field effect transistor fabri-
cated by CVD. As transparent electrodes, indium-tin-oxide thin films were ap-
plied. The biggest drawback to this solution is that a large number of array
elements must be used in order to achieve good resolution and large-area im-
age transfer. The yield of the processing drastically drops with an increase in
the area and pixel number. One solution is to seamlessly tile amorphous sili-
con photodiode TFT (thin-film transistor) arrays for very large area X-ray im-
age sensors (Powell et al., 1998). Four standard arrays are cut parallel to the
bus bars, in the space between the bus bar and the preceding pixel electrode.
The four subarrays are then rotated by 90°, with respect to their neighbors,
and butted together. By doing this, the seam between each tile would have no
bus bar, and the pixel pitch between neighboring tiles could be reproduced
with an acceptable alignment tolerance of the tiles. A 192 � 192 pixel array
with a 200 �m pitch has demonstrated the feasibility of the method.

A new invention, the combination of collimated X-ray scanning and the so-
called “Charpak” detector, a multicomponent proportional counter (see Sec-
tion 4.11) array, is illustrated in Figure 5.20 (Kalifa, 1995). The proportional
multiwire chamber is a gas (a mix of xenon and CO2) ionization particle de-
tector. On the inside, there is an alignment of copper wires, ten microns in di-
ameter, that are pulled tight like the weave of fabric on a loom. The axis of
each wire faces the X-ray source, 1.3 m away. The wires measure five cen-
timeters and are separated from one another by 1.2 mm. Cathodes are set up
on each side of the wire layout. Each wire is connected to an amplifier, a se-
lection component, and a counter. The chamber/electronic-counting unit is
supported by an arm with the X-ray tube fitted onto its other end. A finely
collimated X-ray beam scans the patient’s body during the examination. The
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detector records a line every 30 ms and stores it in the computer’s memory bank.
The lines are than processed and displayed on the computer’s screen. The spa-
tial resolution of the system is 0.6 � 0.6 mm. Its further advantage is that it
delivers 100 times fewer X-rays (!) than existing radiology systems. The rea-
son for this is a more efficient detector component and less radiation scattered
by the collimator system. Besides lowering irradiation, eliminating scattered
radiation improves data quality; a weak contrast is no longer lost in the back-
ground noise.

5.2.2 X-ray Sensors in Computed Tomography

It is doubtless that X-ray computed tomography (CT) was the greatest in-
vention in the history of X-ray radiology (the 1979 Nobel Prize was awarded
to the investors, Hounfield and Cormack). The method relies on the newest
results of nuclear technology, electronics (radiation detection, amplification,
noise reduction, X-ray scanning), and digital signal processing. Images are
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FIGURE 5.20. X-ray image formation using Charpak detector and X-ray scanning. (Re-
produced from G. Kalifa, “New System Slashes X-ray Radiation Hazards,” Biophotonics
International, July/August 1995, pp. 18–19, with permission of Prof. Gabriel Kalifa, Service
de Radiologie, Hopital Saint-Vincent-de-Paul, Paris, France.)
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made not parallel to the axis of the human body, but perpendicular to it, en-
abling cross-sectional views to be prepared. The basic idea, independent of
the practical appliance considerations, is that the collimated X-ray bundle
sweeps the body transversely and the penetrated radiation intensity profile ver-
sus angle is measured by the detector array located on the opposite side of the
body (see Figure 5.21). The X-ray source moves around the object, making
intensity profiles in a number of positions that are then processed by the com-
puter. One pixel brightness of the cross-sectional view is set proportionally to
the sum of all intensity values measured with source-pixel-detector straight
coincidence. By making several cross-sectional views, three-dimensional im-
ages can be prepared using a morphometer. The exposition time of one cross-
sectional image is 1–25 s. This relatively long image preparation time limited
the first applications of the method to investigations of the skull, brain, and
motionless tumors. Tomography of moving organs, like the heart, only re-
cently became a reality. The ultra-fast CT (UFCT) can prepare 15–20 indi-
vidual cross-sectional images in seconds, simultaneously (Song et al., 1994).
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FIGURE 5.21. Principle of X-ray computed tomography.
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Conventional X-ray computed tomography detectors are photoelectron mul-
tipliers (PEMs) combined with collimators and scintillation crystals (see Fig-
ure 5.22), such as NaI, BGO, CWO, or LSO (see Section 4.11). PEMs offer
several unique advantages in image processing over newer solid state detec-
tors (SSDs) including low noise, high speed, and a detection limit as low as
one photon. Their disadvantages include the large size, the sensitivity to me-
chanical and electromagnetic interferences, and the necessity of a stable high
voltage for operation. One possibility considered for overcoming these disad-
vantages is to use large-area silicon PIN photodiodes and APDs (Holl et al.,
1995) in scintillation detectors instead of PEMs (see Section 4.11). A severe
restriction on the use of silicon diode scintillation readout comes from the
high noise level. Newer low-noise APDs seem to overcome this problem. Cur-
rently, commercial CT appliances utilize BGO or CWO crystals combined
with large-area silicon APDs. The main disadvantage of these detectors is the
limited resolution.

A direct operation (nonscintillation) metal-sandwiched silicon solid-state
detector (Si-SSD) is illustrated in Figure 5.23. The direct electron-hole gen-
eration caused by the incident X ray cannot be applied because of the small
scattering efficiency inside silicon. Therefore, the collimated incident X ray
is scattered first within a metal slab that produces secondary photons that pen-
etrate one of the silicon detectors. These are diodes facing the slab, in the de-
pletion layer of which electron-hole pairs are generated. The metal slab im-
proves the probability of interaction with the X-ray beam in comparison with
the silicon (Miyai et al., 1994).

High-purity germanium (HPGe) detectors assure better scattering efficiency.
Amorphous Ge (a-Ge) deposited on high-purity Ge crystals by sputtering fol-
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FIGURE 5.22. Structure of the classical X-ray detector used in CT—photo-electron mul-
tiplier with scintillator crystal and collimator.
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lowed by metallization forms low-leakage-current blocking contacts suit-
able for radiation detector array applications, as shown in Figure 5.24 (Luke
et al., 1994). The lateral resistance between the contact areas is larger by six
orders of magnitude than that of the bottom contact, which forms the actual
detector-resistor element. For noise reduction, a cryogenic operation at the
temperature of 77 K should be assured.

Compton X-ray backscatter imaging (CBI) does not use the transmitted 
X-rays, but instead uses those scattered by the organs due to the Compton effect
(see Section 4.11). This new method can noninvasively map displacement and
velocity patterns on the epicardial surface with a high degree of spatial and
temporal precision. The same X-ray detectors can be used here as in the CT
described previously (Herr et al., 1994).

5.5.3 Detectors in Nuclear Radiology

Nuclear radiology uses nuclear radiation for imaging. The in vivo method
is performed by delivering radioactive isotopes (e.g., 99Tcm, 123I) into the body
of the patient, the time-dependent distribution of which is followed by meas-
uring �-radiation intensity. The conventional scintigraphic equipment applied
a single detector; the distribution image was composed from step-by-step in-
tensity measurements. Later, the Anger-(�)-camera was used for such pur-
poses, enabling real-time 2D distribution imaging. This imaging device con-
sists of a collimator system, a large-area NaI scintillator crystal, and a
photoelectron multiplier (PEM) array. Modern angiography employs position-
sensitive PEMs (PSPEMs). PSPEM unifies the PEM array into a single vac-
uum tube containing a large-area common photocathode, a mesh system of
dinode arrays, and a multiwire anode array consisting of a number of electri-
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FIGURE 5.23. Structure of the metal-slab sandwich silicon solid-state X-ray detector. (Re-
produced with permission from H. Miyai, S. Kawasaki, H. Kitaguchi and S. Izumi, “Re-
sponse of Silicon Detector for High Energy X-ray Computed Tomography,” IEEE Transac-
tions on Nuclear Science, Vol. 41, No. 4, pp. 999–1003, ©1994, IEEE.)
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cally independent wires in both x and y directions. Coordinates of the scin-
tillation can be determined using appropriate readout electronics. A pulse
height analyzer circuit makes it possible to determine the energy of the ab-
sorbed photons individually. New generation gamma cameras employ semi-
conductor solid-state sensor arrays that are operated either cryogenically (Ge)
or at room temperature (CdTe, Si).

Modern nuclear radiology applies the tomographic imaging technique. In
single photon emission computer tomography (SPECT), similar to angiogra-
phy, the emitted �-radiation intensity is measured in various directions. A 
�-camera rotates around the object, taking measurements in a number of posi-
tions. Cross-sectional images are produced in a manner similar to conventional
X-ray CT imaging. Several cross-sectional images can be produced simulta-
neously. The resolution of the method is in the “cm” range.

Figure 5.25 shows the idea of a real-time SPECT imaging system that does
not apply moving parts (Singh et al., 1989). The central ring of a multi-ring
SPECT instrument consists of eight cameras with a divergent-hole collimator
on each camera to obtain a field of view that totally encompasses the central
circle-shaped cross-sectional area. Each camera consists of a NaI scintillator
and a position-sensitive PEM tube. Thus, various directions are rendered to
show scintillation positions at the PEM.

The concept of electronic collimation has also been developed, which can
be realized mainly with semiconductor detectors. Typically, cryogenically
cooled germanium and room-temperature operable silicon and cadmium-zinc-
telluride (CZT) semiconductor detector arrays have been applied to replace
PEMs (Singh et al., 1995). Semiconductors have superior energy resolution
and a fast response time of about 10�9 sec. However, their application in nu-
clear radiology is limited due to cost and noise problems. Using modern
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FIGURE 5.24. Structure of the X-ray detector array fabricated on a high-purity Ge crys-
tal. (Reproduced with permission from P. N. Luke, R. H. Pehl and F. A. Dilmanian, “A 140-
Element Ge Detector Fabricated with Amorphous Ge- Blocking Contacts,” IEEE Transac-
tions on Nuclear Science, Vol. 41, No. 4, pp. 976–981, ©1994, IEEE.)
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SPECT imaging techniques, resolution is already in the range of a few mil-
limeters. The main limitation of the method is that the transmission attenua-
tion of the �-rays passing through the body is unknown, thus, correction is
impossible.

Positron emission tomography (PET) employs ultra-short lifetime positron
(�) sources, like 11C, 13N, 15O, and 18F isotopes, that can easily bind to the
organic molecules of living cells (Shung et al., 1992). The emitted positrons
scatter with high efficiency on electrons that are present in all molecules of
living cells, and the positron-electron annihilation results in two �-photons
having equal energies (511 keV each) and opposite term velocity vectors. The
basic element of the PET system is a pair of �-detectors in 180° position in
coincident operation; thus, a positron absorption is registered only if both de-
tectors simultaneously give impulses. This coincidence measurement provides
unique possibilities for noise reduction and for designating the direction of
positron absorption. Some transmission attenuation compensation is also pos-
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FIGURE 5.25. Central ring of a real-time SPECT system. (Reproduced with permission
from M. Singh, R. Leahy, R. Brechner and X. Yan, “Design and Imaging Studies of a Po-
sition Sensitive Photomultiplier Based Dynamic SPECT System,” IEEE Transactions on Nu-
clear Science, Vol. 36, No. 1, p. 1132, ©1989 IEEE.)
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sible since the exact original energy of the �-photons is known. Although PET
is not a competitor of conventional X-ray tomography in terms of resolution,
real-time imaging of dynamic processes is possible. Due to its application,
metabolic processes during brain and heart operations were investigated and
special scientific inventions became available. Radiation exposure to the pa-
tient is minimal, since the isotopes have short half-lives of 2–20 min. This is
also, however, the main limitation of the method—it must be settled near a
cyclotron in order to have short-lifetime radioactive-isotope sources continu-
ously on site. Because of this limitation, PET is a tool of scientific research,
rather than a method of everyday medical diagnostics. However, it is currently
the most developed imaging technique. Since the spatial and time resolutions
are mainly dependent on the detectors, their development is the focus of PET
research efforts. The resolution of 5–7 mm, that was typical for the first PET
systems, has been reduced to under the mm size (McIntyre et al., 1995). A
few detector examples are demonstrated as follows.

For three-dimensional real-time imaging, detector blocks should be arranged
circularly around the object. A typical arrangement is illustrated in Figure
5.26(a) (Rajeswaran et al., 1992), while the structure of an individual block
is shown in Figure 5.26.b (Cutler and Hoffman, 1994). The detector module
is fabricated from a scintillation crystal segmented into an array and coupled
to a PSPEM. Typically, BGO or LSO scintillation crystals are applied instead
of NaI because of their higher absorption, thus, there is greater interaction ef-
ficiency with high-energy �-photons. Annihilation event direction can be de-
termined by identifying the scintillating segment by the position-sensitive
PEM.

The block design used in most PET systems suffers from several drawbacks
that may limit their application in high-resolution imaging appliances. First,
mispositioning is possible resulting from the cross talk inside the PEM tube,
which becomes more serious with size reduction. Densely packed, fine-grained
crystal arrangements cannot directly be coupled to PEM tubes. A bundle of
optical fibers is generally applied between the tubes, enabling one-to-one cou-
pling of scintillation crystal and multianode PEM segments (McIntyre et al.,
1995). The greatest problem is the bigger size of the overall apparatus. The
real size reduction may be achieved by combining scintillation crystals with
semiconductor APDs or PIN diodes, the application of which is in the devel-
opment stage because of the noise problems mentioned previously (Schmelz
et al., 1995; Moses et al., 1995).

Another problem of the scintillation PET systems is that only about 44%
of the 511 keV gamma rays interact photoelectrically; thus, many of the de-
tected events are scattered in the block. The block detector has no way of dis-
criminating between photoelectric events and events that undergo one or more
Compton scatters. Compton electrons may also generate secondary scintilla-
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tion in adjacent crystal segments resulting in cross talk. Photoelectron events
have, however, a well-defined penetration depth with a narrow tolerance. The
real solution for a better crystal-PEM coupling and for distinguishing photo-
electron and Compton-type scintillation would be to measure interaction depth
and identify the scintillating crystal element.

The combination of position-sensitive photodiodes with a BGO-PEM de-
tector is shown in Figure 5.27 (Derenzo et al., 1989). Figure 5.27(b) shows
the layout of the position-sensitive photodiode that has one common electrode,
while the other consists of two triangular twin segments. Each segment was
connected to separate charge amplifiers and filter circuits. The sum of the out-
puts represents the energy deposited in the crystal, while their ratio corre-
sponds to the center of intensity of the photons along the length of the pho-
todiode. The detector module consists of three (or more) optically isolated
BGO crystals attached to a single PEM tube, which provides fast timing pulse
for the block. Each crystal is also individually coupled to a position-sensitive
photodiode that identifies the crystal that stopped the annihilation photon and
determines the depth of interaction in order to distinguish photoelectron and
Compton scintillation effects. This type of detector can be operated at room
temperature.

In another solution, the two LSO-PSPEM detector elements of the pair are
aligned perpendicularly. One detector is the imaging detector (sensing the di-
rection of event), and the other is the coincidence and penetration depth de-
tector (Vaquero et al., 1998).
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FIGURE 5.26. PET system consisting of detector blocks: (a) arrangement of the blocks
and (b) typical structure of an individual detector block. [Reproduced with permission: (a)
from S. Rajeswaran, D. L. Bailey, S. P. Hume, D. W. Townsend, A. Geissbühler, J. Young
and T. Jones, “2-D and 3-D Imaging of Small Animals and the Human Radial Artery with
a High Resolution Detector for PET,” IEEE Transactions on Medical Imaging, Vol. 11, No.
3, p. 386, ©1992, IEEE; (b) from P. D. Cutler and E. J. Hoffman, “Use of Digital Front-End
Electronics for Optimization of a Modular PET Detector,” IEEE Transactions on Medical
Imaging, Vol. 13, No. 2, p. 408, ©1994, IEEE.]

CHAPTER05  2/15/00 3:20 PM  Page 142



A different approach was developed for measuring the depth of interaction
(McIntyre et al., 1995). This approach employs plastic scintillator blocks that
have much larger interaction depths. In contrast with crystals, only Compton
scattering occurs in them. Two optical fiber bundle systems measure the ax-
ial and radial positions of the penetration depth. Therefore, the mechanical
and electronic constructions are rather complicated.

5.5.4 Other Applications of Nuclear Detectors

Radioactive labeling of proteins, lipids, and carbohydrates is a very impor-
tant technique of in vitro radiology for identifying, isolating, and investigat-
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FIGURE 5.27. Position-sensitive scintillation detector block: (a) structure and (b) layout of
the position-sensor photodiode. (Reproduced with permission from S. E. Derenzo, W. W.
Moses, H. G. Jackson, B. T. Turko, J. L. Cahoon, A. B. Geyer and T. Vuletich, “Initial Char-
acterization of a Position-Sensitive Photodiode/BGO Detector for PET,” IEEE Transactions
on Nuclear Science, Vol. 36, No. 1, pp. 1084–1089, ©1994, IEEE.)
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ing their properties and receptor binding assays (see Section 7.2.2). In such
procedures, the preferred radiolabel is often tritium, because it does not in-
terfere with the normal conformal structure of the proteins. Tritium atoms emit
�-particles, the detection of which usually requires the destructive and time-
consuming manipulation of the samples and their placement into the scintil-
lating fluid. If the spatial resolution inside the samples must be preserved, the
two-dimensional distribution pattern of the labeling source is conventionally
measured using X-ray film. This approach requires an exposure period rang-
ing from several days to a month.

A novel technology was developed using a specially designed large area,
monolithic APD array that records the tritium activity distribution at each point
within the field of view. The 1 mm2 array elements exhibited 27% detection
efficiency with low cross talk (Gordon et al., 1994).

The last, very important application field of radiation sensors in radiology
is the field of personal dosimeters that can perform continuous monitoring,
displaying, data storage, and alarm signal generation, if necessary (Izumi 
et al., 1989). The name-badge-size appliances are compatible in geometrical
measurements and practical use with conventional indicators, and they apply
low-cost Si-SSDs (the noise is not very important here) and low-power CMOS
circuitry operated by button-size batteries (Moreno et al, 1995).

5.6 BIOMEDICAL APPLICATIONS OF MAGNETIC
FIELD SENSORS

5.6.1 Nuclear Magnetic Resonance Imaging

The most important, but not unique, application of magnetic field sensing
is the medical nuclear magnetic resonance imaging (NMR or MRI) technique.
The basis of the method is the phenomenon that nuclei in an external mag-
netic field (B) can only be excited at definite frequencies (�) that can be ex-
pressed by the Larmor equation:

� � �B (5.5)

where � is the gyromagnetic ratio characteristic of the type of nuclei. Ac-
cording to a mechanistically developed model, this frequency is equal to the
frequency of precession rotation of nuclei. Conventional MRI is based on 1H
nuclei (protons) (� � 42.6 MHz/Tesla); thus, the distribution and bonding
state of tissue fluid is the basis of the image contrast. Other types of MRI
techniques have become available for practical applications that apply ele-
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ments other than H, such as 23Na (� � 11.3 MHz/Tesla) or 31P nuclei (� �
17.2 MHz/Tesla).

Under normal conditions, the nuclei precess with the same frequency, but
in randomized phase. As a consequence, the rotating magnetic moments gen-
erate radio signals that cannot be detected. If they are conditioned with a short
radio signal at the same frequency as they are precessing, they begin to radi-
ate a signal with a magnitude that is a function of the number of spinning nu-
clei (spin density) and the strength of the imposed magnetic field. The phys-
ical mechanism responsible for the image’s production is a consequence of
Equation (5.5). If the imposed field is not uniform along the sample, than the
resonant frequency is different in each section. A magnetic field that varies
with spatial variation is known as a gradient and can be applied during or af-
ter the excitation process. If a gradient is energized during the excitation pulse
parallel to the high constant magnetic field (denoted z-axis), only those nu-
clei that satisfy the Larmor equation for the particular frequency of excitation
will be affected. This phenomenon, known as selective excitation, is used to
identify the location and orientation of the image plane. The ability to select
slice information gives the z gradient the name “slice selection gradient.” By
changing the center frequency of RF excitation pulse and the bandwidth, the
slice position and slice thickness can be changed.

Similarly, x and y gradients are used in combination with different RF pulses
to encode and read out (decode) spatial information from the image plane. An
important phenomenon is that spin alignments and spinning phases can be or-
dered by appropriate pulse sequences. The “phase encoding gradient” pulse
is applied after ordering the spinning phases, and just before a RF impulse.
Nuclei along the axis of the gradient will rotate with different frequencies.
Switching out the gradient field, they will rotate again with the same fre-
quency, but with different phases. Thus, phase encoding of the nuclei has been
performed according to the rows of the slice. Each time an excitation pulse is
sent out, the value of the encoding gradient may be changed, until the entire
distance is covered. The third gradient, the frequency or readout gradient, is
applied when echo radiation is emitted by the nuclei to divide the rows into
pixels by encoding the columns of the slice with different answer frequencies.
The image itself is generated from a set of echo pulse data, each member of
which is uniquely associated with a particular encoding gradient and readout
gradient. After the data are collected, a double Fourier transformation is ap-
plied to convert time to frequency and phase, which maps the x, y coordinates
with the Larmor equation.

The value of each pixel is related to the amplitude of the echo signal from
a given location. The signal intensity varies with time in a fashion that can be
described in terms of the relaxation phenomena. There are two different re-
laxation processes that affect the magnetic resonance signal: T1, the longitu-
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dinal or spin-lattice relaxation time, and T2, known as the spin-spin relaxation
time. The influence of the parameters on the signal is described by the Bloch
equation:

I � N(H) � [1 � exp (�TR/T1)] � exp (�TE/T2) (5.6)

where N(H) is the spin density, TR is the pulse repetition time, and TE is the
echo time. Thus, conventional images represent a complicated convolution of
intrinsic relaxation time parameters. Using appropriate pulse sequences, si-
multaneous T1 and T2 mode imaging can be realized, and further images may
be obtained by mathematical processing of the images (O’Donnell et al., 1986).
A more detailed description of image processing is beyond the scope of this
book, so we refer to the literature (Shung et al., 1992).

Clearly, the signal is a function of the number of nuclei that have been ex-
cited in a given volume element (voxel). This is a function of the volume ex-
cited and the spin density. The voxel size is a function of the slice thickness
and image pixel dimensions. Big voxel sizes will generate more nuclei and so
improve the signal-to-noise ratio, but will destroy the spatial resolution at the
same time. If a given excitation pulse sequence is repeated at the same en-
coding gradient setting, an improvement in the signal-to-noise ratio can be
achieved by averaging. The price paid for this is the multiplied scan time,
which also increases the data acquisition time.

The great advantage of MRI is its ability to produce image pixels from di-
rect measurements without applying ionizing radiation. Since NMR spec-
troscopy is a well-known method in chemical analysis, it also has the poten-
tial for getting physiological and biochemical information noninvasively. The
spatial resolution is 1–2 mm, and the slice thickness is 5–20 mm. Data ac-
quisition time depends strongly on the task. It ranges from seconds to several
minutes, although the scanning time is in the ms range.

The most important part of the MRI instrument is a large magnet that pro-
vides a constant, homogenous magnetic field of 0.1–1.5 T along the patient’s
body. Superconducting electromagnets are now the industry standard for this
purpose. Low-field (0.05–0.3 T) permanent magnets are also attractive be-
cause of their low cost. Generally, several other coils assure the gradient fields,
the RF excitations, and the detection of echo signals. The same RF coil may
be used to transmit and to receive the RF signal, but in many cases, it would
be desirable to have a separate coil to receive the signal. This solution allows
for a geometric configuration of individual coils that are optimized for trans-
mission and reception, respectively.

A number of RF coil designs, including the solenoid, the multiple-turn so-
lenoid, the “birdcage” coil, and the saddle coil, have been used in MRI sys-
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tems (Partain et al., 1988). The noise floor of conventional MRI systems is
determined by the receiver coil noise for low-frequency imaging and a small
field of view. The signal-to-noise ratio can be increased by reducing the coil
noise. The thermal noise of a conventional copper coil can be lowered by de-
creasing its operating temperature. Whole-body receiver coils are generally
operated with cryogenic cooling at liquid nitrogen temperatures (Hall et al.,
1988). Even liquid-helium-cooled superconducting RF coils in combination
with DC SQUID (see Section 4.10) amplifiers have been developed for MRI
at 0.01 T (Seton et al., 1995).

Nowadays, planar inductors called “surface coils” are used in the “receiver
only” mode in combination with a large-body transmission RF coil to get more
information from few details with high resolution and improved signal-to-
noise ratio. Surface coils are most often used for imaging the knee, shoulder,
neck, spine, and eye. The application of high-temperature superconductor
(HTS) materials has gained great importance in this field. Superconducting
receiver coils of HTS materials can be operated with liquid nitrogen, where
they can show extremely low noise levels in the RF range as a result of their
low AC resistance. The problems stem from the processing of HTS materials
because wire production is still under development. Surface coils can, how-
ever, easily be fabricated by means of thin- or thick-film technologies (With-
ers et al., 1993). HTS materials may also be applied in other areas, such as
magnetic resonance microimaging (MRMI) (Black et al., 1944), where small-
size film-type planar coils can be applied, and in sodium MRI, where low noise
is an important consideration (Miller et al., 1996). They are also widely used
in the field of in vivo NMR spectroscopy.

A multilayer thin-film TBCCO superconducting receiver coil sputtered onto
LaAlO3 substrate and patterned by ion milling for sodium MRI purposes was
investigated recently (Miller et al., 1996). The coil design consists of single
planar coil inductor elements with interdigital capacitors between the turns of
the inductor to avoid crossover complications associated with the fabrication
of a multilevel structure. The signal-to-noise ratio was improved by a factor
of ten by using the HTS coil instead of a room temperature copper coil. The
imaging of sodium nuclei holds enormous potential as a diagnostic tool in dis-
tinguishing normal and damaged tissue. Sodium MRI has shown advantages
over conventional hydrogen MRI in the early detection of certain brain dis-
orders.

Capacitive coupling was also used between thin-film YBCO coil elements
deposited onto the same type of substrates to determine LC resonators for
MRMI purposes at 7 T (Black et al., 1994). The signal-to-noise ratio was im-
proved by a factor of 10–30 relative to a copper coil operated at room tem-
perature.
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5.6.2 Sensors for Recording Biomagnetism

The unrivaled ability of SQUID magnetometers (see Section 4.10) to meas-
ure weak magnetic fields associated with physiological and pathological ac-
tivity in the human body initiated a new field of research that is gaining sig-
nificant interest in laboratory and clinical use. The widest scientific and
commercial interests have concentrated on magnetoencephalography (MEG),
and, hence, this is the area with the most active instrumentation development.
In electrical activity of the brain, currents in the nerve dendrites induce mag-
netic fields that are measurable outside of the surface of the scalp. Impressive
results have been achieved in three-dimensional localization of epileptic foci.
In magnetocardiography (MCG), magnetic fields produced by ionic currents
in the heart are recorded outside of the body. Multichannel MCG systems re-
lying on SQUID arrays may provide additional information beyond that
recorded by the less expensive conventional electrocardiogram (ECG) (Num-
minen et al., 1995). Biomagnetic signals have also been detected from a num-
ber of organs, and the abbreviations have been formed accordingly, like MOG
(magnetooculogram), MGG (magnetogastrogram), MMG (magnetomyo-
gram), MNG (magnetoneurogram), F-MEG (fetal MEG), F-MCG (fetal
MCG), etc. The strength of these signals can be as low as a few tens of fem-
toTeslas (1 fT � 10�15T) that should be measured in environments with a
noise level of 108 fT.

A SQUID magnetometer is a superconducting loop containing one or two
Josephson junctions (see Section 4.10) (Wikswo, 1995). It is connected with
the external world by means of a superconducting “flux transformer.” This
consists of a closed loop of two coils—the detection coil senses the external
field, while the other, the input coil, is tightly coupled to the SQUID. When
applying thin- or thick-film SQUIDs, both the SQUID and the input coil are
deposited onto the same substrate [see Figure 5.28(a) and (b)]. A flux trans-
former is used because the detection coil can be shaped to best suit the ex-
perimental requirements. First of all, with large-area detector coils, the mag-
netic field can be multiplied; thus, the lower detection limit may be extended.
On the other hand, the ambient magnetic noise can be compensated for by us-
ing an appropriate detector coil design so that shielded room operation is not
necessary. The basic idea is that magnetic fields originating from distant
sources can be handled as homogenous ones. Their effects can be compen-
sated by splitting the conventional single coil [“type 1” shown in Figure
5.28(c), called a magnetometer] into subcoils having opposite turns (Romani,
1984). Figure 5.28(c) demonstrates a number of coils developed for this pur-
pose. A “type 2” detection coil is called a first-order gradiometer, as it senses
only the first derivative of the field and higher order. A second-order gra-
diometer coil is demonstrated as “type 3” in Figure 5.28(c) First-order gra-
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FIGURE 5.28. Detector chamber and its components for measuring biomagnetism: (a)
schematic structure of the SQUID, (b) its connection with a flux transformer, (c) magne-
tometer (1) and gradiometer (2–6) detector coils, and (d) design of a multichannel detec-
tor chamber. [Reproduced with permission: (b) and (c) from G. L. Romani, “Biomagnetism:
An Application of SQUID Sensors to Medicine and Physiology,” Physica B  C, Vol. 126,
pp. 70–81, ©1984, Elsevier Science-NL, Amsterdam, The Netherlands; (d) from J. Num-
minen, S. Ahlfors, R. Ilmoniemi, J. Montonen and J. Nenonen, “Transformation of Multi-
channel Magnetocardiographic Signals to Standard Grid Form,” IEEE Transactions on Bio-
medical Engineering, Vol. 42, No. 1, pp. 72–81, ©1995, IEEE.)
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diometers can be used in a weakly shielded environment, while second- or
higher-order gradiometers are successfully run in many laboratories and clin-
ics. The disadvantage of their application is that the source of the biomagnetic
signals should be placed as close as possible to the lowest coil of the gra-
diometer. The other “penalty” to be paid is the reduced sensitivity of the de-
tector coils. The overall system is schematically shown in Figure 5.28(d)
(Numminen et al., 1995). A superconducting assembly consisting of an array
of SQUIDs and flux transformers is located inside the tail of a superinsulated
fiberglass dewar and is kept cold at liquid He temperature. HTS material-based
systems can be operated at liquid nitrogen temperature. Using single-channel
systems, data acquisition time may take hours. This time could be reduced by
several orders of magnitude by using multichannel detector arrays consisting
of twenty-four or more elements.

5.6.3 Magnetic Backprojection Imaging

Magnetic field sensors can also be used for imaging the vascular lumen.
Conventional modalities used for the diagnosis of vascular disease include ul-
trasound and Doppler flow imaging, X-ray angiography, and MRI with their
rather complicated and high-cost equipment. A new approach to vascular char-
acterization, magnetic backprojection imaging (MBI), in contrast to other mag-
netic imaging techniques, uses inexpensive, readily available Hall sensors (see
Section 4.8) (Hong and Fox, 1995). The basis of the technique is that human
blood plasma contains many ionic compounds; thus, its resistivity is about 0.7
�m, which is much smaller than that of the vessel wall with a typical resis-
tivity of 140–200 �m. Therefore, blood vessels act as electrical conductors
surrounded with insulating tissues. Layered atherosclerotic plaques exhibit a
high resistivity of 600–1600 �m. If a current is injected or coupled into the
bloodstream in a minimally invasive way using a needle-type electrode, or in
a potentially noninvasive way using capacitive coupling, the direction of the
current flow will follow the central direction of the vascular lumen. Plaque
buildup usually blocks a part of the lumen, and thereby changes the direction
of the bloodstream, leading to detectable change in current flow direction. As
is well known, an electrical current flow excites a magnetic field. From the
measurement of this magnetic field, it is possible to estimate the current source
distribution that generates it. By an appropriate choice of current, the mag-
netic field is strong enough to be able to measure it using Hall sensors. The
output of a Hall sensor can be used in a backprojection to reconstruct the cen-
troid of the blood flow and, thus, to localize the plaque region. Hall detectors
can also measure constant magnetic fields. The technique cannot detect an ex-
actly symmetric narrowing of blood vessels, but this is not typical in practice.
The sensitivity and signal-to-noise ratio can be modified with the injected cur-

150 PHYSICAL SENSORS AND THEIR APPLICATIONS IN BIOMEDICINE

CHAPTER05  2/15/00 3:20 PM  Page 150



rent. The resistivity of the blood can also be lowered by injecting physiolog-
ical saline solution into the vessel.

5.7 FURTHER APPLICATIONS OF PHYSICAL SENSORS

A number of applications of physical sensors are discussed in this section
that are beyond the scope of the previous sections.

5.7.1 Electrodynamic Sensors for Blood-Flow Rate

One very important field is flow measurement, especially important is de-
termining bloodstream flow rate.

Several methods for blood-flow measurement and for vessel lumen imag-
ing were discussed previously, e.g., the skin blood-flow sensor, hot-wire
anemometry, Doppler sonography, special versions of MRI, and MBI (see Sec-
tions 5.2, 5.4, and 5.6). Another catheter-based invasive blood-flow measure-
ment method is the electrodynamic flow-rate measurement. Similar to MBI,
it relies on the ionic conductivity of blood, but there is no need for an exter-
nal current. If a convection current of electrical charges flows through a mag-
netic field perpendicular to the current-flow direction, the Lorentz force de-
flects the movement of the charged particles until the developed electrical field
compensates for this effect (as was discussed in connection with the Hall sen-
sor in Section 4.8). If a pair of electrodes in a distance of l are placed into the
flow of charged particles perpendicularly both on the direction of flow and
the magnetic field, an electrical voltage (U ) can be measured, the value of
which is proportional to the flow velocity (v):

U � Blv (5.7)

where B is the magnetic field. In practical arrangements, the electrodes are
placed onto both sides of a slot made at the catheter tip; a small magnet is
fixed next to the tip, the axis of which is perpendicular both to the axis of the
catheter and to the slot. The exact measurement needs a temperature com-
pensation and an adjustment according to the actual blood composition (Ya-
maguchi, 1989).

5.7.2 Sensors in Ophthalmoscopy

Recent advances in electro-optics based partly on photo sensors have led
to a number of new methods in ophthalmic imaging that use electronic de-
tection of light. For example, in the conventional optical system for fundus
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imaging, which illuminates and then images an extended area of fundus, a
CCD array can replace photographic film. However, in newer techniques, im-
ages are formed by scanning a focused laser spot across the fundus while col-
lecting the reflected light with a single detector. In a scanning laser ophthal-
moscope (SLO), images of the retina with micrometer spatial resolution are
constructed in this way. With automatic focusing, the depth of the retina can
also be measured, and cross-sectional images can be constructed; this is the
basis of scanning laser tomography (SLT). Scanning laser polarimetry (SLP)
employs linearly polarized light that, traversing the retinal nerve fiber layer,
becomes elliptically polarized because of the birefringence of the retina. Us-
ing appropriate polarizer-analyzer arrangements, a quantitative image of fun-
dus retardation can be delivered (Knighton, 1995).

The technique of optical coherence tomography (OCT) provides a micron-
scale resolution cross-sectional image from the overall eyeball, not only from
the retina (Hee et al., 1995). OCT is similar to B-scan ultrasonic imaging (see
Section 5.4), except that image contrast relies on differences in optical rather
than acoustical backscattering characteristics of the tissue. Low-coherence in-
terferometry is used to resolve the positions of reflective or optical backscat-
tering sites within the sample. This method is illustrated in Figure 5.29. The
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FIGURE 5.29. Schematic diagram of optical coherence tomography instrumentation. (Re-
produced with permission from M. R. Hee, J. A. Izatt, E. A. Swanson, D. Huang, J. S.
Schuman, C. P. Lin, C. A. Puliafito and J. G. Fujimoto, “Optical Coherence Tomography for
Ophthalmic Imaging,” IEEE Engineering in Medicine and Biology, January/February, 
p. 67, ©1995, IEEE.)
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broad bandwidth, low-coherence (14 �m) light from a superluminescent diode
source is coupled into a fiber-optic Michelson interferometer. The 843-nm-
wavelength light is divided at a 50/50% fiber beam splitter into reference and
sample paths. Light retroreflected from a variable-distance reference mirror is
recombined in the beam splitter with light backscattered from the patient’s
eye. Coherent interference between the reference and sample beams is de-
tected by a silicon photodiode, followed by signal processing electronics and
computer data acquisition. Heterodyne detection provides sensitivity to weakly
backscattered light exceeding 95 dB. A coherent interference signal is evident
at the detector only when the reference arm distance matches the optical length
of a reflective path through the eye to within the source coherence length. A
longitudinal profile of reflectivity versus depth into the sample is obtained by
rapidly translating the reference arm mirror and synchronously recording the
magnitude of the resulting interference signal. Two-dimensional images are
created by a sequence of uniaxial scans while scanning the probe beam across
the sample. Pixels are pointed out by the probe beam and reference mirror po-
sitions; their value is modulated by the detector output. The axial resolution
is determined by the coherence length of the source.

5.7.3 Artificial Retina

Sensors applied in artificial organs seem to be a topic of science fiction,
however, research results assure that they will be realistic in the near future.
Hearing aids were discussed in Section 5.3; a few additional examples as fol-
low.

The first example is an artificial silicon retina, a smart sensor array with
signal processing circuitry modeled after the vertebrate retina. Its eventual ap-
plication will be as a sensor input to an implanted cortical stimulation array
for sightless persons. Conventional cameras do not model such functions as
light adaptation and lateral inhibition found in the vertebrate retina, which are
also desirable in an artificial retina. An extensive parallel signal processing
circuitry is necessary to mimic such functions as real-time spatial filtering (lat-
eral inhibition) and temporal filtering (light and dark adaptations) of optical
signals from an array of highly sensitive photosensors (Christensen et al.,
1994). A 3D architecture was developed as shown in Figure 5.30(a), with sen-
sors and signal processing VLSI (very large-scale integrated) circuitry fabri-
cated on different planes in the structure. It is built with silicon wafers that
are fabricated with through-wafer interconnects; the individual silicon wafers
are connected using solder bump (bump grid array, flip chip) technology. This
solution eliminates the trade-off between sensitivity and circuitry complexity,
because the sensors and the signal processing circuitry do not compete for the
same silicon surface area. Both photodiode array and CCD technologies were
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developed for the sensor chip, the former is illustrated in Figure 5.30(b). The
photodiodes are pn-junction devices formed by boron diffusion into the n-type
silicon substrate (see Section 2.1). In practical arrangement, the size of each
of the 100 photodiodes is 300 � 300 �m, separated from each other by 25-
�m spacing strips. The photosensitive side of the array is referred to as the
“front side” of the system.

The interconnects between the front side and the back side are thermomi-
grated trails made using the temperature gradient zone melting process. This
is a high-temperature process where a thermal gradient is produced across the
silicon wafer, causing aluminum, deposited and patterned photolithographi-
cally on the surface of the wafer, to migrate through the wafer as an Al-Si al-
loy droplet. This leaves behind a highly conductive trail of p-doped silicon.
These highly conductive trails connect the photodiodes to the aluminum pads
on the backside. The average diameter of the thermomigration trails is 80 �m.
Additional n islands provide an ohmic contact to the substrate.
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FIGURE 5.30. Schematic structure of the “artificial retina”: (a) its three-dimensional archi-
tecture and (b) the cross section of the photodiode-array chip. (Reproduced with permis-
sion from D. Christensen, T. Johansson and D. Petelenz, “Biosensor Development at the
University of Utah,” IEEE Engineering in Medicine and Biology, June/July, pp. 388–395.
©1994, IEEE.)
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5.7.4 Tactile Sensors for Artificial Limbs

Another application field is in the use of tactile sensors in artificial limbs,
mainly in hands. The situation is somewhat easier here than in the artificial
retina because there is no need for cortical stimulation. Self-organized move-
ment functions can be built in with simple regulation feedback, such as the
adjustment of the forces to be applied according to the shape, surface rough-
ness, and hardness of the object to be handled. Since the problem has been
studied for many years in robotics, the results can be adapted into artificial
hands for human applications. In this field, there is no need for exact pressure
and force measurement. It is more necessary to detect the distribution and di-
rection pattern of forces, called the tactile image. When an object has to be
manipulated, process control data concerning the orientation and shape of the
object can only be deduced from the tactile image. This requires not only ap-
propriate control units but also efficient tactile sensors that measure the local
distribution of forces on the fingertips of the gripper. This can be achieved by
integrating many small-force transducers in the gripping area.

Figure 5.31 shows various practical solutions for tactile image sensors. The
devices use a solid rigid substrate to support a force-sensitive elastic polymer
layer, which is the active film and gives an electrical signal through a kind of
transduction mechanism. The signal-detecting circuitry can be hybridized
alongside the device on the supporting substrate.

There are a lot of elastic polymer tactile sensors based on the following
sensing effects: piezoresistive, optical waveguide, magnetic, capacitive, piezo-
electric, and ultrasound.

Figure 5.31(a) shows the basic structure of a conductive composite poly-
mer rubber-based piezoresistive tactile sensor (Wolffenbuttel and Regtien,
1991). The elastic rubber layer is a carbon- or silver-loaded polymer com-
posite. Tactile forces imply a localized condensation of conductive parti-
cles; thus, the conductivity between two adjacent electrodes increases. Also,
the pressure-dependent contact resistance between the conductive rubber
layer and contact electrodes can be used. Disadvantages of this sensor in-
clude the nonlinear change of resistance and the cross talk caused by the
lateral stiffness of the rubber, which limits the spatial resolution to a few
millimeters.

Figure 5.31(b) shows an optical tactile transducer that conducts trapped light
in a transparent plate under an elastic layer, using the condition of total in-
ternal reflection (Wolffenbuttel and Regtien, 1991). Low-intensity light leaves
the plate, and a uniformly black area is seen from the bottom, monitored by
a phototransistor array, until the elastic polymer film is brought into contact
with the transparent layer as a consequence of tactile forces. Diffuse reflec-
tion, rather than total internal reflection, takes place, and illuminated areas ap-
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FIGURE 5.31. Rubber- and polymer-based tactile sensors using various transduction
mechanisms: (a) piezoresistive, (b) optical, (c) magnetoresistive, (d) capacitive, (e) piezo-
electric, and (f) ultrasound echo types [Reproduced with permission: (a,b,c) from M. R.
Wolffenbuttel and P. P. L. Regtien, “Polysilicon Bridges for the Realization of Tactile Sen-
sors,” Sensors and Actuators A, 25-27, pp. 257–264, ©1991, Elsevier Science S.A., Lau-
sanne, Switzerland.

(continued)
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FIGURE 5.31 (Continued). (d) from J. Seekircher. and B. Hoffmann, “Improved Tactile Sen-
sors,” IFAC-Symposium on Robot Control, U. Rembold (ed.), VDI-VDA (GMA), Düsseldorf,
pp. 20.1–20.5 Karlsruhe, 1988.]
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pear where the object touches the sensor. The large spatial resolution is the
major advantage, and the limited dynamics is the main drawback of this type.

Figure 5.31(c) shows the complex structure of a magnetoresistive tactile
sensor, the operation of which is based on the magnetic field-dependent re-
sistivity of Permalloy layers (Wolffenbuttel and Regtien, 1991). The sensor is
composed of a matrix of resistive Permalloy strips on an alumina ceramic sub-
strate covered with an elastic polymer or rubber skin with flat copper wires
on top of it. The resistance of each Permalloy strip is sensitive to changes in
the strength of the magnetic field, which is induced by the flat copper wires.
Tactile forces modulate the localized magnetic field, which is measured with
a row-by-row sampling of the network. The required complex mechanical con-
struction limits the minimal size of each element to a few millimeters.

Figure 5.31(d) shows the schematic structure and connection of the capac-
itive tactile sensor (Seekircher and Hoffmann, 1988). This sensor applies an
elastic polymer mat as a dielectric; the electrode bars are shaded. The defor-
mation of the elastic material changes the distance between two parallel ca-
pacitor plates, and it can be measured as a change of capacitance. Using the
matrix structure shown in Figure 5.31(d), this capacitive method permits the
arrangement of many sensors on a small area. The insertion of a dielectric and
elastic mat between the electrode bars leads to a tactile sensor. Each inter-
section of electrodes forms a transducer. The electronic circuitry selects a sen-
sor element and prevents the measurement from being affected by neighbor-
ing elements. The greatest problem of this type of sensor is that the absolute
change of capacitance is very small. Assuming a sensor area of 4 mm2, a thick-
ness of the dielectric of 30 �m, a relative permittivity of 5, and a large de-
formation with a thickness change in the order of 10%, the resulting change
of capacitance is 0.6pF. Accepting an error less than 1 %, a resolution of 6fF
is required. Enhancement of the sensitivity can be achieved when embedding
conductive particles in the dielectric layer. The conductive particles decrease
the effective distance between the electrodes and, therefore, effect a higher ca-
pacitance and a higher absolute sensitivity of the sensor. It is necessary to coat
the conductive particles with a thin insulating film to avoid short circuiting
between the electrodes. Good results can be achieved using Al2O3-coated alu-
minum fillings, though the hysteresis is increased.

Piezoelectric tactile sensors are constructed from polyvinylidene fluoride
(PVDF) film material that generates localized charge at the surface when it is
subjected to mechanical stresses. Figure 5.31(e) shows the typical structure of
piezoelectric tactile sensors using metallized PVDF foil (Chatigny, 1988;
Harsányi, 1995). The shape of the top electrode can vary according to the ap-
plication; circular dots, squares, and bars can also be used. PVDF has a large
piezoelectric effect (see Section 4.4), good linearity, and low hysteresis with
respect to elastomers. However, charge leakage through internal resistances
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prevents the formation of an image of static tactile forces. Piezoelectric trans-
ducers are most often used with charge amplifiers so that the output voltage
signal is proportional to the measured stress. According to the finite insula-
tion resistance and amplifier input bias currents, the electrical charge is
changed during storage and amplification; thus, the measurement is falsified.
By integration, the error increases during the time of measurement. Conse-
quently, a pure static measurement cannot be performed. The application is
restricted to situations in which a workpiece has to be quickly gripped, trans-
ported, and positioned. In addition, PVDF also possesses pyroelectric (see Sec-
tion 4.6) properties; thus, the layers are sensitive to changes and gradients in
temperature. Therefore, a temperature difference between the workpiece and
the gripper causes a measuring error. In a sensor area of 4 mm2, a tempera-
ture change of 0.15 K generates a charge equivalent to a force of 1N. There-
fore, the application of heat insulation (using a silicone rubber cover layer)
and filtering is necessary.

Piezopolymer films can also be used in an ultrasonic tactile sensor config-
uration (Chatigny, 1988; Harsányi, 1995). Pieces of piezo film are placed on
the bottom of the transducer with a section of silicone rubber on the top of
them [see Figure 5.31(f)]. Ultrasonic pulses are transmitted by the piezo films,
which bounce off the rubber-air interface and return. The time of flight of the
pulses can be determined. Where the rubber is compressed, the time of flight
decreases. With a known modulus for the rubber, even the applied force can
be determined.

Silicon integrated tactile image sensors became more and more important
recently. They apply the former effects with an integrated CMOS signal con-
ditioning circuitry. Silicon-based piezoresistive tactile sensors have also been
applied for finger/mounted applications in hand rehabilitation devices (Beebe
et al., 1998).

5.7.5 Pick-Ups for Bioelectrical Measurements

According to the definition, sensors perform transduction that means some
kind of conversion (see Section 1.1). Thus, simple electrodes picking up elec-
tric signals are not handled as sensors. There are a number of diagnostic and
research methods in biomedicine, however, where electrical signals generated
by various organs and by the nerve system are analyzed [e.g., electrocardio-
graph (ECG), electroencephalograph (EEG), nerve recorders, etc.]. For scal-
ing down and preventing skin lesion problems, various modern microelectrode
types have been fabricated for these purposes, using mainly the fabrication
methods of sensorics. Since these microelectrode types are discussed with sen-
sors in the technical literature, a few examples are given below.

The greatest disadvantage of conventional ECG electrodes is their large size
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that is inapplicable for monitoring neonates. Skin irritations and false record-
ings can often occur even with small metal electrodes. On the other hand, they
are opaque to X-rays and, thus, have to be removed during X-ray analysis.
Biopotential electrodes made by thick-film and thin-film technology (see Sec-
tion 2.3) have been realized in order to avoid these problems. These electrodes
are small, flexible, and almost transparent for X rays. Several electrodes can
be integrated onto the same flexible substrate (see Figure 5.2). Skin irritations
may occur after a much longer period of monitoring than with conventional
electrodes (Neuman et al., 1994).

Integrated circuit and silicon micromachining technologies (see Section 2.1)
have been used to produce multichannel recording and to stimulate micro-
probes for use in a variety of electrophysiological applications, such as corti-
cal and peripheral nerve recording (Najafi, 1994), as well as regenerating nerve
injuries (Kovacs, 1991). The basic structure of a silicon microprobe is shown
in Figure 5.32 (Najafi, 1994). The probe consists of a precisely micromachined
silicon substrate that supports an array of thin-film conductors. These con-
ductors interconnect the recording/stimulating sites along the shank of the
probe, with signal processing circuitry located at the rear of the substrate. The
conductors are insulated above and below, with openings defined photolitho-
graphically at the sites and the output pads. Typical needle sizes are in the
range of 25–150 �m. The fabrication sequence is shown in Figure 5.32(b).
After the p-diffusion process, a multilayer thin-film interconnection system is
deposited onto the oxidized wafer. The p-type region will be the support sub-
strate. Finally, the needle is etched from the wafer removing the n-type ma-
terial using selective etchants. The needle tip is fabricated by anisotropic etch-
ing. The sandwich needle should behave as a mechanically stress-free
composite structure.

Recently, sharp tips made by silicon anisotropic etching have gained spe-
cial interest in atomic force microscopy (AFM), which has great potential in
imaging biological samples such as cells, large biostructures, and even mo-
lecular thin-films of DNA and proteins (Diaspro and Rolandi, 1997). Its great
advantage, compared to conventional electron microscopy, is that AFM op-
erates in air or liquid, allowing biostructures to be studied in conditions very
close to their natural environment, at a typical resolution between 1 and 10
nanometers. The basic element of the appliance is its tip, the physical probe,
placed at the end of a cantilever, that scans the sample along the x-y direc-
tions. The cantilever deflects as a function of the tip-sample interaction due
to mutual attractive-repulsive forces. The detectable displacements of the can-
tilever are in the order of fractions of a nanometer due to forces in the order
of nanonewtons. A laser-based optical system is typically used to sense and
amplify these displacements, and it is possible to detect both vertical and tor-
sional displacements of the probe. A feedback loop, based on the signal of
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FIGURE 5.32. Typical multichannel silicon microprobe for neural recording: (a) structure
and (b) fabrication sequence. (Reproduced with permission from K. Najafi, “Solid State Mi-
crosensors for Cortical Nerve Recordings,” IEEE Engineering in Medicine and Biology,
June/July, pp. 375–387, ©1994, IEEE.)
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the photodiode, can adjust the distance between the surface of the sample
and the tip, depending on the acquisition mode. All movements of the sam-
ple are realized by means of a piezoelectric actuator, that ensures very pre-
cise changes in position along the x-y axes. An important aspect of the ac-
tual research in the field is due to the fact that the tips can be made selectively
sensitive to the presence of specific molecules by adsorbing receptor mole-
cules on their surfaces. This discussion leads to the topic of biosensors, cov-
ered in Chapter 7.

5.7.6 Microwave Tomography

Microwave tomography has been considered for more than a decade as a
potential biomedical imaging technique to complement other existing modal-
ities using X-rays, ultrasound, and magnetic resonance. This interest follows
from the sensitivity of microwaves to the type of tissue and to several physi-
cal and physiological factors such as temperature, solute concentration, and
blood-flow rate, as revealed by large contrasts in complex permittivity. Con-
sequently, microwave images are expected to provide information on the dis-
tribution of such parameters, with applications in diagnostic and functional
imaging. Several microwave-imaging prototypes have been developed using
the 2.45-GHz excitation frequency. The detectors applied include the planar
microwave camera, the cylindrical scanner, the chirp radar system, the four-
transmit channel/four-receive channel system, and the circular tomographic
system. Most of these prototypes were designed for qualitative reconstruction
algorithms such as filtered backprojection and diffraction tomography. Planar
microwave cameras have successfully been applied in diffraction tomography
for hyperthermia analysis (Franchois et al., 1998).
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CHAPTER 6

Sensors for Measuring Chemical
Quantities in Biomedicine

The largest group of chemical (not bio-!) sensors for measuring concentra-
tions of various analytes in biomedicine are applied for in vivo or ex vivo mon-
itoring of blood components, such as dissolved oxygen and CO2 partial pres-
sure, pH, and concentration of ionic compounds. The oxygen saturation of
blood hemoglobin is monitored by physical sensors (photosensors) using the
methods of oximetry, which are different from those of dissolved blood oxy-
gen measurements. Although the majority of sensors are applied for blood
analysis, their use in monitoring secretions (e.g., gastric acid, sweat, etc.) is
also becoming more and more important. Since there is no reason to have con-
tinuous monitoring of urine, the application of sensors for determining urine
compound concentrations has no practical interest.

Beyond the following description, further details about chemical sensors
applied in biomedicine can be found in the literature (Göpel et al., 1991; Fraser,
1997; Spichiger-Keller, 1998; Diamond, 1998).

6.1 SENSORS FOR MONITORING BLOOD GASES AND PH

Arterial blood gas analysis is one of the most frequently requested tests per-
formed on critically ill patients both in the operating room and in the inten-
sive care unit. The partial pressures of oxygen and carbon dioxide (pO2 and
pCO2) in arterial blood, as well as pH, are determined to provide physicians
with information about respiratory and metabolic imbalances as reflected by
the adequacy of blood-oxygenation and CO2 elimination. With frequent meas-
urement of blood gas parameters, the physician can correct these imbalances
by adjusting mechanical ventilation or the ventilation gas composition or by
administering pharmacological agents. Blood gas measurements are particu-
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larly important in prematurely born (preterm) babies that are vulnerable to res-
piratory illnesses because of immaturity of the lungs or an inadequately de-
veloped mechanism for the control of breathing. If the arterial pO2 falls to a
low level for only a short period of time, brain damage or even death may fol-
low. If, on the other hand, the arterial pO2 goes too high as a result of the ad-
ministration of oxygen, damage to the eyes, which can result in blindness,
may occur. Moreover, rupture of blood vessels in the brain can happen as a
consequence of fluctuations in cerebral blood flow caused partly by changes
in pCO2. The third parameter, the value of pH, provides information about the
general state of metabolism.

The technique of individual blood samples only gives information at one
point in time, a snapshot of what is happening. It is known that large varia-
tions in blood gas levels can occur over the course of a few minutes. Tradi-
tional and new small bedside analyzers have the same shortcomings, includ-
ing loss of patient blood each time a test is requested and errors as well as
loss of time when transferring the blood sample from the patient to the ana-
lyzer. The ideal blood analyzer should allow continuous and accurate meas-
urement that can only be realized by means of sensors. Continuous in vivo
blood monitoring can be performed either invasively or noninvasively and re-
quires data collection directly from the body. Ex vivo sensors are used to mon-
itor blood samples that are continuously taken from the body by means of a
catheter or cannula system.

Before starting with a detailed description, the background of blood gas
transport and some related definitions will be provided.

Oxygen is carried in blood in two forms: oxygen chemically combined with
hemoglobin (Hb) as oxyhemoglobin (HbO2) and oxygen physically dissolved
in the plasma. Under normal physiological conditions, every 100 ml of blood
contains 18.5 ml oxygen to form (HbO2) and 0.5 ml oxygen is in the physi-
cal solution. The degree to which it is chemically combined with Hb is most
commonly expressed as blood oxygen saturation and is defined with the fol-
lowing expression:

SO2 � (HbO2)/(Hb � HbO2) (6.1)

It is generally given as a percentage. Normally, arterial blood saturation (SaO2)
fluctuates around 98%, while venous blood saturation (SvO2) is approximately
75%. These definitions assume that no other hemoglobin species (e.g., com-
bined with CO) are present in the blood.

Arterial pO2 and SaO2 are good indicators of blood oxygenation. Their re-
lationship is given by the dissociation curves shown in Figure 6.1 (Parker,
1987). It is obvious that the relationship can be handled only with the exact
measurement of blood pH. There are, however, a number of other factors, any
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one of which can lead to a displacement of the dissociation curve. In the sat-
uration ranges, the derivation of real SaO2 from the value calculated using
pO2 is likely to give large errors; thus, the direct measurement of SaO2 should
be preferred. On the other hand, patients breathing 100% oxygen will have a
pO2 over 66.6 kPa (500 mmHg), though pO2 values cannot be derived from
SaO2 measurements over 16 kPa (120 mmHg). Therefore, the direct meas-
urement of pO2 values is desirable in anesthesia, for patients with artificial
ventilation, and for babies in incubators. To conclude, ideally, both parame-
ters should be monitored directly.

CO2 is carried by the blood in a dissolved state and combined with Hb and
plasma proteins as carbamino compounds. The normal pCO2 of arterial blood
is about 5.3 kPa (40 mmHg), whereas that of venous blood is about 6 kPa
(45 mmHg).

Normal physiological pH fluctuates between 7.0 and 7.4. The generally ac-
cepted measurement range is rather narrow (6.8–7.8), but high precision (0.01)
is needed. It is estimated that sensor-measured pO2 and pCO2 values that are
within 5–10 % of blood gas analyzer values, and pH measurements that agree
to within 0.02–0.04 pH units will lead to equivalent clinical treatment deci-
sions.
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FIGURE 6.1. Blood oxygen saturation and oxygen tension relationships. (Reproduced with
permission from D. Parker, “Sensors for Monitoring Blood Gases in Intensive Care,” J. Phys.
E: Sci. Instrum., Vol. 20 (1987), pp. 1103–1112, IOP Publishing Ltd., Bristol, UK.)
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Blood gas and pH measurement is a serious challenge for sensorics. The most
important technical requirements are summarized in Table 6.1 (Soller, 1994).
A few further requirements include sterilizability, rapid and easy calibration,
low cost and disposability (especially for intravascular elements), biocompati-
bility (thromboresistant and nontoxic), and fitting possibility in 20 gauge (0.024
in) catheters without compromising arterial pressure measurements.

6.1.1 Operation Principles of Electrochemical Cells

A general description about electrochemical cell sensors was given in Sec-
tion 3.5. The special structures and operation principles of electrochemical
pH, pO2, and pCO2 sensors are briefly summarized here.

The structure and operation of pH sensitive potentiometric glass and poly-
mer membrane electrodes have been discussed in Sections 3.5 and 4.15. The
basis of a pH-dependent Nernstian electrode potential measurable on these
electrodes is the selective and reversible H� ion adsorption onto special com-
position glass surfaces, as well as a complex formation with ionophores within
polymer membranes. Metal/metal-oxide electrodes can also be used for pH
measurements. If the electrochemical oxidation of metal is reversible, a pH-
dependent electrode potential will develop as a consequence of the following
chemical reaction:

MxOy � 2y(e� � H�) Cc xM � yH2O. (6.2)
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TABLE 6.1. Required Specifications of Blood Gas and pH Sensors.
(Reproduced with Permission from B. R. Soller, “Design of Intravascular

Fiber Optic Blood Gas Sensors,” IEEE Engineering in Medicine and Biology,
June/July (1994), pp. 327–335, ©1994, IEEE.)

pO2 pH pCO2

Measurement range 4–80 kPa 6.8–7.8 2.7–13.3 kPa
(30–600 mmHg) (20–100 mmHg)

Resolution 0.133 kPa (4–20) 0.01 0.133 kPa
(1 mmHg) (1 mmHg)
0.667 kPa (20–40)
(5 mmHg)
1.333 kPa (40–80)
(10 mmHg)

Temperature range 20–40°C 20–40°C 20–40°C
Stability (/72 hours) �1.066 kPa �0.03 �0.8 kPa
Response time �3 min �3 min �3 min
Insensitivity for anesthetic gases, anesthetic gases, anesthetic gases,

pH, pCO2 pO2, pCO2 pH, pO2
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The situation is much more complicated if the metal can appear with several
valency numbers in its oxides, but this is out of the scope of this discussion.

Dissolved oxygen concentration (partial pressure) can be measured by
means of the Clark amperometric sensor (Clark, 1958). The general structure
is illustrated in Figure 6.2 in such a case, when the reference and counter-
electrodes are not separated (see Section 3.5.2). The anode is the reference
Ag/AgCl electrode. The cathode is generally made of platinum or gold (some-
times silver or graphite), and the electrolyte solution usually contains potas-
sium chloride with a buffering agent. The whole electrochemical cell is sep-
arated from the sample liquid with a diffusion membrane that is permeable to
oxygen but impermeable to water, ions, proteins, and blood cells. The most
commonly used membrane materials are PTFE, polyethylene, and polypropy-
lene. The cathode reaction is the basis of operation. According to the reaction
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FIGURE 6.2. Structure of the Clark oxygen sensor. (Reproduced with permission from G.
Harsányi, Polymer Films in Sensor Applications, ©1995, Technomic Publishing Co., Inc.,
Lancaster, PA, p. 332.)
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model currently accepted, the reduction of dissolved oxygen molecules pro-
ceeds via a two-electron pathway with the intermediate formation of hydro-
gen peroxide:

O2 � 2H2O � 2e� =c H2O2 � 2OH� (6.3a)

H2O2 � 2e� =c 2OH� (6.3b)

The cathode is usually polarized at about �700 mV with respect to the ref-
erence electrode so that the sensor operates in the diffusion controlled limit-
ing current region; thus, the cell current is, theoretically, a linear function of
the external oxygen concentration (see Section 3.5.2).

For the measurement of pCO2, the Stow-Severinghaus potentiometric elec-
trode can be used (Severinghaus and Bradely, 1958). This is a glass pH elec-
trode covered by a membrane freely permeable to carbon dioxide molecules
but impermeable to water, hydrogen ions (H�), and bicarbonate ions (HCO3

�).
A sodium-bicarbonate (NaHCO3) layer is placed between the pH electrode
and the membrane. CO2 molecules diffuse through the membrane to equili-
brate with the electrolyte through the following reactions:

CO2 � H2O Cc H2CO3 Cc H� � HCO3
� (6.4)

In equilibrium, the pH value corresponds to the pCO2:

pH � constant � log pCO2 (6.5)

Thus, the glass electrode measures the external pCO2 indirectly.
Another sensing principle has also been proposed recently, which is based

on the determination of the ion formation as described by Equation (6.4) (Var-
lan and Sansen, 1997). That means a conductimetric sensor would be placed
in the closed cavity. The advantage is simplicity; there would be only two
electrodes in the closed chamber.

6.1.2 Invasive Electrochemical Sensors

The invasive (intravascular) application of electrochemical sensors for blood
gas and pH measurement seems easy to perform, since only electrodes (coated
wires) have to be placed into the vessels. The practical problem arises because
not only a single electrode, but also electrode pairs or even whole electro-
chemical cells must be catheterized. Three main approaches may be distin-
guished in connection with the invasive application of sensors:

• miniature membrane-covered cylindrical-shaped electrochemical cells on
catheter tips for in vivo monitoring
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• electrochemical cells mounted into sample-taking cannula/catheter/dome
systems for ex vivo applications

• miniaturized silicon sensors made by the processing methods of micro-
electronics and micromachining that are mounted either onto catheter tips
or into cannula/catheter/dome systems

The primary device of pH measurements is the glass electrode; catheter-
size versions have been produced using pH-sensitive soda-lime-glass covered
Pt wires. Their main drawback, the possibility of breakage of glass, is the rea-
son for searching for other solutions. An antimony/antimony-oxide electrode
may also be applied (Buerk, 1993). Its operation relies on the following an-
odic electrochemical reaction:

2Sb � 3H2O =c Sb2O3 � 6e� � 6H� (6.6)

Thus, the Ag/AgCl reference electrode has to be connected as a cathode, re-
sulting in the following reaction:

O2 � 4H� � 4e� =c 2H2O (6.7)

This also describes the main shortcoming of the system since the electromo-
tive force of the cell depends on the dissolved oxygen concentration that re-
sults in a disturbing cross-sensitivity in blood. With multisensor applications,
the error can be compensated. Indium and palladium-oxide electrodes can be
operated without this problem; however, their multiple valency results in com-
plicated pH-dependent characteristics.

Today, the most widely applied potentiometric pH sensors are solid-state
electrodes covered by ion-selective polymer membranes, mainly plasticized
PVC or silicone rubber with a tri-n-dodecyl-amine ionophore additive that is
a neutral ion carrier, enabling the selective and reversible complex formation
with H� ions.

Silicon-based pH-sensitive ISFETs (see Section 3.2) can be fabricated by
employing either SiO2/Si3N4 or ion-selective PVC membrane gate-insulating
layers. By selecting an appropriate inert cover material, REFETs can also be
fabricated. The realizable small size obtained by integrating them onto the
same chip enables their application on catheter tips.

Figure 6.3 shows the cross-section of a miniature pH-sensitive membrane
electrode fabricated by thin-film processing (Keplinger et al., 1993). The gold
or platinum metallization and the Si3N4 insulating layer were deposited onto
the substrate by sputtering. The electrochemically deposited polypyrrol film
(see Section 2.4) serves as a buffering film for charge exchange in electro-
chemical processes, temporarily absorbing reaction products and, thus, pre-
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venting the system from the detachment of the ion-selective PVC membrane
and from the resultant potential error.

Sensors for measuring blood pO2 are almost exclusively based on the Clark
principle. Figure 6.4 shows several catheter-tip sensors fabricated for practi-
cal applications (Rolfe, 1994). Type “a” employs liquid electrolyte closed into
a cell that is covered by a polyethylene membrane. The refreshing necessity
of the electrolyte is the largest shortcoming of this arrangement. Newer types
(“b” and “c”) contain the basis salt of the electrolyte in dry solid powder form
between the surface of the electrodes and the plasticized PVC membrane. The
catheters should assure the possibility of taking blood samples—this is the
reason for using two-lumen catheters [see Figure 6.4(b)]. The membrane must
allow water molecules to diffuse through it from blood into the electrolyte re-
gion, thereby, dissolving the powder and forming a liquid electrolyte layer.
Type “b” uses a thimble cathode pushed over the tip of the catheter, with a
hole at the anode location. Type “c” has a simpler structure. A cathode wire
is insulated from and surrounded by an Ag/AgCl reference electrode, how-
ever, the appropriate insulation of the electrodes means more serious require-
ments for the applied insulating materials. Polyethylene membrane has a good
permeability to oxygen and is impermeable to water. PTFE has even better
permselectivity and is mechanically resistant. The best permselectivity (see
Section 4.14) can be achieved with silicone rubber, but its flexibility can cause
potential shifts. Types “b” and “c” need water vapor permeable membranes;
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FIGURE 6.3. Structure of a thin-film pH-sensitive electrode (Keplinger et al., 1993).
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this is the reason for applying plasticized PVC, the further advantage of which
is that it is possible to adjust its flexural properties quite easily. However, a
significant disadvantage is that it generally has high water absorption, so it
swells and thickens during in vivo use. The problems have partially been over-
come by using polyurethane.

All types of electrochemical cells demonstrated in Figure 6.4 employ sil-
ver cathode, first of all, because of cost reduction (for more details see Ap-
pendix 6). Tests on various cathode materials have shown that the best results
can be expected from gold. Platinum is less favorable, but its advantage is the
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FIGURE 6.4. Conventional Clark blood oxygen sensors for catheter tip applications. (Re-
produced with permission from P. Rolfe, “Intra-Vascular Oxygen Sensors for Neonatal Mon-
itoring,” IEEE Engineering in Medicine and Biology, June/July (1994), pp. 336–346,
©1994, IEEE.)
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possibility of preparing hermetic metal-glass bonding; thus, platinum cathodes
can be insulated well with good insulation glasses. Graphite cathode is inex-
pensive, but it has relatively high negative polarization voltage (� �1 V) and
large instability. The greatest disadvantage of silver cathodes is their instabil-
ity due to electrochemical corrosion and migration of silver that can even cause
short circuit formation and/or electrode consumption (Harsányi, 1995a; Cha
et al., 1990; see also Appendix 6). A saturated solution electrolyte can de-
crease the possibility of latter effects. Generally, KCl solution is used as an
electrolyte. Salt crystallization on electrode surfaces due to water evaporation
may also result in disturbances. Water evaporation can be decreased by means
of further Na or K salt (phosphate, nitrate, or bicarbonate) additives.

Another promising approach for cost reduction, instead of replacing gold
or platinum with silver, is the application of thin- and thick-film processing.
The main problem of these solutions is the anodic reaction of H2O2 that is de-
veloped at the cathode [see Equation (6.3a)]. This leads to the consumption
of the Ag/AgCl electrode by its dissolution. This can be reduced by increas-
ing the spacing between the electrodes, which also represents the limits of
scaling down (Harsányi et al., 1994, see also Appendix 6).

Figure 6.5 shows the structure of a Clark sensor that is fabricated by means
of silicon micromachining and thin-film processing and employs liquid elec-
trolyte (Suzuki et al., 1993). Its sizes enable catheter tip application. A glass
substrate with a silver working electrode, gold counterelectrode, and
Ag/AgCl reference electrode is bonded to a silicon substrate by field-as-
sisted bonding at 250°C by applying �1200 V to the glass substrate against
the silicon substrate in nitrogen atmosphere. The silicon substrate has
anisotropically etched “V” grooves to provide small cavities to accommo-
date an electrolyte solution. Because the electrochemical reactions are lo-
calized in a very small amount of electrolyte, electrochemical cross talk be-
tween the electrodes must be eliminated. Therefore, the container grooves
are etched only over each electrode area, and they are connected by long
narrow grooves. The oxygen-permeable membrane, made of poly(fluo-
roethylene propylene) PFEP, was affixed thermally to the silicon substrate
over an etched-through cavity above the working electrode. The electrolyte
was incorporated by dipping the whole chip into the electrolyte solution
within a centrifuge tube, placing it into a chamber, and evacuating. The chan-
nel system was closed by a droplet of silicone rubber that can easily be re-
moved for electrolyte refreshing. The response of the miniature ampero-
metric sensor was about 30 nA/ppm O2, with an average response time of
30 sec and an almost zero residual current. The stable operation period of
the sensor was 10 h.

Figure 6.6 shows a silicon-based Clark sensor fabricated compatibly with
integrated circuit processing; thus, the ISFETs and the circuitry components

178 SENSORS FOR MEASURING CHEMICAL QUANTITIES IN BIOMEDICINE

CHAPTER06  2/15/00 3:50 PM  Page 178



FIGURE 6.5. Structure of the micromachined Clark oxygen sensor: (a) the two parts of
the sensor and (b) the complete structure. (Reprinted with permission from H. Suzuki, A.
Sugama and N. Kokima, “Micromachined Clark Oxygen Electrode,” Sensors and Actua-
tors B, 10, pp. 91–98, ©1993, Elsevier Science S.A., Lausanne, Switzerland.)
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can be integrated onto the same silicon substrate (Gumbrecht et al., 1991).
The sensor consists of a planar thin-film three-electrode system with two plat-
inum electrodes and an Ag/AgCl reference electrode. Evaporated titanium lay-
ers were used to obtain good adhesion to the SiO2. The silver was partly con-
verted to chloride by chemical chloridization. A 30 �m thick photosensitive
polyimide layer was deposited and patterned photolithographically to form a
micropool above the electrode arrangement. Finally, the micropool was filled
with a PHEMA [poly(hydroxiethyl methacrylate)] hydrogel. This is perme-
able to oxygen molecules and small ions, but protects the Pt working elec-
trode from proteins that adhere to and poison the surface. The water content
of the hydrophilic PHEMA membrane can vary within a wide range; thus, it
acts both as electrolyte and as membrane. Another construction was also fab-
ricated using a poly(vinyl alcohol) electrolyte buffer and a silicone rubber
permselective membrane.

Very similar problems have to be solved when fabricating pCO2 sensors for
blood gas measurements. The most important differences are as follows:

• The cathode is a pH electrode.
• The electrolyte is generally NaHCO3.
• Potentiometric or conductimetric measurement has to be applied.
• The applicable membrane material is PTFE or silicone rubber.

Practical forms of potentiometric devices are discussed in connection with
transcutaneous and combined sensor types (see Sections 6.1.3 and 6.1.6).

A novel sensing principle has been proposed recently that is based on the
revealing of an ion formation as described by Equation (6.4) (Varlan and
Sansen, 1997). That means that there is a conductometric sensor in the closed
cavity. The advantage is the simplicity; there are only two electrodes in the
closed chamber. The silicon micromachined sensor involves two planar elec-
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FIGURE 6.6. Schematic cross section of the thin-film Clark sensor. (Reproduced with per-
mission from W. Gumbrecht, W. Schelter, B. Montag, J. A. H. Bos, E. P. Eijking and B.
Lachmann, “Monitoring of Blood pO2 with a Thin-Film Amperometric Sensor,” Proc. of 1991
Int. Conf. on Solid State Sensors and Actuators (Transducers ’91), San Francisco, CA,
pp. 85–87. ©1991, IEEE.)
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trodes housed in a micromachined chamber formed between a silicon and a
glass substrate, as was shown in connection with pressure sensors (see Sec-
tion 5.3.1). The cavity was filled with deionized water and was connected with
the chemical environment via a sieve etched from the silicon and covered with
a polymeric membrane.

The other approach of invasive blood analysis, instead of using microelec-
trodes and microelectronic sensors on catheter tips, is ex vivo measurement.
Here, a cannula or a two-lumen catheter with a blood flow-through cell is ap-
plied to obtain blood samples, enabling the operation of larger sensors non-
intravascularly (Schelter et al., 1992). Figure 6.4(b) shows a two-lumen
catheter enabling catheter tip sensor mounting and blood sample taking.

6.1.3 Transcutaneous Electrochemical Sensors

Although intravascular monitoring remains an important part of intensive
care, catheterization of arteries has some risks, especially for newborn babies.
This is one of the reasons, which has led to the advent and rapid growth of
noninvasive blood gas monitoring. The transcutaneous technique has a lot of
interest, enabling blood gas measurements through the skin.

Human skin is practically impermeable for gas molecules at normal condi-
tions. Baumberger and Goodfriend revealed in 1951, however, that if skin tem-
perature is increased, it might behave as a semipermeable membrane. Near
45°C, pO2 measured at the surface can approach the arterial value quite closely.
The estimation of arterial pO2 and pCO2 based on this noninvasive method is
called the transcutaneous technique. The sensor elements are Clark- and Stow-
Severinghaus (see Section 6.1.1) electrochemical cells equipped with heating
elements and temperature sensors that enable an operation within a well-
controlled narrow temperature range.

A good estimation of arterial blood gas parameters is based on the correct
choice of skin temperature (Huch et al., 1972). Heating the skin causes sev-
eral effects to be considered at pO2 measurements:

• Vasodilatation of dermal capillaries occurs, thereby “arterializing” the
capillary blood.

• A rightward shift of the oxyhemoglobin dissociation curve takes place;
i.e., pO2 increases at the sensor site.

• An increase of oxygen diffusion both through the stratum corneum of the
skin and through the polymer membrane of the sensor will also occur.

• The increased speed tissue metabolism increases the oxygen consumption
resulting in a drop of pO2.

• The overall operation of the electrochemical cell is strongly temperature
dependent.
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According to empirical results, phenomena that cause a virtual change in
pO2 at the sensor site may balance each other’s effect by an appropriate choice
of temperature. A sensor temperature of 43.5 � 0.5°C has been found to be
optimum for reliable monitoring of arterial pO2, ensuring a good correlation
between values measured by transcutaneous and invasive methods, respec-
tively. However, the temperature fluctuation of the sensor element must not
exceed 0°C.

Figure 6.7 shows the structure of a conventional transcutaneous pO2 sen-
sor (Parker, 1987). This is a specially designed Clark oxygen sensor, in which
a miniature heater coil is incorporated to maintain the skin at the necessary
temperature. The temperature control is enabled by a thermistor. A second
thermistor acts as a safety cutout to prevent the sensor from overheating in
case of a primary thermistor malfunction. The three-element cathode consists
of 20 �m platinum wires fused into glass and surrounded by an Ag/AgCl an-
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FIGURE 6.7. Structure of a transcutaneous blood pO2 sensor. (Reproduced with permis-
sion from D. Parker, “Sensors for Monitoring Blood Gases in Intensive Care,” J. Phys. E:
Sci. Instrum., Vol. 20, pp. 1103–1112, ©1987, IOP Publishing Ltd., Bristol, UK.)
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ode. The electrolyte is contained by a 25 �m thick PTFE membrane. Attach-
ment of the sensor to the skin is performed by applying double-sided adhe-
sive tape to achieve a gas-tight seal around the circumference of the sensor.
The typical current output of such a sensor is in the range of nanoamperes at
a pO2 of 20 kPa (150 mmHg).

The biggest problem with conventional transcutaneous sensors is that they
have a very complicated structure; a number of miniaturized elements must
be integrated into a small device. They are generally expensive because of the
difficult mounting process and the application of bulk precious metal elec-
trodes.

Potential advantages obtainable through the microfabrication of electro-
chemical biomedical sensors include reduced size, reduced sample volume,
fast response, and reduced cost because of the minimal precious metal con-
sumption of the film electrodes. In addition, it should be possible to produce
a highly uniform and well-defined microstructure of the electrode surface area
using microelectronic technology. However, a lot of special problems have to
be solved and complications may arise as the size of the electrodes and in-
terelectrode distances are reduced (see Section 6.1.2).

A new transcutaneous pO2 sensor structure is presented in Figure 6.8
(Harsányi, 1995b), which is based on the multilayer ceramic technology that
is used in the fabrication of high-density electronic interconnection systems.
The electrodes are made using thick-film technology with small amounts of
precious metals. The heating element is an integrated thick-film resistor, and
a pn-junction is used for temperature sensing. The disc-shaped ceramic sen-
sor body has a groove at the edge for packaging purposes and a deep cavity
in its center for the temperature sensor chip. The sensor chip should be as
close to the skin surface as possible for accurate temperature control. A diode
chip is used for temperature-sensing purposes. The horseshoe-shaped heating
resistor is screen printed and fired on the top of the ceramic body using a com-
mon thick-film processing technique. It consists of several segments to give
more freedom for heating.

The sensing electrode was fabricated of thick-film gold paste. The Ag film
for the Ag/AgCl reference electrode was also formed by the thick-film tech-
nique before being electrochemically chloridized in a 0.1 M HCl solution. The
total surface area of this Ag/AgCl electrode is 0.7 cm2, while the area of the
Au electrode is 1.77 mm2. The ceramic body was molded into a plastic pack-
age. The PTFE membrane with a thickness of 10 �m was fastened with a
mounting ring to the surface of the sensor, as shown in the cross section in
Figure 6.8(b). A conventional KCl solution with a buffering agent was used
as the electrolyte. A thin disc-shaped cellophane foil was placed between the
electrodes and the membrane as a spacer. The application of multilayer wiring
helps to make an appropriate electrode separation necessary to reduce the pick-
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FIGURE 6.8. Structure of the ceramic transcutaneous blood O2 sensor: (a) top view and
(b) cross section. (Reproduced with permission from G. Harsànyi, Polymer Films in Sen-
sor Applications, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 378.)
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up of the hydrogen peroxide intermediate, causing electrochemical cross talk
and electrode consumption (see Section 6.1.1). (This problem arises in con-
nection with film sensors, as the conventional sensors apply bulk wire elec-
trodes.) Some photos of the sensor structure are shown in Appendix 3.

The transcutaneous pCO2 measurement relies on a similar technique. It is
performed by means of heated Stowe-Severinghaus electrochemical sensors.
Although the measurement technique is very similar, the transcutaneous esti-
mation of blood pCO2 differs in theory from that of pO2 measurements, since
there is no balance-of-errors possibility; all of the effects of heating (decreased
solubility, increased speed metabolism, increased diffusion) result in the in-
crease of the measured (tc)pCO2 compared to the real arterial pCO2 value.
Their connection can be expressed by the following equation:

(tc)pCO2 � m � pCO2 � c (6.8)

where m � 1.22 and c � 6.6—empirical values appear to have gained a gen-
eral acceptance, however, they might be somewhat dependent on sensor size
and shape.

A recent trend is to use a single sensor for both gases. The schematic cross
section of such a combined transcutaneous sensor is shown in Figure 6.9
(Parker, 1987). It uses the same 0.6 M/l NaHCO3/ethylene glycol electrolyte
for the pO2 and pCO2 measurements and has a common reference electrode
and polymer diffusion membrane. The cathode is a 25 �m diameter platinum
wire, and the pH-sensitive glass electrode for CO2 measurements using the
Stow-Severinghaus method is 2–3 mm in diameter. The schematic cross sec-
tion also shows the heater coil and the temperature-controlling thermistor. The
diffusion membrane is held in position by a PTFE ring, and the outer annu-
lus is for attachment to the skin by means of a double-sided adhesive disc.

The combined sensor is essentially a pCO2 sensor with a cathode incorpo-
rated in it to measure pO2. It is essential to limit the production of hydroxyl
ions by the cathode so that the pCO2 measurement is not affected by a change
in the pH of the electrolyte. It can be shown that at a typical cathode current
of 3nA, the maximum average change in the electrolyte will be less than 5 	
10�5 pH/h, which will not affect the pCO2 readings. Figure 6.9(b) shows the
typical characteristics of this type of combined sensor.

A newer approach is the application of pH-ISFETs instead of electrodes. A
novel miniature transcutaneous pCO2 sensor was developed recently using a
pH-ISFET, a conventional Ag/AgCl electrode, a hydrogel gate-membrane con-
taining 0.1 M/l NaHCO3 electrolyte, a heater coil, and a pn-junction temper-
ature sensor (Jinghong et al., 1995). The whole structure is covered with a
CO2 gas permeable membrane. The sensor’s measurement range is 0.53–40
kPa (4–300 mmHg) with a response time less than 2 min.
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6.1.4 Optical Fiber Sensors

Optical fiber sensors for blood gas and pH monitoring enable invasive, gen-
erally intravascular, measurements and have an optrode-type structure (see
Section 3.6). There are single-fiber and multiple-fiber arrangements. In a
single-fiber optrode, the incident and outcoming light has to be separated by
means of a beam splitter. In indicator-mediated sensors, the absorbance is 
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FIGURE 6.9. A combined pO2/pCO2 transcutaneous sensor: (a) its schematic structure
and (b) its typical characteristics. (Reproduced with permission from D. Parker, “Sensors
for Monitoring Blood Gases in Intensive Care,” J. Phys. E: Sci. Instrum., Vol. 20, pp.
1103–1112, ©1987, IOP Publishing Ltd., Bristol, UK.)
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measured; therefore, the reflection from the fiber tip should be increased by
using reflective surfaces, as shown in Figure 6.10. In fluorescent optrodes, a
secondary light emission is excited; thus, the reflection of the primary light
should be prevented. Figure 6.10 demonstrates a single-fiber arrangement.
Conventional measurement setups employed monochromatic laser sources and
a photoelectron-multiplier for detection. Currently, the low-cost appliances
generally operate with LED sources and photodiode detectors. Figure 6.11
demonstrates the typical structure of a double-fiber, reflection-mode optrode
catheter (Wolfbeis, 1991).

Optrodes for measuring blood pO2 are generally based on fluorescent
quenching (see Section 4.16) of oxygen-sensitive fluorescent dyes such as
perylene-dibutyrate (Soller, 1994). The excited light intensity can be described
by the Stern-Volmer equation [see Equation (4.28)]. Neglecting the nonlin-
earity from the nonunit extension, the measurable intensity is as follows:

I � Io /(1 � k � pO2) (6.9)

where Io is the fluorescent emission intensity in the absence of the quencher.
This relationship results in a nonconstant sensitivity (S) for oxygen:

S � dI/dpO2 � kIo/(1 � k � pO2)2 (6.10)
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FIGURE 6.10. Schematic structure of single-fiber catheter absorbance measurements and
associated instrumentation. (Reproduced with permission from O. S. Wolfbeis, “Biomed-
ical Application of Fiber Optic Chemical Sensors,” Int. Journal of Optoel., Vol. 6, No. 5,
pp. 425–441, ©1991, Taylor & Francis, London, UK.)
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Figure 6.12 is a plot of normalized sensitivity as a function of pO2. The
best sensitivity is achieved in the region of 4 to 20 kPa (30–150 mmHg), but
drops off considerably at higher levels, making it difficult to resolve small
changes when the oxygen partial pressure is greater than 26.6 kPa (200
mmHg).

The fluorescent dye can be entrapped in a polystyrene membrane, for in-
stance, and kept in position at the fiber end with porous polyethylene tubing.
The greatest problem of the measurement is the interference of anesthetic
agents; narcotic halothane acts in the same manner as oxygen in fluorescent
quenching. A method has been worked out applying two sensors with differ-
ent susceptibilities to quenching by oxygen and halothane, giving two inde-
pendent signals that could be converted into oxygen and halothane partial pres-
sures (Wolfbeis, 1991). Further efforts have been reported (see Section 4.16)
about phosphorescence quenching of metalloporphyrins and terbium com-
plexes used in blood oxygen optrodes (Papkovsky, 1993; Soller, 1994). Ru-
based fluorescent dye complexes have shown especially good lifetimes and
stability (Colvin et al., 1996).

Optical-fiber blood pH sensors are mostly reflection optrodes based on acid-
base indicator dyes. Their behavior can be described by Equation (4.25). The
absorbance is measured generally at two wavelengths, at one with the maxi-
mum pH dependence, and at another that is insensitive to pH and can be used
as a reference. The sensor signal (J) can be expressed as follows:

J � J0 � e�hcl(10(pK�pH)�1) (6.11)
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FIGURE 6.11. Typical structure of a double-fiber optrode for intravascular measurements.
(Reproduced with permission from O. S. Wolfbeis, “Biomedical Application of Fiber Optic
Chemical Sensors,” Int. Journal of Optoel., Vol. 6, No. 5, pp. 425–441, ©1991, Taylor &
Francis, London, UK.)
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where (J0) is the signal produced when no base form of the dye is present,
and the other symbols are the same as in Equation (4.25). This shows that the
sensor properties depend on inherent properties of the dye material (h, pK)
and the manufacturing processes used to make the sensor (c, l). Blood pH
measurements have to be performed in a narrow range with high accuracy (see
Table 6.1). One of the most effective ways to achieve resolution goals is to
optimize the pK of the dye material. Figure 6.13 shows the normalized re-
sponse of a pH optrode for three different values of pK (Soller, 1994). When
the pK of the dye is at the center of the range to be measured, 7.4 in the case
of blood pH, the maximum sensitivity will be achieved.

The first blood pH optrodes employed phenol red (see Figure 4.11) indi-
cator dye, copolymerized with acrylamide, and a cellulose membrane. Al-
though phenol red has a pK of 7.9 in aqueous solutions, its value was low-
ered to 7.57 inside the polymer bed. Similar phenomena were found with
various indicator types. Thus, pH sensors could be designed with excellent
resolution over the entire pH range by “tuning” the pK of the sensing mate-
rial. This can be accomplished by properly choosing a functional group to be
attached to the absorbing portion of the dye molecule or by immobilizing it
into a polymer matrix with appropriate ionic characteristics. In this way, a pH
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FIGURE 6.12. Sensitivity plot of a fluorescent blood oxygen optrode as a function of pO2.
(Reproduced with permission from B. R. Soller, “Design of Intravascular Fiber Optic Blood
Gas Sensors,” IEEE Engineering in Medicine and Biology, June/July, pp. 327–335. ©1994,
IEEE.)
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sensor with phenol red was realized for the physiological detection range with
an accuracy of 0.01 and with a temperature coefficient of 0.017 pH units/°C
(Peterson et al., 1980).

Fluorescence-based pH sensors have also been fabricated using the pH-
dependent excitation spectra of hydroxy-pyrene-trisulfonic (HTPS) acid
(Wolfbeis et al., 1983). The excitation/emission spectra are shown in Figure
6.14 (Leiner and Hartmann, 1993). The deprotonated form of HTPS bound to
cellulose can be excited at 475 nm to give a fluorescence emission at 530 nm.
The intensity of the latter is a function of the pH. The acid form of the dye
can be excited at 410 nm to give fluorescence emission from the same band
as the base form. When excited at the isoemissive wavelength of 428 nm, a
pH-independent fluorescent signal is obtained that can be used for reference
purposes.

Additional fluorescent indicator dyes include fluoresceinamine and
dichloro-fluorescein. pH sensors were also fabricated using colorimetric and
fluorescent indicator dyes.

Most fiber-optic sensors for measuring pCO2 use the same approach as the
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FIGURE 6.13. Characteristics of absorption-based pH sensors with various pK values.
(Reproduced with permission from B. R. Soller, “Design of Intravascular Fiber Optic Blood
Gas Sensors,” IEEE Engineering in Medicine and Biology, June/July, pp. 327–335, ©1994,
IEEE.)
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electrodes—a pH sensor is placed in contact with an internal solution of bi-
carbonate ion and is separated from the environment by a gas-permeable mem-
brane such as silicone rubber or a copolymer of dimethylsiloxane. Absorption
optrodes with phenol red and fluorescence-based optrodes applying dichloro-
fluorescein have been developed. The key for optimizing pCO2 sensor design
is to control the internal bicarbonate ion concentration. Figure 6.15 shows the
pH-pCO2 plot of the sensor for several bicarbonate ion concentrations (Soller
et al., 1994). The graph shows that the resolution of the sensor does not change
as a function of bicarbonate ion concentration. In order to achieve the desired
pCO2 resolution of 0.133 kPa (1 mmHg), the pH sensor must have a resolu-
tion of 0.009 pH units. However, the internal bicarbonate ion concentration
determines the range of the pH response. To take advantage of the pH sensor
designed to measure blood pH, the bicarbonate ion concentration should be
chosen so that the internal pH varies between 6.8 and 7.8. As shown in Fig-
ure 6.15, a bicarbonate concentration of 0.035 M/l produces a pH response in
the desired range. The bicarbonate may be soaked into the pH-dye layer or
may be placed into a separate chamber, resulting in multimembrane optrode
structures. It is important to maintain a constant bicarbonate ion concentration;
therefore, water evaporation should be prevented. Thus, sensors are stored in
an aqueous buffer that can than also serve as one of the calibration solutions.
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FIGURE 6.14. pH-dependent absorption and emission spectra of a fluorescent optrode
with HTPS dye. (Reprinted with permission from M. J. P. Leiner and P. Hartmann, “Theory
and Practice in Optical pH Sensing,” Sensors and Actuators B, 11, pp. 281–289, ©1993,
Elsevier Science S.A., Lausanne, Switzerland.)
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6.1.5 Other Techniques

In this section, those blood gas and pH measurement methods are surveyed,
in which the analysis itself is made outside of the body. One group of these
techniques does not apply real signal-transducer sensor elements. The com-
mon properties of them are as follows:

• The analysis is made using one of the classical analytical methods.
• The “sensor” of the system is practically only a sample-taking unit.

Although these techniques do not apply real sensors according to the defi-
nition in Section 1.1, they must be mentioned here in connection with bio-
medical measurements. A detailed description of the mentioned analytical
methods is, however, beyond the scope of this book.

Gas chromatography and mass spectrometry have been applied for blood
gas measurements. The actual sensor takes and removes a gas sample “from
the blood” in these methods. The greatest advantages of their applications are
that the stability problems of electrochemical and fiber-optic sensors are
avoided, and several gas compounds can be analyzed simultaneously (not only
O2 and CO2, but N2, and anesthetic gas as well). The price for that is the use
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FIGURE 6.15. Internal pH characteristics of pCO2 sensors with various internal bicarbon-
ate ion concentrations. (Reproduced with permission from B. R. Soller, “Design of In-
travascular Fiber Optic Blood Gas Sensors,” IEEE Engineering in Medicine and Biology,
June/July, pp. 327–335, ©1994, IEEE.)
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of a more complicated and more expensive analytical instrument and sample-
taking system.

Indwelling catheters can be applied intravascularly to remove a gas sample
from the blood, utilizing a carrier gas or vacuum and feeding the sample to
an external gas chromatograph or mass spectrometer for analysis. Figure 6.16
shows a gas chromatograph blood gas “sensor” based on a closed-tipped two-
lumen intra-arterial catheter (Mendelson, 1991). The blood gases diffuse into
the lumen of the catheter and approach an equilibrium concentration with the
carrier gas contained in the lumen. After equilibrium is achieved, which takes
a few minutes, a bolus of the gas content in the lumen is delivered to the gas
chromatograph for separation and analysis. Helium gas is delivered from the
analyzer through the outer annular supply line in the catheter, and is then
drawn back with the sample into the analyzer through the central return tube.
Silicone rubber is used as the gas permeable membrane.

The continuous analysis of gases in blood by means of mass spectrometry
has also been realized. A gas sample is drawn using a vacuum in this case.
The probe consists of an evacuated cannula with a gas permeable membrane
supported mechanically by some suitable means at its tip, such as a porous
sintered plug or a perforated hypodermic tube, as shown in Figure 6.17 (Rolfe,
1994). Gases diffuse from the blood through the membrane into the evacu-
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FIGURE 6.16. Indwelling blood gas catheter for gas chromatography. (Reprinted after
Mendelson, 1991, p. 260, courtesy of Marcel Dekker Inc, New York.)
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ated space and then migrate along the connecting tube to the mass spectrom-
eter inlet, and, hence, to the analysis chamber.

Transcutaneous solutions for mass spectrometry have also been developed
as shown in Figure 6.18 (Mendelson, 1991). The “sensor” consists of a small
stainless-steel chamber with a porous metallic substrate across its open face.
A membrane is placed across the substrate and sealed to the skin with a
double-sided, self-adhesive ring. Gases collected in the chamber pass by a vac-
uum pump along a gas-impermeable tube into the ion source of the mass spec-
trometer. The back of the sensor contains a heating coil and a thermistor for
controlling the temperature of the sensor. The major drawbacks are the pos-
sibility of gas leaks at the skin surface and the relatively slow response time.

Ex vivo blood gas and pH measurements can also be realized using optical
fiber sensors. Figure 6.19 shows an interesting device design that can be ap-
plied in a flow-through cell of an extracorporeal blood circuit (Wolfbeis, 1991).
Two permeable membranes separate the bloodstream from the sensor chem-
istry placed on the disposable sensor element that is connected to the fiber-
optic cable. An electrical contact is also included for temperature measure-
ment using a thermistor. The disposable sensor element can be changed without

194 SENSORS FOR MEASURING CHEMICAL QUANTITIES IN BIOMEDICINE

FIGURE 6.17. Examples of blood gas sample-taking probes for mass spectrometry. (Re-
produced with permission from P. Rolfe, “Intra-Vascular Oxygen Sensors for Neonatal Mon-
itoring,” IEEE Engineering in Medicine and Biology, June/July, pp. 336–346, ©1994, IEEE.)
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removing the extracorporeal loop from the patient—only the bloodstream has
to be stopped for a while. The optical fiber bundle is mounted onto another
part, which cannot be changed. Such an instrument can be developed, in which
the unstable parts that contain the indicators and membrane, and are in con-
tact with blood during the operation, are disposable without changing any
other parts, such as the fibers and the thermistor. The flow-through cell and
tubes are also separate components that may be sterilizable or disposable.

6.1.6 Combined Sensors

A few examples of combined multisensors have already been demonstrated
in the previous sections (see Sections 6.1.3 and 6.1.5). Multisensors are ca-
pable of simultaneous monitoring of several parameters including pO2, pCO2,
pH, and temperature. This has great importance, especially in biomedical ap-
plications, for the following reasons:

• All four parameters are physiologically important.
• Gas sensors are sensitive for pH; thus, the measurement of pH enables

the compensation of this effect.
• All sensors are temperature dependent, the compensation of which re-

quires the application of temperature sensors.

Miniaturization is especially important when producing catheter tip sensors.
The following approaches are available:

• building up compound electrochemical sensors using multielectrode sys-
tems

• integrating multiple sensors into silicon substrates
• building up multioptrodes using optical-fiber bundles
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FIGURE 6.18. Cross-sectional diagram of a typical transcutaneous mass spectrometer
probe. (Reprinted after Mendelson, 1991, p. 273, courtesy of Marcel Dekker Inc., New
York.)
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The example in Figure 6.20 demonstrates how three different sensor types
can be integrated into the same silicon substrate using compatible processing
sequences (Tsukada et al., 1990). The combined sensor consists of a Clark
pO2 sensor with a Pt sensing electrode, a Stow-Severinghaus pCO2 sensor
with a Si3N4-gate pH-ISFET, and a pH sensor ISFET. Both gas sensors apply
poly(vinyl alcohol) film for soaking the electrolyte: the KCl solution at the
pO2 sensor and the NaCl-NaHCO3 solution at the pCO2 sensor, respectively.
The gate membrane of the pH-ISFET is also Si3N4. Using plasticized PVC
membranes with various ionophores, several ion-selective ISFETs can also be
integrated onto the same chip.
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FIGURE 6.19. Extracorporeal fiber-optic blood gas sensor. (Reproduced with permission
from O. S. Wolfbeis, “Biomedical Application of Fiber Optic Chemical Sensors,” Int. Jour-
nal of Optoel., Vol. 6, No. 5 pp. 425–441, ©1991, Taylor & Francis, London, UK.)
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FIGURE 6.20. Cross-sectional structure of the elements in an integrated chemical sensor:
(a) ISFET, (b) pCO2 sensor, and (c) pO2 sensor. (Reproduced with permission from K.
Tsukada, Y. Miyahara, Y. Shibata and H. Miyagi, “An Integrated Chemical Sensor with Mul-
tiple Ion and Gas Sensors,” Sensors and Actuators B, 2, pp. 291–295, ©1990, Elsevier
Science S.A., Lausanne, Switzerland.)
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The fiber-optic approach is advantageous in intravascular measurements be-
cause it offers a way for sensor miniaturization so that even a fiber bundle can
be introduced into the radial artery of a patient through a catheter. One ex-
ample is shown in Figure 6.21 (Wolfbeis, 1991). The working chemistries of
the three sensors are placed at the tip of the three fibers, while a thermocou-
ple gives a direct reading of the sensor temperature at the tip. The issue of
thrombogenicity has been addressed by designing a smooth tip surface and by
covalently immobilizing heparin on the surface.

In an interesting new solution, the sensors are incorporated onto an oph-
thalmoscope, providing the sensors’ data at the same time as an image (Al-
cock and Turner, 1994). The device comprises an array of small fibers, each
in contact with part of a chemically sensitive membrane covering the tip of
the bundle, effecting an array of sensors via the pixels (see Figure 6.22).

Hybrid intravascular sensors have also become possible, using optical sens-
ing of pH and pCO2 combined with temperature measurement and electro-
chemical sensing of pCO2.

6.2 OPTICAL OXIMETRY

Optical oximeter devices measure oxygen saturation (SO2) of blood or tis-
sue by exploiting the differences between the absorption spectra of organic
compounds transporting oxygen, such as hemoglobin (Hb) and cytochrome
aa3. Oximetry is a technique for measuring a chemical-to-optical transduction
effect without applying special indicator dyes. Here the dye is within the an-
alyte. Although, as a result, the sensor elements are physical sensors (e.g.,
photodiodes), the discussion of this method fits into this chapter.
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FIGURE 6.21. Triple-fiber optrode sensor for blood monitoring. (Reproduced with permis-
sion from O. S. Wolfbeis, “Biomedical Application of Fiber Optic Chemical Sensors,” Int.
Journal of Optoel., Vol. 6, No. 5, pp. 425–441, ©1991, Taylor & Francis, London, UK.)
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6.2.1 Theoretical Bases of Blood Oximetry

Most oximeter sensors and appliances determine blood oxygen saturation
[see Equation (6.1)], based on the different absorption (extinction) spectra of
Hb and HbO2, as demonstrated in Figure 6.23 (Parker, 1987). This is actually
the cause of the different colors of arterial and venous blood. The measure-
ment employs a minimum of two different wavelengths—one in the red range
(generally around 660 nm) and another in the infrared range (between 805
and 1000 nm). The extinction coefficient is the same for Hb and HbO2 at 805
nm, so that this (isobestic) wavelength can serve as a reference.

In reflection mode oximetry, backscattered light from the specimen is sam-
pled at two different wavelengths (
1 and 
2), and the oxygen saturation is
estimated with the reflectance [R � ln (I0/Ir), where I0 is the incident and Ir

is the reflected intensity] ratio, according to the following expression:

SO2 � A � B � [ R(
1)/R(
2)] (6.12)
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FIGURE 6.22. Design of an imaging/sensing fiber bundle system. (Reproduced with per-
mission from S. J. Alcock and A. P. F. Turner, “Continuous Analyte Monitoring to Aid Clin-
ical Practice,” IEEE Engineering in Medicine and Biology, June/July, pp. 319–326, ©1994,
IEEE.)

CHAPTER06  2/15/00 3:50 PM  Page 199



where A and B are empirical constants. Although the nonlinearity of scatter-
ing can be neglected in practice, the constants are, of course, dependent on
the volume ratio of red blood cells, thus, the hematocrit. To compensate this
effect, the measurement is generally made on three wavelengths (Wolfbeis,
1991).

In transmission oximetry, the absorption of the transmitted light is analyzed.
According to the definition of optical density (d):

d � ln (I0 /It) (6.13)

where I0 is the incident and It is the transmitted light intensity. Applying the
Lambert-Beer equation for a blood sample (see Equation 3.9) we get the fol-
lowing:

d � l [h(Hb)C(Hb) � h(HbO2)C(HbO2) ] (6.14)

where C is the concentration, and h is the extinction coefficient of the differ-
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FIGURE 6.23. Absorption spectra of hemoglobin and oxyhemoglobin. (Reproduced with
permission from D. Parker, “Sensors for Monitoring Blood Gases in Intensive Care,” J. Phys.
E: Sci. Instrum., Vol. 20, pp. 1103–1112, ©1987, IOP Publishing Ltd., Bristol, UK.)
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ent compounds, while l is the optical path length. The expression supposes
the linear contribution of the various compounds to the overall absorption. By
performing density measurements on two different wavelengths (
1 and 
2),
the concentrations [C(Hb) and C(HbO2)] can be determined from two linear
equations, knowing the extinction coefficients [h(
1,HbO2), h(
2,HbO2),
h(
1,Hb), h(
2,Hb)] and the optical path length (l). The oxygen saturation
(SO2), however, can be calculated without knowing the exact value of l
(Takatani and Ling, 1994):

C(Hb) � [h(
2,Hb)d(
1) � h(
1,Hb)d(
2)]/l
� [h(
1,HbO2)h(
2,Hb) � h(
2,HbO2)h(
1,Hb)] (6.15a)

C(HbO2) � [h(
2,HbO2)d(
1) � h(
1,HbO2)d(
2)]/l
� [h(
1,Hb)h(
2,HbO2) � h(
2,Hb)h(
1,HbO2)] (6.15b)

SO2 � C(HbO2)/[C(Hb) � C(HbO2)] (6.15c)

Because of the complicated absorption and scattering processes in blood,
these results are often not accurate enough for practical applications. Mea-
surements are then made on three or more different wavelengths, and the oxy-
gen saturation is calculated from the measured densities according to the fol-
lowing equation that is a more general form of Equation (6.15) (Mendelson,
1991):
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b0 � � bi � d(
i)

iSO2 �

a0 � � ai � d(
i)

(6.16)

where ai and bi are constants that can be determined empirically on a diverse
range of subjects breathing varying O2 concentrations.

At first, the technique of oximetry was used for the analysis of blood sam-
ples. Nowadays, sensors and analyzer systems enabling continuous in vivo
monitoring are the focus of interest.

6.2.2 Invasive Oximetry

For intravascular oximetry, plain optical fibers are used to guide the light
signal inside the vessel and the light reflected from red blood cells back to
the light detector. In estimating SO2, usually the reflectances at two wave-
lengths, one in the red and the other in the near-infrared range, are used with

i

CHAPTER06  2/15/00 3:50 PM  Page 201



202 SENSORS FOR MEASURING CHEMICAL QUANTITIES IN BIOMEDICINE

the empirical relation given by Equation (6.12). According to the location of
the measurement, arterial and venous saturation can be measured separately.

The oximeter, the block diagram of which is shown in Figure 6.24, employs
two different LEDs as light sources driven on alternate half-cycles of the clock
pulse (Wolfbeis, 1991). Light from the LEDs is tightly coupled into a branch
of fibers. Reflected light is coupled to a photodiode, amplified and delivered
to the sample-and-hold circuit that reads the pulse heights whose ratio is com-
puted and displayed. The typical operation frequency of the system is 200 Hz.
The empirical parameters can be set for the computations during an in vitro
calibration. With an appropriate calibration, the accuracy of the system was
found in the range of 1%.

FIGURE 6.24. Schematic block diagram of the intravascular optical fiber oximeter. (Re-
produced with permission from O. S. Wolfbeis, “Biomedical Application of Fiber Optic Chem-
ical Sensors,” Int. Journal of Optoel., Vol. 6, No. 5, pp. 425–441, ©1991, Taylor & Fran-
cis, London, UK.)
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One of the disadvantages of the fiber-optic oximeter is that damage to op-
tical fibers results in severe measurement error. In order to circumvent this
shortcoming, catheter-tip oximeters using hybrid miniature sensors have also
been developed, as shown in Figure 6.25. The smart sensor elements, the red
and infrared LEDs, the photodiodes, and the preamplifier chips are mounted
in a planar arrangement onto the same substrate (Takatani and Ling, 1994).

6.2.3 Noninvasive Ear Oximetry

Because of the mentioned problems and risks of catheterization, methods
of noninvasive oximetry have been developed extensively. Noninvasive oxime-
try is practically tissue oximetry. Tissue is a complicated medium in which
blood vessels, both artery and vein, are distributed nonhomogeneously. Be-
cause their distribution is unknown, the analysis of optical processes in tissue
is rather complex. The ear oximeter developed first by Hewlett Packard has
acquired some clinical success (Mendelson, 1991). The operation principle
and block diagram of the instrumentation is illustrated in Figure 6.26. A high-
intensity tungsten lamp generates a broad spectrum of light. Eight narrow-
band interference filters are mounted on a rotating wheel that intercepts the
light path sequentially to provide a source of wavelength selection. These fil-
tered light beam pulses enter a fiber-optic cable that carries them to the ear.
A second fiber-optic cable guides the light pulses transmitted through the ear
back to the instrument for detection and analysis. To measure arterial blood
saturation (SaO2), the ear probe is attached to the pinna of the ear after the
ear has been rubbed briskly for about 20 s in order to increase local blood
flow. A temperature-controlled heater within the probe maintains the temper-
ature at 41°C, causing a local increase of blood flow and blood “arterializa-
tion” after the probe has been properly positioned on the ear. The computa-
tion circuits derive SaO2 using Equation (6.16). The accuracy of the
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FIGURE 6.25. Catheter-tip hybrid circuit oximeter sensor. (Reproduced with permission
from S. Takatani and J. Ling, “Optical Oximetry Sensors for Whole Blood and Tissue,” IEEE
Engineering in Medicine and Biology, June/July, pp. 347–357, ©1994, IEEE.)
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measurement was found to be better than 2.5% saturation regardless of skin
color and ear thickness. According to another computation method, the sub-
traction of the bloodless tissue attenuation is made that can be measured by
compressing the ear using a transparent pressure capsule that is initially in-
flated to a pressure that exceeds the arterial blood pressure, thus, rendering
the ear pinna practically bloodless. Main shortcomings of the method include
discomfort for patients caused by heating and pressure on the ear and the rel-
atively large weight of the optical cable that is a particular disadvantage in
monitoring neonates and premature infants.

6.2.4 Pulse Oximetry

Pulse oximetry is a noninvasive determination of blood SaO2 that solves
the problems of ear oximetry. The basis of the technique is to measure the
change in light transmitted through the skin that occurs as a result of arterial
pulsation. The signal varies with pulsating changes in tissue blood volume, as
shown by the plethysmographic diagram in Figure 6.27 (Mendelson, 1991).
It is assumed that the change in light transmitted through tissue during the in-
flow phase of the cardiac cycle (i.e., systole) is caused solely by the arterial
blood, there is no pulse from the surrounding tissue, and the pulse of venous
blood is normally insignificant. Consequently, the pulsating component of the
optical signal has to be measured. The optical signal is usually sampled at two
wavelengths, one in the red (e.g., at 660 nm) and another in the infrared re-
gion (e.g., at the isobestic 805 nm or at 940 nm). A conventional linear re-
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FIGURE 6.26. Simplified diagram of a typical ear oximeter. (Hewlett Packard product,
reprinted after Mendelson, 1991, p. 268, courtesy of Marcel Dekker Inc., New York.)
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gression according to Equation (6.12) is applied to obtain arterial saturation.
SaO2 measured by pulse oximetry is often marked as SpO2. Most pulse oxime-
ters are of the transmission type, where forward-scattered light through the
fingertip or the earlobe is analyzed. Reflection pulse oximeters have also been
developed, with more general applicability to any portion of the body, such
as the forehead, cheek, calf, and thigh. However, in comparison to transmis-
sion, reflection pulse oximeters have poorer signal-to-noise ratio.

Figure 6.28 shows a planar-structure reflection hybrid sensor (Mendelson,
1991). The hermetically sealed metal-glass package with a transparent
cover/lid contains an interconnection system on a ceramic substrate, four
LEDs, and six large-area photodiodes around them that enables the averaging
of the spatial differences. The LEDs and photodiodes are optically shielded
from each other. The metal package is molded into a plastic housing.

New SpO2 measurement appliances employ only two LEDs and a single
photodiode on ceramic substrates in a variety of sensor heads for several ap-
plications. These include the adult finger glove, pediatric finger glove, and
neonatal foot strap and earlobe clip, combined with a single measurement ap-
pliance (Kästle et. al., 1997). The relationship between the ratio of the plethys-
mographic amplitudes measured in red and infrared regions, respectively, and
SaO2 is shown in Figure 6.29.

Since pulse oximeters rely on adequate arterial pulsation, a significant re-
duction in peripheral vascular pulsation, such as in hypotension, vasocon-
striction, or hypothermia, can produce a signal too small to be processed re-
liably by the oximeter. Furthermore, motion artifacts can cause erroneous
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FIGURE 6.27. Variations in light attenuation by tissue illustrating the rhythmic effect of ar-
terial pulsation. (Reprinted after Mendelson, 1991, p. 268, courtesy of Marcel Dekker Inc.,
New York.)
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readings. Practically, these artifacts are reduced by digital processing of ana-
log signals and averaging of the measured values over several seconds before
they are displayed. The interference from electrosurgical units and high-
density light sources such as surgical lamps, in addition to various compounds
possibly present in blood, such as intravenous dyes, can cause inaccurate read-
ings. Even when considering the many sources of errors, the accuracy of pulse
oximetry is sufficient for many clinical applications. Most manufacturers claim
that their instruments are accurate to within 2% saturation in the range be-
tween 70 and 100%.

Despite the mentioned limitations, pulse oximetry is becoming the most
popular and useful technique of blood oxygen measurement and monitoring.
Recently, it has been recommended as a standard of care for basic intraoper-
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FIGURE 6.28. Noninvasive reflection oximeter sensor. (Reprinted after Mendelson, 1991,
p. 271, courtesy of Marcel Dekker Inc., New York.)
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ative and neonatal monitoring. This is due to its major advantages in com-
parison with all other methods used for measuring blood oxygenation:

• It is a noninvasive technique.
• It enables the direct determination of SaO2 with good accuracy.
• It is not necessary to heat up the skin.
• There is no need for complicated computing and calibration processes.
• The sensors can easily and quickly be attached, and the measurement

takes only a short time.
• The sensor elements do not contain any parts that need to be refreshed

(such as electrolytes and/or membranes); thus, a stable long-term opera-
tion is assured.

6.2.5 Other Oximetry Methods

Cytochrome aa3 (cytochrome oxidase) is the terminal enzyme of the mi-
tochrondrial respiratory chain and catalyzes approximately 90% of all O2 uti-
lization in the body. This enzyme is of particular importance in monitoring
oxidative metabolism because it donates electrons to O2. Therefore, the redox
state of cytochrome aa3 is believed to be an indicator of intracellular O2 suf-
ficiency. In the oxidized state, this enzyme exhibits a distinctive absorption
band in the 820 to 870 nm region of the spectra. This band disappears upon

Optical Oximetry 207

FIGURE 6.29. Relationship between the ratio of the plethysmographic amplitudes in red
and infrared regions and oxygen saturation. (Reproduced with permission from D. Parker,
“Sensors for Monitoring Blood Gases in Intensive Care,” J. Phys. E: Sci. Instrum., Vol. 20,
pp. 1103–1112, ©1987, IOP Publishing Ltd., Bristol, UK.)
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reduction when O2 delivery is compromised. Since Hb and HbO2 also absorb
in this spectral region, multiple wavelengths and the application of appropri-
ate algorithms are required to eliminate this interference (Mendelson, 1991).

Noninvasive cerebral oxygenation monitoring can be performed by cy-
tochrome aa3 oximetry using three GaAlAs laser diode light sources with peak
emission wavelengths between 760 and 904 nm. The light is guided to the
subject’s forehead by an optical fiber, while the backscattered light from the
brain is collected by another optical fiber located a few centimeters lateral
from the incident entry beam. By using a third fiber close to the entry to col-
lect backscattered light only from the bone, a differential measurement can be
performed to minimize the effects on the skull, and deep-layer brain tissue in-
formation can be obtained in this way (Takatani and Ling, 1994). Time-
resolved spectroscopy can also be applied to get information from deep-layer
tissues. The basis of this technique is that the excitation is made with pulses
with very narrow durations (picosecond order), and the backscattered pulse
waveforms are analyzed. The depth of information can be estimated in this
way. Multiple detectors can be placed to focus at specific depths in tissue,
yielding a three-dimensional mapping of the oxygen field of tissue. Time-
resolved spectroscopy is becoming important in neonatal cerebral monitoring.

Choroidal eye oximetry can be performed with special noninvasive tools by
shining a multiple-wavelength light beam into the eye and measuring the
amount of light that is backscattered from the ocular fundus using a special
fundus camera. Blood oxygen saturation is computed applying the usual meth-
ods of oximetry. Since choroidal blood is characteristic of the blood supply
to the brain, this is an indirect method of brain oximetry.

6.3 OTHER APPLICATIONS OF CHEMICAL SENSORS

Those sensor types and application possibilities that could not be involved
in previous parts of this chapter are surveyed in this section. The following
groups can be distinguished:

• monitoring ionic compounds in blood and other secretions
• determining pH and pO2 of the inner eyelid
• pH monitoring in gastric acid
• tissue pH and pO2 measurements and mapping
• miscellaneous gas sensor applications

6.3.1 Ionic Compounds in Blood and Other Secretions

Of great importance in blood compound monitoring are a number of ion
concentrations (i.e., Na�, K�, Ca2�, Mg2�, NH4

�, Cl�), the monitoring of
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which can be solved by means of ion-selective sensors. Ion-selective elec-
trodes for catheter-tip applications can be built up using precious metal wires
covered by plasticized PVC membranes with ion-selective neutral carriers (see
Section 4.15). With a reference electrode, potentiometric measurement can be
realized, similar to pH electrodes (see Section 6.1.2). A recent approach is the
application of thin- and thick-film multilayer electrode systems and integrated
ISFETs for multisensors and also with signal processing circuitry on the same
chip or substrate.

Figure 6.30 demonstrates the structure of a rather complicated thin-film ion-
selective electrode for Na�/K� (Keplinger et al., 1990). Metal layers were
evaporated on glass substrates and shaped by photolithography. The internal
reference electrode was established by the following metal multilayer se-
quence: Ti/Au/Ag/AgCl. The Ag layer was chemically chloridized. The insu-
lating layer is a PECVD-Si3N4 film; the salt layer was evaporated and struc-
tured by liftoff technique. It acts as an internal solid electrolyte. Finally, the
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FIGURE 6.30. Cross section of the thin-film ion-selective device with a water diffusion bar-
rier. (Reproduced with permission from F. Keplinger, R. Glatz, A. Jachimowicz, G. Urban,
F. Kohl, F. Olcaytug and O. J. Prohaska, “Thin-Film Ion-Selective Sensors Based on Neu-
tral Carrier Membranes,” Sensors and Actuators B, 1, pp. 272–274, ©1990, Elsevier Sci-
ence S.A., Lausanne, Switzerland.)

CHAPTER06  2/15/00 3:52 PM  Page 209



structure was coated with the ion-selective membrane. For potassium elec-
trodes, a composition of PVC-dioctyl-sebacate with valinomycin ionophore
was chosen and for the sodium electrode, a PVC-nitrophenyl-octyl-ether with
Na�-ionophore was chosen. To enhance the long-term stability, an additional
silicon nitride layer with a small aperture was introduced to limit the water
transport across the membrane in order to obtain a longer lifetime (at least
three days). The potential change is about 100 mV when the ion concentra-
tion is changed from 1 mM/l to 0.1 M/l.

Figure 6.31 shows an integrated micro-multi-ion sensor using platinum gate
ISFETs with several polymeric membranes (Tsukada et al., 1991). It consists
of two kinds of ion sensors (K�- and Na�-ISFETs) and two CMOS unity gain
buffers, as shown in the circuit diagram of Figure 6.31(a). The ISFETs are
buffered by high-impedance amplifiers. The configuration gives a linear de-
pendence between the ion-selective membrane potential and the output volt-
age. The schematic structure of the cross section is shown in Figure 6.31(b).
In the chemically active area, the ion-selective membranes were formed on
Pt/Ti/Al multilayer electrodes that are connected to NMOS gates. The plat-
inum film was used as a protective layer against ion migration and hydration,
and Ti was used as an adhesion layer. They were patterned with a liftoff
process. The SiO2 and phospho-silicate-glass were used as passivation films.
Finally, a polyimide layer was deposited and patterned photolithographically
to form a well. The ion-selective membranes consisted of PVC, ionophore,
plasticizer, and additives. Almost ideal Nernstian sensitivities [49mV/decade
at 25°C, see Equation (3.4)] have been detected with good selectivity factors
(lg Sij � �2).

Ion-selective sensors may have applications not only in monitoring blood
compounds, but also in analyzing other secretions. For example, an integrated
probe for sweat analysis is mentioned here (Bezegh et al., 1987, 1988). Sweat,
as a body fluid, can yield useful clinical information. One of the few viable
sweat tests is the determination of chloride for diagnosis of cystic fibrosis. Al-
though the concentration in sweat may vary within a wide range according to
many circumstances, the local concentration measured in situ may have use-
ful information. A solid-state integrated differential probe based on Na�/Cl�

ISFETs was used to determine the concentration of sodium chloride in sweat.
The two silicon chips were attached to a flexible printed wiring substrate.
Then, a blank membrane containing only the PVC polymer and plasticizer
was applied as a continuous coating to the device surface. The electrochemi-
cal selectivity was introduced by doping this membrane with electroactive in-
gredients (ionophores). In practice, this was performed by dropping ionophores
selectively onto the surface of the membrane. The device was attached to the
surface of the skin, like the transcutaneous probes (see Section 6.1.3). The dif-
ference between the two transistor currents was measured as a function of the
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NaCl concentration. The total amount of liquid required for the measurement
is 0.3 �l, which is small, compared to the 80 �l needed for conventional chlo-
ride titration. Pictures of the sensor are shown in Appendix 4.

6.3.2 Chemical Parameters of the Inner Eyelid

The eyelid sensor takes advantage of the unique function of the capillary
bed in the palpebral conjunctiva, which is perfused by the internal carotid ar-
tery that supplies O2 to the avascular cornea during sleep. The conjunctival
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FIGURE 6.31. Circuit diagram (a) and cross-sectional structure (b) of the integrated ISFET.
(Reproduced with permission from K. Tsukada, Y. Miyahara, Y. Shibata and H. Miyagi, “An
Integrated Micro Multi-Ion Sensor Using Platinum-Gate Field-Effect Transistors,” Proc. Conf.
Solid State Sensors and Actuators, Transducers ’91, San Francisco, CA, pp. 218–221,
(c)1991, IEEE.)
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oxygen sensor is essentially a miniaturized unheated version of a Clark-type
pO2 electrode mounted in an oval ophthalmic conformer ring as shown in Fig-
ure 6.32 (Mendelson, 1991). The conformer ring, which is made of a plastic
biocompatible material [PMMA, poly(methyl methacrylate)], is contoured to
the shape of the sclera so that normal vision is not obstructed, and free eye
movement can be maintained. The inner eyelid is also a potential site for mon-
itoring blood pH and SaO2. Fiber-optic pH sensors and pH-ISFETs with a
miniature reference electrode have demonstrated the possibility of pH moni-
toring, while oxygen saturation can be measured by a miniature reflectance
oximeter sensor. The primary limited applications of these sensor types to date
have been in emergency and critical care medicine.

6.3.3 Monitoring pH in Gastric Acid

The ambulatory monitoring of pH in the upper gastrointestinal tract is in-
creasingly used for diagnostic and research purposes. That field represents a
further application of inorganic component sensing beyond blood monitoring.
Gastric acid measurements are currently performed with integrated glass and
antimony electrodes. A severe drawback of these electrodes may be encoun-
tered if several sensors must be installed in the gastroesophageal tract.

A new construction using ISFETs is shown in Figure 6.33 that permits the
realization of multiple mounting on a single catheter (Thybaud et al., 1990).
It consists of several types of polymers; however, the ISFET itself is not
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FIGURE 6.32. Diagram of the eyelid sensor. (Reprinted after Mendelson, 1991, p. 274,
courtesy of Marcel Dekker Inc., New York.)
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polymer-based. The gastric probe is composed of a supple PVC catheter in
which the ISFETs are mounted on a floppy substrate of Kapton®. The passi-
vating film is an epoxy. The reference electrode is also installed at the catheter
tip. The very small dimensions of the ISFET chips allow several ion-sensitive
sensors to be mounted on a single catheter. Such multi-ISFET probes are ex-
pected to be very useful in the study of gastroesophageal reflux that affects
numerous people. The whole measuring system enables the 24 h ambulatory
monitoring of pH and other ion concentrations in the gastrointestinal tract.

Another obvious approach to prepare gastric catheters is to use optrode
probes. The major inconveniences of optical pH sensors are their narrow pH
range (maximum pH 3) and their decreasing precision when the difference be-
tween the measured pH and the pK of immobilized dye is increased (see Fig-
ure 4.12). The pH determination in blood is facilitated because the range is
narrow (pH 7.0–7.5, see Section 6.1). Medical applications concerning gas-
tric diagnostics need measurements in a large pH range from 0.9 to 7.7. Two
possibilities are able to mitigate these disadvantages—either use a dye hav-
ing several pK values as demonstrated with thymol blue for acid and basic
media, or apply a more general solution such as the co-immobilization of sev-
eral dyes. Figure 6.34 (Boisde et al., 1991) shows typical characteristics of a
four-indicator-based pH optrode. The dye shows a different behavior in solu-
tion and is grafted into a PVI [poly(N-vinylimide-azole)] bed. Although the
curve consists of two almost linear zones with different sensitivities, it enables
pH determination in the range of 0–12.

6.3.4 Measuring and Mapping Tissue pH/pO2

The direct measurement of tissue pH and pO2 with minimal damage to the
cells or to the microcirculation in the tissue represents a serious challenge for

Other Applications of Chemical Sensors 213

FIGURE 6.33. Structure of the gastric pH catheter. (Reproduced with permission from L.
Thybaud, C. Depeursinge and D. Rouiller, “Use of ISFETs for 24 h pH Monitoring in the
Gastroesophageal Tract,” Sensors and Actuators B, 1, pp. 485–482, ©1990, Elsevier Sci-
ence S.A., Lausanne, Switzerland.)
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sensors. These micromeasurements are still mostly a part of laboratory re-
search and do not belong to everyday clinical practice. They can be applied
in monitoring the brain, heart, and muscle metabolism and ischemia.

For practical measurements, microelectrodes are used with tip sizes in the
range of living cell dimensions. These sizes are much smaller than required
by conventional vessel catheters. Generally, compound glass-metal electrodes
are fabricated using various techniques of glass processing and metallurgy,
such as glass pulling, mechanical and chemical polishing, grinding, chemical-
and electrochemical-etch beveling, etc. Without providing a detailed discus-
sion about preparation methods, the structure of various pH and pO2 micro-
electrodes are shown in Figures 6.35 and 6.36 (Buerk, 1993). The first-
generation microelectrodes employed open-tip glass or metal electrodes with
the smallest possible tip sizes (typically in the range of 10 �m for glass and
less than 1 �m for metal types) and a separate reference electrode [see Fig-
ures 6.35(a) and 6.36(a)]. Impurities could shift the characteristics of these
types of electrodes after a few periods of use and after the refreshing etch
processes altered the tip geometry. Recessed-tip electrodes [see Figures 6.35(b)
and 6.36(b)] offered a significant improvement. First, an open-tip microelec-
trode was prepared and then inserted into an insulating glass micropipette.
One drawback of this design was a longer time response due to the increased
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FIGURE 6.34. Characteristics of a four-dye optrode system. (Reproduced with permission
from G. Boisde, F. Blanc and X. Machuron-Mandard, “pH Measurements with Dyes Co-
immobilization on Optrodes: Principles and Associated Instrumentation,” Int. Journal of Op-
toel., Vol. 6, No. 5, pp. 407–423, ©1991, Taylor & Francis, London, UK.)
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diffusion distance from the tip to the transducer surface. The common short-
coming of all of these types was that the measured electromotive force was
interfered with by the cell membrane potential if an intracellular measurement
was made with the reference electrode external to the cell. The double-barrel
design [shown in Figures 6.35(c, d) and 6.36(c, d)] combines the recessed type
with a second barrel that is used as a reference electrode. Generally, it con-
tains an Ag/AgCl electrode, and the barrel is filled with physiological saline.
The two micropipette tips are fused together by local heating and pressure.
Practical tip measurements are in the range of 10–35 �m. The newest elec-
trochemical microelectrode types are based on silicon micromachining, and
their structure is very similar to that of the electrical biopotential pickup elec-
trodes (see Figure 5.32).

Extremely fine probes have already been developed that can be used to map
out detailed surface features. In scanning electrochemical microscopy, a three-
dimensional representation of a region is made by systematically sweeping
the probe across the sample. The fine tip of an electrochemical transducer is
moved in small increments by a computer-controlled translation element. Fig-
ure 6.37 shows an example of the electrochemical scanning technique applied
to pO2 measurements over a pair of blood vessels in the retina of a cat eye
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FIGURE 6.35. Typical structure of tissue-pH microelectrodes: (a) open tip, (b) recessed
tip, and (c)–(d) double-barrel types. (Used with permission from D. G. Buerk, Biosensors,
Theory and Applications, p. 98 ©1993, Technomic Publishing Co., Inc., Lancaster, PA.)
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(Buerk, 1993). It is well demonstrated that the artery is leaking oxygen into
the vitreous humor, while the vein is picking up oxygen. The distribution cor-
responds to their positions. The resolution depends on the diameter of the
scanning tip and the distance from the tip to the sample. (Of course, there are
practical limitations on how close the probe can be placed to the surface, par-
ticularly if it is irregular or is moving.)

Electrochemical mapping can be simplified by means of electrode arrays.
One example for oxygen mapping is shown in Figure 6.38 (from Buerk, 1993,
originally designed by Morita and Shimizu, 1989). It is actually a bundle of
carbon fibers embedded into an epoxy bed, forming a recessed microhole ar-
ray. The carbon fibers were electroplated with platinum.

Silicon microfabrication with electron-beam lithography and/or reactive ion
etching (RIE) is a promising approach to preparing microelectrode arrays. Fig-
ure 6.39 shows a band of ultramicroelectrodes, the microstep electrodes on a
Si-SiO2 substrate (Samuelsson et al, 1991). A thin film of adhesion promoter
Cr and a subsequent film of Au or Pt were deposited by RF sputtering for the
electrode (see Section 2.3). The insulating Si3N4 was deposited by plasma
CVD (see Section 2.1) and patterned, subsequently, by photolithography and
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FIGURE 6.36. Typical structure of tissue-pO2 microelectrodes: (a) open tip, (b) recessed
tip, and (c)–(d) double-barrel types. (Used with permission from D. G. Buerk Biosensors,
Theory and Applications, p. 102 ©1993, Technomic Publishing Co., Inc., Lancaster, PA.)
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FIGURE 6.37. Example of electrochemical scanning microscopy applied to O2 measure-
ments over a pair of blood vessels in the retina of a cat eye. (Used with permission from
D. G. Buerk, Biosensors, Theory and Applications, p. 197, ©1993, Technomic Publish-
ing Co., Inc., Lancaster, PA.)

FIGURE 6.38. Microhole array with recessed Pt/carbon fiber cathodes for O2 measure-
ment. (Used with permission from D. G. Buerk, Biosensors, Theory and Applications,
p. 115, ©1993, Technomic Publishing Co., Inc., Lancaster, PA.)
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RIE. The important feature of RIE patterns is that they have extremely sharp
and vertical steps.

6.3.5 Miscellaneous Gas Sensor Applications

Gas-compound monitoring and analysis also has important biomedical ap-
plications, even in cases when the sensor elements are in the atmosphere with-
out any contact with the human body.

Direct control of incubator atmosphere is generally performed by means of

FIGURE 6.39. Cross section (a) and top view (b) of the microstep electrode produced on
silicon substrate. (Reprinted with permission from M. Samuelsson, M. Armgarth and C. Ny-
lander, “Microstep Electrodes: Band Ultramicroelectrodes Fabricated by Photolithography
and Reactive Ion Etching,” Anal. Chem., Vol. 63, pp. 931–936, ©1993, American Chem-
ical Society.)
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atmospheric oxygen sensors rather than by blood oxygen sensors that serve
monitoring purposes. Other life-supporting equipment often apply oxygen sen-
sors for monitoring and/or controlling inspired O2 concentration, FiO2. Oxy-
gen sensors in these applications are, for example, amperometric electro-
chemical sensors, the structure and operation of which is very similar to the
Clark oxygen sensors with the exception that, instead of a semipermeable
membrane, a small capillary or a porous film acts as the diffusion controlling
object. Inorganic solid-state sensors employ heated zirconia ceramic-based di-
electric films showing ionic conductivity at elevated temperatures (Asada and
Yamamoto, 1990). Polymer electrolyte-based types can be operated even at
room temperatures (Harsányi, 1995b; Yan and Lu, 1989). Another approach
is to apply fuel cells that are practically O2/H2 batteries (Teledyne, 1994).

Exhalation gas compound analysis is another potential application field of
gas sensors. A number of solid-state gas sensors have already been built into
various alcohol tester appliances. Hydrogen testers applied in indigestion
analysis may employ hydrogen sensors, such as Pd-gate MOSFETs or heated
Pd-doped SnO2 thin- or thick-film semiconductor resistors. Their operation is
based on well-known hydrogen solubility and the related work function shift
of Pd, that can modulate the conductivity of a MOSFET and of thin-film or
porous thick-film semiconductor resistors. A more detailed discussion of these
atmospheric gas sensors is beyond the scope of this book, and we refer to the
literature (Mandelis and Christofides, 1993).
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CHAPTER 7

Biosensors

Currently, biosensors are in the focus of research efforts in sensorics and
analytical chemistry. Several hundreds of papers are published annually on
this topic. New results are published almost weekly in leading journals. A
journal (Biosensors and Bioelectronics) and a series of annual conferences
were established that specifically addressed this topic.

The definition of biosensors was not uniform in the literature a few years
ago, but it became general recently: biosensor is a sensor using a living com-
ponent or a product of a living thing for measurement or indication. Thus,
they are characterized by the nature of interaction that is the basis of the sens-
ing effect, i.e., the very specific chemical reactions that are typical in biolog-
ical systems.

The general structure of biosensors is schematically shown in Figure 7.1;
they consist of two main parts, the receptor and the transducer (this does not
mean that they are physically separated). The receptor interacts with the ana-
lyte selectively, while the transducer produces an electrical or optical signal
as a result of the former interaction. This signal carries information about the
concentration of the analyte.

Receptor parts contain the biologically active components that are capable
for specific chemical reactions with the analyte. Nature has created an almost
endless variety of biological compounds that may act as receptors. According
to the type of receptor, biosensors can be distinguished into the following
groups:

• Enzymatic (or metabolism) biosensors employ immobilized enzymes as
receptors. Enzymes are catalysts, substances that enable biochemical
processes to proceed. They are specific to their substrate which can be
the analyte of interest. The enzymatic reaction makes it possible for a
signal to be produced by the transducer.
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• Affinity biosensors are based on specific chemical binding. In im-
munosensors, this means the antigen-antibody reaction. They employ the
phenomenon that the immunosystem of living things produces specific
antigens against foreign objects (bacteria, viruses, molecules, etc.) that
are able to form stable complexes for biological recognition. In DNA
sensors (also called DNA chips), the selective chemical binding is the hy-
bridization of molecule clusters with DNA molecules to form a double
structure.

• Living biosensors employ microorganisms or living tissues as receptors
for selective sensing.

The first biosensors that dominated research in this field were enzymatic.
Nowadays, this domination has been partly balanced by the other two types.
The many enzymes present in living bodies and the phenomenon that the im-
mune systems of living things may synthesize a great variety of antibodies
specifically against a number of antigens, assure a practically endless variety
of possible receptor molecules that are available in nature. Thus, the most im-
portant problems with biosensors are not the availability of the receptors, but
are instead, their immobilization technique, their stability during operation,
and the process of choosing appropriate transducer elements.

Biosensors employ the following transducer types:

• calorimetric
• electrochemical, including potentiometric, amperometric, and conducti-

metric electrochemical cells, as well as modified ISFETs
• fiber-optic transducers (almost all structures and sensing effects can be

imagined)
• gravimetric resonator transducers

Different receptor types have different chemical behaviors that determine
the approaches used in sensor applications:
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FIGURE 7.1. The general block diagram of biosensors. (Reproduced with permission from
Polymer Films in Sensor Applications by G. Harsányi, ©1995, Technomic Publishing Co.,
Inc., Lancaster, PA, p. 382.)
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• Enzymatic sensors are based on the catalytic chemical reaction of the en-
zyme and substrate. The reaction products, the charge exchange, or the
heat generation may be the bases for the indirect transduction. The sub-
strate material is continuously consumed by the enzymatic reaction dur-
ing the operation of the sensor.

• Affinity sensors are based on the specific receptor-analyte chemical bind-
ing. This may be used for transduction in direct-operation sensors (for
example, by measuring the resulted mass change, refractive index change,
etc.). In indirect sensing, chemical labeling (by means of enzyme mole-
cules, indicators, etc.) is applied for the analyte, as a usual practice in im-
munoassays, and the detection of these labels is the basis of transduction.
Since immunoreactions are not always reversible, only a single im-
munoassay is possible with these sensors. The renewal of the receptor
surface has to be performed periodically; thus, a continuous operation is
not possible. In the case of labeled immunoassays, only in vitro applica-
tions can be realized practically.

• Living biosensors contain living cells and/or tissues, the supply of which
must be continuously delivered, and their products should be removed.
These products, or the reactions themselves, are used for transduction. By
applying neurons that give a direct electrical output, not only the recep-
tor, but also the transducer consist of living cells.

The origin of analytes is not always a living body. Accordingly, their ap-
plication is not limited to the biomedical field. The most important applica-
tion perspectives can be distinguished as follows (White and Turner, 1997):

• clinical bedside and personal medical monitoring instruments for measur-
ing the concentration of biologically active, physiologically important
compounds, such as glucose, urea, cholesterol levels in blood, etc.

• biotechnological and pharmaceutical industries for research and testing
and analytical purposes

• food and beverage industries and gastronomy for the objective testing of
row-material quality and product flavor

• environmental contaminant monitoring of air, water, and soil
• immunoreaction tests with immunosensors
• fast genetic analysis using DNA chips

It is obvious that medical applications of biosensors are not exclusive. Al-
though this book concentrates on biomedical applications, the other fields can-
not be neglected.

Biosensors have appeared not only in laboratory research but also in com-
mercially available appliances as well. Practically all of these instruments were
developed for the determination of glucose in blood. Only a very small por-
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tion of the medical biosensor market is for the determination of other com-
pounds, such as urea, lactate, cholesterol, etc. In spite of great research ef-
forts, no breakthrough for their wide-range application has yet been reached—
with the exceptions of glucose and DNA sensors (Turner, 1996; Weetall, 1999).
Commercialization of most biosensor technologies has continued to lag be-
hind research by several years. The most important problems to be solved can
be summarized as follows:

• to choose appropriate receptors and transducers for various analytes
• to develop technologies for immobilizing the receptors on transducer sur-

faces
• to assure the appropriate stability of the receptors within a requested op-

eration period (which may even be as short as one day or one hour)
• to prevent the receptors from poisoning during the operation
• to compensate interferences and disturbing effects
• to develop such fabrication, storage, preoperative treatment, calibration,

and data-processing techniques that enable the wide-range mass applica-
tion of low-cost, short-lifetime, disposable sensor families

7.1 ENZYMATIC BIOSENSORS

Biosensors that were developed first belong to the group of enzymatic sen-
sors. A great number of different types have been developed since their ap-
pearance. The greatest efforts have been made in the field of glucose sensors,
where devices with a possible operation period of several months could be
fabricated. Meanwhile, a great development has been achieved in enzyme im-
mobilization techniques. Without giving a detailed theoretical description of
biocatalytic processes, the most important definitions and reaction models are
summarized in the next section. In subsequent sections, the possible measur-
ing methods, transducer types, enzyme immobilization techniques, and sen-
sor types and properties are described.

7.1.1 Theoretical Bases

Enzymes are high-molecular-weight proteins synthesized inside living cells.
They influence the reaction speed of chemical processes. With hormones and
vitamins, they form the biocatalytic system of living things. The reagent, the
chemical transition of which the enzyme catalyzes specifically, is called its
substrate. Enzymatic analysis is a special branch of analytical chemistry, the
goal of which is to detect enzymes or substrates by means of their specific re-
action. Enzymatic sensors employ enzymes to measure the concentration of
their substrate in the analyte of interest.

226 BIOSENSORS

CHAPTER07  2/15/00 3:56 PM  Page 226



Enzymes can easily be decomposed by various environmental effects that
can limit the lifetime of enzymatic sensors to a few days or hours. By using
appropriate immobilization techniques on sensor surfaces, this behavior may
be favorably modified.

The simplest scheme for describing a biochemical reaction catalyzed by a
single enzyme E is the irreversible conversion of a substrate S to a product P:

E � S R———r ES ———r E � P (7.1)

through the reversible formation of an intermediate enzyme-substrate complex
ES. The reactions are characterized by the equilibrium constants shown in
Equation (7.1). The kinetics of the reaction can be described by the Michaelis-
Menten model. According to this model, the relationship between reaction rate
(v) and substrate concentration (cs) can be described by the following equa-
tion:
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k1,k�1 k2

v � �
dcs

�
dcp

�
km � cs

(7.2)
dt dt

vmaxcs

where vmax is the maximal possible reaction rate (vmax � k2ce, ce is the en-
zyme concentration), cp is the concentration of the product, and km is the
Michaelis-Menten constant that can be expressed with the equilibrium con-
stants:

km � k�1 � k2 /k1 (7.3)

It can also be defined as the substrate concentration at which the reaction rate
is reduced to half of the maximum rate. One International Unit (1 U) of the
enzyme is defined as the amount that catalyzes 1 �M of the product per minute
at a saturation substrate concentration (cs � 100 km), at a given temperature
and pH, or at other relevant factors at a reference state.

Normalized reaction rates for the Michaelis-Menten model are shown in
Figure 7.2 as a function of substrate concentration normalized to km (Buerk,
1993). At low substrate concentrations, the reaction is approximately first or-
der (i.e., linearly dependent on concentration). At high concentrations, the rate
becomes constant (saturation). The inset of the figure shows the double-
reciprocal plot:

vmax /v � 1 � km /cs (7.4)

The situation is much more complicated if several substrates take part in
the process, and several products are formed simultaneously.
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Two typical enzymatic reaction types characteristic of a number of biosen-
sors will be demonstrated here as examples. Oxidase enzymes employ mo-
lecular oxygen as an electron acceptor in the reaction. The overall reaction
scheme is as follows (Coulet et al., 1991):

S � O2 � (H2O) ———r P � H2O2 (7.5)

Oxygen is a reagent (or cosubstrate) here. Similarly, water is also often con-
sumed by the reaction. One of the reaction products is hydrogen peroxide,
which plays an important role in biosensors since the majority of transducers
are based on the indirect detection of this reaction product.

Another important example is the reaction catalyzed by hydrolase enzymes
that are able to decompose the substrate with the addition of water, resulting
in generally ionic products, the indirect sensing of which is also possible:

S � H2O ———r P1
� � P2

� (7.6)

7.1.2 Time-Dependent and Stationary Measuring Methods

Enzymatic biosensors, like a number of chemical sensor types, operate by
means of a membrane that incorporates the immobilized active receptors—the
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FIGURE 7.2. Concentration-dependent reaction rate of enzymatic reactions according to
the Michaelis-Menten model. (Used with permission from Biosensors, Theory and Appli-
cations by D. G. Buerk, ©1993, Technomic Publishing Co., Inc., Lancaster, PA, p. 64.)
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enzymes in this case. Depending on the membrane-transducer cooperation
mechanism, as well as the related transduction and measurement techniques,
time-dependent and stationary operation modes can be distinguished as follows:

• Time-dependent measurement technique: As shown in Figure 7.2, the reac-
tion rate is a monotonically increasing function of the substrate concentra-
tion, therefore, the former can be used for the determination of the latter
(Buerk, 1993). The reaction rate can be determined by measuring the con-
centration of the product and forming its first derivative by time [see
Equation (7.2)]. This type of measurement technique requires a small re-
action chamber where the enzymatic reaction takes place uninfluenced by
its environment (Bousse et al., 1990). The effect of the diffusion must be
minimized, therefore, the enzyme should be immobilized directly onto the
transducer surface as a thin film. Continuous monitoring cannot be real-
ized, only the periodical sample taking and subsequent measuring process
is applicable. The great advantage is the short response time within a sin-
gle measurement cycle. This may even compensate the drawback of non-
continuous operation. Recent sensor types try to exploit the advantages of
the time-dependent measurement technique (Watson et al., 1987).

• Stationary technique: This is a static measurement method of a stationary
parameter. Calorimetric transducers measure, for example, a constant
temperature difference between the sensing film and its environment due
to the power dissipation of the enzymatic process. This temperature dif-
ference is a function of the reaction rate. Electrochemical and optical
transducers measure the cosubstrate (reagent) or product concentrations
in a stationary state. The transducer is separated from the analyte by a
biocatalytic membrane that contains the enzyme in a homogenous distri-
bution and acts as a diffusion membrane for each of the reagents, the
substrate, and the reaction products. Inside the membrane, the concentra-
tion of the substrate (cs), the reagent (or cosubstrate, cr), and the product
(cp) are governed by diffusion mass transport mechanisms coupled with
the enzymatic reaction acting as a reagent drain and a reaction-product
source. By superposition of Fick’s second law of diffusion and Michaelis-
Menten kinetics, the following net equations describe the processes
(Macholán, 1991):
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∂cp
� Dp

∂2cp
� 

vmaxcs
(7.7b)

∂t ∂x2 km � cs

∂cs
� Ds

∂2cs
�  

vmaxcs
(7.7a)∂t ∂x2 km � cs
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where the Di coefficients are the diffusion constants, and x is the distance
from each point of the membrane to the external surface. Supposing
small cs values relative to km, which allows the linear approximation, the
above net differential equation also becomes linear. In a stationary state,
derivatives by time are zero; thus, Equation (7.7a) becomes a simple lin-
ear differential equation of the second order. Supposing an external sub-
strate concentration of cs0, the solution of the equation is as follows:

cs � cs0 exp(�Ax), where A2 � vmax/kmDs (7.8)

Accordingly, the substrate concentration at the membrane surface facing
the transducer (at x � d, where d is the thickness of the membrane) is a
linear function of the external substrate concentration, cs0. Functions for
cr and cp are received by integrating Equations (7.7b) and (7.7c). Solu-
tions without the Michaelis-Menten part represent the diffusion through
the membrane without the enzyme, the differences above this solution are
linear functions of cs0 because of the linearity of the differential equa-
tions. Consequently, it can be stated that at small external substrate con-
centrations in a stationary state, when comparing the behavior of enzy-
matic and nonenzymatic membranes, the cosubstrate and product
concentration difference on the transducer side of the membrane is a lin-
ear function of the external substrate concentration. That represents the
necessity of a dual-membrane transducer system that employs enzymatic
and nonenzymatic membrane parts. The differential output is measured as
a function of the substrate concentration. This is the basic model of the
stationary measurement technique using biocatalytic membrane-based
sensors. In special cases, when the external product concentration is zero
(i.e., the product is formed exclusively by the reaction), the application of
a single transducer is enough to obtain the measurement. We assumed in
the former model that the substrate consumption of the transducer from
the analyte is negligible. However, this is not always true with ampero-
metric transducers. On the other hand, in the limiting current stationary
operation mode, the amount of reagent or product is consumed by the
amperometric cell, the limiting current of which is determined by the
maximum material current, thus, providing the concentration gradient at
the membrane transducer interface. Because of the linearity, it can be
shown easily that the concentration gradient is also a linear function of
the external substrate concentration. The greatest shortcoming of the sta-
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tionary mode sensors is their slow response; equilibrium can often be
reached in several minutes. Thus, the monitoring of fast-changing con-
centrations is impossible by means of this method.

• Combined technique: In this version, stationary mode sensors are used in
nonequilibrium states by putting small amounts of analytes into a flow-
through cell that contains the sensor element. Time-dependent transients
of the parameters are measured and evaluated in a rather complicated
way.

7.1.3 Transducer Types

In this section, the most important transducer types and their operation prin-
ciples in enzymatic biosensors are surveyed, independent of the actual enzyme
in question.

Amperometric electrochemical cells are widely used in biosensors, usually
combined with oxidase enzymatic membranes following the typical reaction
scheme of Equation (7.5).

Dual Clark-type oxygen cells were the first transducers applied successfully
in enzymatic biosensors (Updike and Hicks, 1967). Their schematic structure
is demonstrated in Figure 7.3 (Buerk, 1993). The cells have a common
Ag/AgCl reference electrode and a common internal electrolyte. Over one
cathode, the enzyme was immobilized into the membrane, while over the ref-
erence cathode, the enzyme was inactivated by local heating. The limiting cur-
rent difference between the two cathodes is linearly proportional to the sub-
strate concentration, independent from the external O2 tension within a

Enzymatic Biosensors 231

FIGURE 7.3. Schematic model of a dual-structure enzymatic biosensor using two Clark-
type oxygen sensors. (Used with permission from Biosensors, Theory and Applications by
D. G. Buerk, ©1993, Technomic Publishing Co., Inc., Lancaster, PA, p. 70.)

CHAPTER07  2/15/00 3:56 PM  Page 231



reasonable operating range. The greatest shortcoming of this type may occur
with an inadequate O2 tension when this becomes the rate-limiting factor and
causes unreliable measurements.

The reaction product H2O2 can also be used for amperometric transduction.
Using a Pt or Au electrode polarized at a positive potential of 0.6–0.7 V, hy-
drogen peroxide can be reduced electrochemically through the following
reaction:

H2O2 —r 2H� � O2 � 2e� (7.9)

Since hydrogen peroxide is generally absent from the external environment of
the sensor, there is no necessity for dual-differential measurements, which is
a great advantage over the amperometric O2 transducers. Practically the same
structure can be used as in the Clark sensors with a single H2O2-permeable
enzymatic membrane. The amperometric signal is directly proportional to the
substrate concentration under steady state conditions. Since the electrochem-
ical reaction is a fast process, the amount of hydrogen peroxide produced is
consumed at the membrane-transducer interface. Thus, there is no need for a
special H2O2 diffusion-limiting membrane. However, the reaction is still rate
limited at low O2 tension. In such cases, the initial rate of current change
(dI/dt) can also be related to the substrate concentration, since it is propor-
tional to the reaction rate (Buerk, 1993). Presently, due to the above mentioned
advantages, amperometric H2O2 cells are the most widely and successfully
used transducers in enzymatic biosensor applications, although enzyme sta-
bilization and immobilization problems are the same as with any other types
of transducers.

Biosensors based on calorimetric transducers are thought to be the first types
that were successfully realized. The primary enzymatic reaction generally does
not generate enough power for stable transducer operation. At (7.5)-type reac-
tions, the heat dissipation can considerably increase by means of the secondary
reaction of H2O2 in the presence of a catalase enzyme (Guilbeau, 1987):

2H2O2 ———r 2H2O � O2 � 100 kJ (7.10)

Figure 7.4 shows schematically a possible realization (Yao, 1991). The
bienzyme membrane is immobilized over one set of thin-film temperature-
sensing thermoelectric junctions. The heat produced by the catalytic reaction
increases their temperature relative to the reference junctions. This tempera-
ture difference, in the order of millidegrees, generates a potential difference,
a thermoelectric electromotive force that is a function of the reaction rate, thus,
also of the substrate concentration. The disadvantages of thermoelectric trans-
ducers are associated with the stability of the bienzyme system and oxygen
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limitation. Also, the measurement of very small temperature differences causes
difficulties; thus, the application of this method is limited to in vitro analysis.
Thermistor-based flow-through systems combined with pulse injection of the
analyte and measurement of the temperature transients have also been devel-
oped for analytical purposes (Danielsson, 1991; Xie et al., 1995).

The application of potentiometric (ion-selective) transducers is limited pri-
marily to the enzymatic reactions in which ionic compounds are produced by
the reaction, as shown by Equation (7.6). It is especially favorable to employ
ion-selective transducers that detect such ion types that are absent from the
environment of the sensor, the enzymatic reaction produces them only. Ex-
amples include NH4

�-sensitive electrodes and ISFETs, since this ion type is
often produced by biocatalytic reactions (see urea sensors in Section 7.1.8).
In spite of this, pH transducers have found the widest applications due to their
simple structure, as well as their well-developed processing and measurement
background, even though environmental pH fluctuations must be compensated
(Van der Schoot et al., 1990). Figure 7.5 schematically shows a dual ENFET-
REFET transducer consisting of an enzyme-modified FET and a reference pH-
ISFET, called REFET, for compensating environmental pH and temperature
variations (Buerk, 1993). The transistors are fabricated by SOS (silicon on
sapphire) processing which assures special advantages for biosensors. Its ad-
vantages are the application of an insulating substrate and the absence of
Si/SiO2 interfaces that are present in conventional silicon-substrate-based
FETs that might show instabilities and parasitic currents between the indi-
vidual elements due to the irreversible penetration of ionic compounds. Of
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FIGURE 7.4. Schematic model of a thermopile-based calorimetric biosensor. (Reprinted
after Yao, 1991, p. 236, courtesy of Marcel Dekker Inc., New York.)
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course, conventional enzyme-modified ion-selective electrodes also have wide-
spread application as potentiometric transducer-based biosensors.

CO2 is often produced by enzymatic reactions, the tension of which can be
measured potentiometrically, using the Stowe-Severinghaus technique (see
Section 6.1.1).

Potentiometric measurements can also be performed for oxidase catalyzed
enzymatic reactions [see Equation (7.5)], even though the primary products
are nonionic compounds (Karyakin et al., 1996). In some cases, they may dis-
sociate like weak acids or bases, and these secondary products can be fol-
lowed potentiometrically (such as gluconic acid produced by the oxidation of
glucose in glucose sensors, see Section 7.1.7). The measurement of small vari-
ations and the pH dependence of the enzymatic activity are the most impor-
tant drawbacks to this technique, although some sensor types use this prin-
ciple.

Another interesting approach is the potentiometric measurement of H2O2

production by means of a Pt electrode. The source of the potentiometric re-
sponse is unclear. It may be involved with the oxidation or reduction of the
Pt surface functional groups caused by hydrogen peroxide (Yao, 1991). Since
the sensitivity depends on the Pt surface quality, the reproducibility of this
type of transducer is rather poor. Recently, H2O2-sensitive MOS structures
have been operated successfully with sputtered Pt/LaF3 membrane (Katsube
et al., 1991). In general, the passive nature of potentiometry, the large response
time, and the possible drifting of the electrode potential preclude its useful-
ness for in vivo sensing.

Conductimetric electrochemical cells can be used for measuring conduc-
tivity changes caused by ionic products. In this case, polarization-free mea-
surements must be performed without consuming ionic compounds from the
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FIGURE 7.5. Schematic structure of a dual ENFET-REFET potentiometric biosensor based
on SOS processing. (Used with permission from Biosensors, Theory and Applications by
D. G. Buerk, ©1993, Technomic Publishing Co., Inc., Lancaster, PA, p. 70.)
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electrolyte. This can be realized by means of an AC excitation with moderate
frequencies (typically with 10 mV amplitude at 1 kHz). The most favorable
current range can be reached by applying an interdigital (see Figure 3.1) or
double-meander electrode arrangement (Watson et al., 1987). The measure-
ment method also enables transient analysis, without needing to wait for steady
state. Thus, short response times may be reached with this technique.

Solid-state nonelectrochemical gas sensors can be applied as transducers in
combination with those enzymatic processes in which gaseous compounds
(mostly H2 or NH3) are produced by the reaction. Mainly, MOSFET devices
with catalytic metal (Pt, Pd, or Ir) gates have been applied for such purposes,
utilizing the absorption and ionization effect and the related work function
shift of these metal films. More recently, Pt/n-GaAs Schottky barrier diodes
(see Section 3.2) with discontinuous platinum thin film have been shown to
be effective transducers for the detection of ammonia. In combination with a
polyetherimide membrane in which the enzyme urease has been immobilized,
it can be used as a urea sensor (Lechuga et al., 1992) (see also Section 7.1.8).

Optical transducers have wide application perspectives in all types of en-
zymatic biosensors. Until recent years, the biggest problem was the lack of
an appropriate optical indicator for H2O2 that was a typical product of oxi-
dase-enzyme-catalyzed reactions [see Equation (7.5)]. The indirect transduc-
tion methods and related transducer types can be distinguished as follows:

• Transduction with fluorescent O2 optrodes (see Section 6.1.4) at (7.5)-
type enzymatic reactions (Wolfbeis, 1991) is one method.

• Transduction with colorimetric (or fluorescent) pH optrodes (see Section
6.1.4) at (7.6)-type enzymatic reactions and at the (7.5)-type if acidic or
basic products are produced (Wolfbeis, 1991; Yao, 1991; Buerk, 1993) is
possible.

• NH4
�-sensitive optrodes can be used based on the coimmobilization of

specific ionophores and pH-indicators [see Equation (4.24)], if ammo-
nium ions are present among the reaction products.

• Under basic conditions, the chemiluminescent detection of H2O2 in the
presence of luminol, which reacts with hydrogen-peroxide with light
emission, is possible; the practical application is limited by the low quan-
tum yield of the reaction (Buerk, 1993).

• More recently, fluorescent detection of H2O2 has also been successfully
performed with tris(bpy)Ru(II)Cl-hexahydrate dye.

In several cases, direct detection can be realized without the necessity of a
secondary chemical or electrochemical reaction:

• If the enzyme is fluorescent and the substrate-enzyme intermediate has a
different emission spectrum, the enzyme itself can be used as a fluores-
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cent dye for measuring the ratio of free and complex forms, which is de-
pendent on the substrate concentration in equilibrium.

• Biocatalytic processes often employ fluorescent co-factors or reagents
that can be applied as dyes. For example, the hydrogen mediator NAD
(nicotinamide-adenine-dinucleotide), excited at the 340 nm wavelength,
emits at 460 nm, which is shifted at the hydrogenated NADH form [also
see Equations (7.16) and (7.17)] (Schubert, 1993).

• There are biocatalytic reactions that show chemiluminescence and pro-
ceed with light emission [see Equation (4.30)]. In such processes, the
emitted light intensity is characteristic for the reaction rate and, thus, the
substrate concentration (also see Table 7.2) (Gautier et al., 1990).

The schematic structure of a simple enzymatic optrode is shown in Figure 7.6.
Chemomechanical transducers converting a chemical parameter into me-

chanical deformation represent a new development area. Mechanical changes
can be subsequently converted into electrical or optical signals or used directly
for actuator purposes. At first, the reversible swelling or shrinking of hy-
drophobic hydrogel polymers varying with pH was exploited (Buerk, 1993).
A membrane can be prepared with a special material, the thickness changes
of which can be followed either capacitively or optically [see Figures 3.1(c)
and 3.10(e)]. The newly developed MICSPOMS (metal-island-coated swelling
polymer over mirror system) device represents an optical approach
(Schalkhammer et al., 1995). It is actually a special kind of optical reflection
interference filter. It consists of a metal mirror covered by a thin film of op-
tically transparent swelling polymer and a discontinuous metal-island film.
The reflection interference from both metal films depends on the interlayer
thickness, which varies with the swelling and, thus, the environmental pH.
Since the metal-island film is highly permeable, the sensor layer is directly
exposed to the analyte. Colorimetric transducers can be built in this way with
a physical indicator; thus, the dissolution problem of chemical indicator dyes
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FIGURE 7.6. Schematic structure of a biocatalytic fluorescent optrode.
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where the summation of the fractional components, fi must be equal to one
(Buerk, 1993). In some cases, several enzymes produce the same reaction
product:

S1———r P, S2———r P (7.14)

This can be the situation in multienzyme sensor arrays, in which the products
must be separated for eliminating cross-sensitivities. In cooperative reactions,
the second enzyme catalyzes the regeneration of the original substrate:

S1———r P1 � S2———r P2 � S1
(7.15)

D R

is eliminated. The devices can be operated within a wide pH range, allowing
rather short response times. Enzymes can also be immobilized into the hy-
drogels, which represents great possibilities for biosensors. A special advan-
tage is the possibility of direct application in chemically excited actuators.

7.1.4 Multienzyme Reactions, Reagents in
Enzymatic Processes

In this section, those complex enzymatic reaction models and related reagent
types that may have important roles in biosensor applications are surveyed.

Coupled multienzyme reactions can be competitive when several enzymes
utilize the same substrate in parallel reaction pathways:

S———r P1; S———r P2 (7.11)

In chain reactions, the second enzyme utilizes the product of the first one
(Macholán, 1991):

S1———r P1 � S2———r P2 (7.12)

Chain reactions may have great importance in those sensors, in which the first
enzymatic reaction product cannot be detected by the available transducer
types. The kinetics becomes more complicated in these cases. At competitive
reactions:

Enzymatic Biosensors 237

enzyme1 enzyme2

enzyme1 enzyme2

enzyme1 enzyme2

vmax

� � fi
cs � km,i

(7.13)
v cs

n

i=1

enzyme1 enzyme2

CHAPTER07  2/15/00 3:56 PM  Page 237



The two chain reactions create a closed loop, in which signal amplification
can also be reached (Schubert et al., 1991). Cooperative reactions may have
great importance in biosensor applications when the substrate concentration
is too low, and its consumption by the first reaction cannot be neglected. In
special cases, even cofactors can be regenerated by the second reaction when
their concentration becomes rate limiting [i.e., O2 at (7.5)-type reactions].
Oxidase/peroxidase and oxidase/dehydrogenase cooperative reactions are of-
ten utilized in biosensors.

As was already demonstrated, enzymatic reactions often need not only the
substrate but also further reagents, so-called cofactors and cosubstrates, to
proceed. Oxidase reactions generally (but not exclusively) need oxygen since
the oxidation is the process that is catalyzed. NAD may also have an impor-
tant role as a cosubstrate in reactions with hydrogen transfer. For example, a
dehydrogenase reaction can proceed as follows:

S � NAD�———r P � NADH � H� (7.16)

where the reaction product NADH can be used as an indicator dye in fluo-
rescent or chemiluminescent optical transducers, or it can be detected amper-
ometrically by electrochemical dehydrogenation (Schuhmann et al., 1992). An
opposite direction hydrogen transfer is catalyzed at hydroxylase reactions (SH
represents the substrate) (Macholán, 1991):

SH � O2 � NADH � H�———r SOH � NAD� � H2O (7.17)

NAD phosphate (NADP) is also often applied in similar catalytic processes.
Coenzymes are cooperating reagents in enzymatic reactions forming inter-

mediate complexes with the substrate or the substrate-enzyme complex and
acting as a carrier. In opposition to enzymes, they generally are small-molec-
ular-weight compounds. According to the present comprehension, they are dif-
ferent from the cosubstrates, such as NAD, which was handled formerly as a
coenzyme.

Mediators (electron mediators) have a special function in biosensors; their
role is to replace the electron transfer performed by oxygen in (7.5)-type re-
actions, thus, preventing the process from the problem of having a low oxy-
gen concentration. When applying amperometric transduction, oxygen has the
following role in enzymatic and subsequent anodic reactions [see Equations
(7.5) and (7.9)]:

in the membrane: S � O2———r P � H2O2 (7.18a)

at the anode: H2O2 —r 2H� � O2 � 2e� (7.18b)
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In the overall reaction, oxygen is regenerated. Actually, it has only an elec-
tron transfer role that can be replaced by other materials, called mediators.
Such a compound can be used as an electron mediator that can be transferred
from its oxidized form (Meox) into its reduced form (Mered) during the enzy-
matic reaction and can be recycled by the anodic oxidation:

in the membrane: S � Meox———r P � Mered (7.19a)

at the anode: Mered —r nH� � Meox � ne� (7.19b)

A further advantage of applying mediators is that the amperometric measure-
ment can be performed with lower polarographic polarization potentials than
at H2O2, which reduces the possibility of interfering reactions.

A number of mediator types have been applied, mostly in glucose sensors.
Classical examples are the ferrocene (Foulds and Lowe, 1988), ferrocyanide
(Shul’ga et al., 1995), and quinone derivatives (Kajiya et al., 1991), and more
recent examples include some organic salts, such as TTF-TCQN (tetrathia-
fulvalene-tetracyanoquinodimethane) (Hale et al., 1991), phenoxazines, phe-
nothiazines, and tungsten and ruthenium complexes (Buerk, 1993). Their ap-
plications will be discussed in connection with glucose sensors (see Section
7.1.7).

The biggest problem of mediator application is that the competitive elec-
tron transfer for oxygen cannot totally be eliminated; moreover, the dissolu-
tion of the mediator may cause poisoning and false output signals. The im-
mobilization of mediator molecules limits their transporting function. A good
approach for solving this problem is to apply conducting polymer beds for
immobilization (see Section 7.1.5).

Inhibitors have a great influence on enzymatic processes. They are sub-
stances that combine with the enzyme molecule to form an inactive complex,
thus, reducing the rate of the enzyme-catalyzed reaction. Some of them inac-
tivate the enzyme irreversibly, but others reversibly; that is, their effect can be
abolished by removing the inhibitor, which enables a sensor-type operation
for the inhibitor. The inhibition can be expressed in terms of percentage ac-
cording to the following relation:

Inhibition, % � 100 � (X0 � Xi)/X0 (7.20)

where Xi and X0 are sensor responses with and without the presence of an in-
hibitor with the same substrate concentration. At a saturated substrate con-
centration, the sensor output is a function of the inhibitor concentration; thus,
the biosensor can be used for measuring it. The application of biosensors for
determining toxic compounds is becoming a dynamic trend in environmental
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monitoring. Their application can be of great use mainly in organophospho-
rous pesticides (Yuan et al., 1991; Cagnini et al., 1995) and heavy-metal ion
(Zhylyak et al., 1995) detection.

7.1.5 Enzyme Immobilization Techniques

One key issue of biosensor fabrication is the appropriate stable immobi-
lization of enzyme molecules onto a transducer surface or into a functional
membrane. A great number of techniques have been developed, but their wide
variety and the appearance of even newer processes show that the optimal gen-
eral solution has not yet been met.

Immobilization means the conversion of an enzyme from a water-soluble,
mobile state into a water-insoluble state without affecting its catalytic activ-
ity. Coimmobilization of several enzymes or enzyme cosubstrate/mediator sys-
tems is often necessary. Since the immobilization method strongly influences
how the enzyme molecules are exposed to environmental effects and how they
react to them, it determines the stability and lifetime of the sensor. Basically,
the following methods can be distinguished: encapsulation of a free soluble
enzyme, physical adsorption and entrapment, direct cross-linking, covalent
binding, and embedment of enzymatic molecules into conducting polymers.

An active layer of a soluble enzyme has been used at the initial stages of
biosensor development (Macholán, 1991). This is the simplest method of phys-
ical immobilization and consists of capturing the enzyme on the surface of a
transducer by means of a dialysis membrane. This ensures free diffusion of
the substrate and reaction products, whereas the macromolecular enzyme re-
mains a component of the sensing device. Soluble enzymes face a serious chal-
lenge when the sensor is exposed to various analytes, which results in unsta-
ble operation and a short lifetime. The dry-out, refreshing, and calibration
problems are also causes of why this type has already become part of the his-
torical background.

Enzymatic molecules can be immobilized physically by adsorption on mem-
brane surfaces or by entrapment into the membrane. Most membrane materi-
als will adsorb enzyme molecules directly on the surface, although the strength
of attachment may not always be adequate causing reversible binding and dis-
solution of the enzyme. High-molecular-weight enzymes can be immobilized
effectively by physical entrapment into a synthetic or natural gel matrix. The
effectiveness of incorporation can be improved when cross-linking a polymer
over an enzyme film adsorbed previously onto the transducer surface or poly-
merizing the membrane from a monomer solution containing the dissolved
enzyme molecules. Since enzyme activity may be destroyed by the reagents
during polymerization and/or cross-linking, the first sensor types developed
this way had low sensitivity and high instability. A great variety of materials
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and techniques have been tried out; a few promising examples are summa-
rized as follows:

• entrapment into a ready-made membrane of cellulose acetate (Xie and
Ren, 1989), silicone rubber (Guilbault et al., 1991), cellophane (Buerk,
1993), or some kind of gel, such as gelatin or agar gel (Macholán, 1991)

• adsorption of enzyme molecules onto the transducer surface and a subse-
quent membrane deposition on the structure using polyurethane
(Koudelka et al., 1989) or polysuphone (the latter is a polymer electrolyte
with a favorite small resistivity) (Kulys et al., 1991)

• polymerization of the membrane from a monomer precursor containing
the dissolved enzyme molecules has led to the achievement of promising
results with PAA (Macholán, 1991) and PVPy (Haemmerli et al., 1992).
Recently, photolithographically patterned PHEMA hydrogel films were
used for enzyme immobilization. Their advantage is the water and ion
buffering capacity of the hydrogel, however, the enzyme dissolution had
to be prevented by a second membrane system (Urban et al., 1994).

• deposition of a lipid-enzyme molecular multilayer structure onto trans-
ducer surfaces using the Langmuir-Blodgett method (see Figure 2.10 can
be realized). Applying a subsequent photopolymerization of the lipid
layer, the system can be immobilized (Zaitsev, 1995).

Chemical immobilization techniques have led to more successful solutions.
One approach is the cross-linking of enzyme molecules with each other or
other protein molecules forming continuous films. Bifunctional reagents form
intermolecular connections during their reaction with enzymes, giving rise to
an insoluble film in which a considerable part of the enzyme activity is re-
tained and the enzyme molecules cannot easily be dissolved. Attachment must
be carried out using the functional groups on the enzyme, which are not es-
sential for its catalytic activity, such as amine, phenol, carboxyl, etc. Among
the possible reagents, the method utilizing glutaraldehyde is very simple and
useful. The scheme of this chemical reaction is shown in Figure 7.7 (Guil-
bault et al., 1991). Loss of enzymatic activity was found to be reduced when
the enzyme was cross-linked with an inert protein rich in lisine, like albumin,
etc. To improve the stability, the cross-linked film can be covered with fur-
ther membranes. Such sensors can be operated for thousands of assays.

Another approach for immobilizing enzymes is covalent binding directly to
the transducer surface that might need a series of complex chemical process
cycles that are specific both to the enzyme and to the surface chemistry.

On graphite electrodes or on transducers with surfaces covered by some
kind of organic film (such as collagen), the covalent binding is formed to the
carbon atoms. One example is given in Figure 7.8(a) (Schuhmann et al., 1990).
The electrochemical oxidation of graphite leads to the formation of carboxylic
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groups that can be activated by water-soluble carbodiimides, and the reaction
with the e-amino groups of lysine residues of the enzyme (e.g., glucose oxi-
dase) results in a covalent immobilization of the latter.

The situation is more complicated with SiO2 or precious metal electrode
(Pt) surfaces that are often used in electrochemical, microelectronical, and op-
tical-fiber transducers (Lee et al., 1991). One example is given in Figure 7.8(b)
(Mann-Buxbaum et al., 1990). The oxidized surface is first silylated resulting
in a Si-O net, and the enzyme molecules are coupled through organosilane,
and subsequent amine and quinone groups (using 3-aminopropyltriethoxysi-
lane and p-tetrachloroquinone treatments in the example). The stability can be
improved when applying a polymer membrane coating over the enzymatic
film. The figure illustrates the technique on Pt surfaces, however, similar
processes can be used for SiO2. A recent promising method is to form a cou-
pling through polysiloxane films with organic functional groups.

Another approach is that enzyme molecules are coupled onto an electro-
conducting polymer [e.g., polypyrrol, see Figure 7.8(c)] film which is previ-
ously deposited electrochemically on the electrode surfaces (Schuhmann
et al., 1990). After having been nitrated, the nitro-derivative can be reduced
electrochemically. Immobilization of the enzyme can be carried out with these
surfaces by activating the carboxylic side-chains of the protein with carbodi-
imide.

The idea of applying conducting polymers has led to the most developed
and rather successful technique of enzyme immobilization: embedding enzyme
molecules into a conducting polymer bed. At first, PVPy films containing
Os(bpy)2Cl complexes were used, in which the enzyme was immobilized dur-
ing the synthesis of the layer (Buerk, 1993). Later, with the appearance of
electrochemically deposited electroconducting polymers, their application for
embedding functional receptors naturally arose. They offer a number of ad-
vantages that can be exploited mostly in electrochemical transducers:

• Electroconducting conjugated polymers (ECPs) can be deposited onto
metallic transducer surfaces by a well-controlled electrochemical deposi-
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FIGURE 7.7. Reaction scheme of a typical enzyme cross-linking immobilization process.
(Reprinted after Guilbault, 1991, p. 660, courtesy of Marcel Dekker Inc., New York.)
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FIGURE 7.8. Covalent immobilization methods of enzymes to various surfaces: (a) graphite
electrode (1—graphite electrode, 2—electrochemical oxidation, 3—activation of the car-
boxylic groups and immobilization of the enzyme molecules through their lysine residues,
4—adsorption of the appropriate mediator), (b) Pt-electrode (1—Pt electrode, 2—oxidation,
3—sylilation, 4—activation with quinone groups, 5—enzyme immobilization, 6—membrane
covering), and (c) PPy (polypyrrole) surface (1—Pt-electrode, 2—electropolymerization of
pyrrole, 3—nitration, 4—electrochemical reduction, 5—activation and enzyme immobiliza-
tion through their carboxylic groups, 6—adsorption of the mediator). [Reprinted with per-
mission from: (a) and (c) from W. Schuhmann, R. Lammert, B. Uhe and H. L. Schmidt,
“Polypyrrole, a New Possibility for Covalent Binding of Oxidoreductases to Electrode Sur-
faces as a Base for Stable Biosensors,” Sensors and Actuators B, 1, pp 537–541, ©1990;
(b) from E. Mann-Buxbaum, F. Pittner, T. Schalkhammer, A. Jachimowicz, G. Jobst, F. Ol-
caytuy and G. Urban, “New Microminiaturized Glucose Sensors Using Covalent Immobi-
lization Techniques,” Sensors and Actuators B, 1, pp. 518–522, ©1990, Elsevier Science
S.A., Lausanne, Switzerland.]
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tion process, and the subsequent, coulombmetrically controllable doping-
dedoping enables the incorporation of ionic dopants determining the con-
ductivity of the film. This conductivity can be varied in wide ranges.

• Side chains of enzyme molecules can be polarized easily, which enables
their coulombmetrically controllable incorporation into the polymer bed
during the deposition.

• Multienzyme systems and enzyme-mediator combinations can be immo-
bilized within the same deposition process.

• The polymer bed forms an electrical wiring for the enzyme molecules and
the mediators. Thus, electrons can be conducted directly from the charge-
exchange sites to the electrode surface (Bidan, 1995). Therefore, the physi-
cal electron carrying function of the mediator becomes unnecessary; its role
may be limited to the chemical interaction. This enables a stronger immo-
bilization of the mediator molecules, preventing them from dissolution.

Several electrochemically deposited polymer types, such as polypyrrol
(PPy), poly(N-methylpyrrol) (PMePy), and polyanaline (PANi) were applied
to immobilize various enzymes (e.g., glucose oxidase, cholesterol oxidase, and
uricase) and mediators (Hämmerle et al., 1992; Bidan, 1995; Karyakin, 1996;
Vidal et al., 1999; Dobay et al., 1996, 1999). The application of mediators is
also reasonable because they prevent the formation of H2O2 which can be
harmful for the conducting polymer layer. Mediatorless solutions have also
been developed where the excess H2O2 is decomposed by a secondary cat-
alytic process with enzymes like catalase or peroxidase (Urban et al., 1994),
or when the active parts of the enzyme and the conducting polymer can com-
municate directly with each other (Koopal et al., 1994; Dobay et al., 1999).

Multilayer polymer/enzyme structures have also been fabricated by subse-
quent deposition processes in a number of combinations, but the best sensor
parameters have been achieved with simultaneous deposition, when embed-
ding the enzyme molecules into the polymer bed, although the real nature of
the binding mechanism (physical embedding or covalent binding) has not been
clarified for these cases (Hämmerle et al., 1992).

7.1.6 Operation Characteristics

The operation of enzymatic biosensors is influenced by a number of pro-
cessing parameters and environmental conditions. The most important ones
are listed below:

(1) Chemical circumstances:
• the enzyme concentration and immobilization technique
• the substrate concentration (it may influence not only the output sig-

nal which is expected, but also the response time)
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• the pH of the analyte solution
• the concentration of interfering ions
• the concentration of cofactors (cosubstrates, coenzymes)
• the concentration of activators and inhibitors
• the presence of mediators

(2) Physical circumstances
• temperature
• thickness of the enzymatic film
• diffusion constant of the substrate and cofactors inside the enzymatic

membrane
• thickness and permeability of the optional secondary membrane

The most important characteristic of the sensors is their sensitivity that has
different dimensions with various types; thus, their comparison is not possi-
ble with this parameter. The measurable substrate concentration is typically
in the range of 0.01–100 mM/l. According to the Michaelis-Menten model,
this characteristic becomes nonlinearly saturated at high concentrations, in-
dependent from the actual sensor. Amperometric sensors that consume the re-
action product of enzymatic processes are capable of extending the range of
linearity, which is one of the reasons for their widespread application. With
potentiometric transducers, the maximal sensitivity is determined by the Nernst
equation: the ideal value is 59 mV/decade at room temperature. The logarith-
mic characteristic causes difficulties when measuring small substrate concen-
trations; it needs the application of an inverse-logarithmic amplifier.

The largest differences in sensor characteristics can be found in response
time and lifetime values. Amperometric sensors generally have 10–100 s re-
sponse times, the equilibrium-based potentiometric and fiber-optic types some-
times need several minutes. Kinetic types, using time-dependent measurement
methods, have the shortest response times of 1–30 seconds. Lifetime of en-
zymatic sensors varies within the widest range; depending on the actual en-
zyme and its immobilization technique, it may range from a few hours to sev-
eral months and from a few measurement assays to several thousand assays,
respectively.

7.1.7 Glucose Sensors

One of the most important applications of enzymatic biosensors is the mon-
itoring of blood glucose levels in diabetic patients by means of a glucose sen-
sor. Normally, fasting blood glucose levels are in the range of 3.6–6.4 mM/l,
and the peak response to an oral glucose tolerance test would not exceed 11
mM/l, falling below 7.8 mM/l two hours later. The diabetic patient will have
a peak response exceeding 11 mM/l, and his/her blood glucose level will re-
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main above this level after two hours. A person is diagnosed as being diabetic
when his/her fasting blood glucose level is greater than or equal to 7.8 mM/l.
The blood glucose level can reach 30 mM/l in extreme conditions. One of the
major medical advances of this century has been the development of insulin
to regulate glucose metabolism. The insulin dose for an individual must be
adjusted to minimize hyperglycemia, while avoiding the serious conditions of
hypoglycemia. This requires frequent and accurate testing to monitor the di-
abetic’s blood glucose level.

It is now possible for diabetics to determine their blood glucose level at
home using electronic home monitor appliances. Usually, the measurement
should be taken four times daily, before each meal and before bedtime. A drop
of blood is obtained by pricking the finger. The blood sample is placed on a
reagent strip that is then analyzed by the instrument using reflectance pho-
tometry. This optical method is inherently nonlinear and requires somewhat
more complicated signal analysis than other methods. Other disadvantages in-
clude the need for periodic recalibration, and the interferences of various blood
compounds, such as erythrocytes and plasma proteins. In spite of these prob-
lems, the reagent strip method has been successfully implemented, and a num-
ber of instrument types have been commercially available for many years.

The goal of glucose biosensor research and development was to replace the
reagent strip method with sensors and to enable the fabrication of portable in-
struments for in vivo or ex vivo blood glucose monitoring. Battery-operated
portable appliances employed electrochemical cells equipped with an enzy-
matic membrane, first on O2, and later on H2O2 transducer surfaces (Buerk,
1993). The instrument is simple to use, operated by only one button, with in-
structions shown on a liquid crystal display. The instrument prompts the user
to supply either a calibration solution or a drop of blood in a small plastic
well. The sample can be as small as 7 �l. The plastic well holds the sample
over an electrochemical sensor that is covered with the enzyme-activated mem-
brane. The biosensor is linear with glucose concentration in the range of 0 to
30 mM/l. Since the current required for the electrochemical biosensor is much
less than that needed to operate LEDs that are used in reagent strip photo-
metric instruments, the appliance can be battery operated. Simpler electron-
ics are required, allowing the instrument to be miniaturized to the size of a
handheld calculator. It detects when the sample has been applied and auto-
matically times the analysis, which is completed in 30 seconds. After com-
pleting the measurement, the liquid crystal display prompts the user to wipe
out the sample and place a drop of cleaning solution into the well. A tight
plastic cover is then closed to prevent evaporation or spillage, keeping the
membrane hydrated until the instrument is used again. Measurement tests have
shown a good correlation with the results of conventional analytical methods.
Furthermore, interferences of blood compounds are much less than with pho-
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tometric instruments. The membrane has a lifetime of 500–1000 measure-
ments or six weeks before degradation in performance. The sensitivity of the
instrument can be restored simply by replacing the enzyme-activated mem-
brane. The only limitation of the glucose biosensor was found with measure-
ments taken when the blood pO2 was low, as anticipated from the rate-
limited reaction [see Equation (7.18)]. At the highest blood glucose levels, the
instrument may underestimate the true level by approximately 10% when pO2

	 5 kPa. When blood pO2 � 10 kPa, there is practically no detectable error
due to O2 limitation. Nowadays, a number of pocket-portable instruments em-
ploy this measurement method.

Recent research and development is directed toward implantable systems
that are able either for in vivo or ex vivo continuous monitoring of blood glu-
cose. Ideally, a closed loop system for regulating the delivery of insulin could
be developed, using an implantable biosensor and an insulin pump actuator.
A more tightly regulated control of insulin during the early stage of the dis-
ease may spare the diabetic from more severe microcirculatory complications
later in life. For widespread practical applications, a number of problems of
glucose sensors have to be solved, such as:

• miniaturization of the sensor elements and their integration with other
sensors and circuitry components

• improvement of biosensor lifetime and stability with sophisticated en-
zyme immobilization techniques

• toxicology and stability problems due to mediator dissolution
• biocompatible packaging and implantation methods
• problems of enzyme refreshment, system recalibration and sensor inter-

changeability

Glucose biosensors fabricated to date are almost entirely based on the cat-
alytic effect of the glucose oxidase (GOD) enzyme. The active part of the
macromolecule, the flavin-adenin-dinucleotide (FAD) radical is able to react
with hydrogen to form FADH2. The two forms of GOD are often marked,
therefore, as “GO(FAD)” and “GO(FADH2),” respectively. The other part of
the enzyme molecule is able to make the reaction specific to its substrate, the
glucose molecule. In further description, the abbreviation “GOD” will be used
for glucose oxidase with the exception of when the dehydrogenation nature
of a chemical reaction should be emphasized.

Glucose is a six-carbon molecule with the empirical formula of C6H12O6

and with the possible structures illustrated in Figure 7.9. Conventionally, the
carbonyl group (C � O) of glucose is located on the C-1 position, while the
OH groups and H atoms are bonded to the other five C atoms. Because there
are two possible asymmetric arrangements of OH and H with respect to the
C atoms in a glucose molecule, two stereoisomers exist, each the mirror im-
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age of the other, as shown in Figures 7.9(a) and 7.9(b) (Yao, 1991). The two
forms rotate the plane of polarized light in opposite directions: D-glucose to
the right and L-glucose to the left. D-glucose is the form that is present in hu-
man body fluids. Its ability to rotate polarized light can be utilized for the op-
tical determination of glucose. The C � O groups on C-1 and the OH group
on C-5 of D-glucose can react to form hemiacetals with two anomeric struc-
tures as shown in Figure 7.9(c); they are called 
- and �-anomers. The two
anomers differ with respect to the optical rotation of plane-polarized light; this
behavior is called mutarotation. In aqueous solution at 25°C, either form gives
rise to an equilibrium mixture that contains about 37% of the 
 form and 63%
of the � form. GOD only catalyzes the oxidation of �-D-glucose.

Depending on the pH of the solution, glucose will exist in either aldehyde
or enol forms, shown in Figure 7.10 (Yao, 1991). The presence of a double
bond and a negative charge in the enol anion makes glucose a relatively ac-
tive reducing agent, that is, a reducing sugar. It is this property that is com-
monly used as the basis for the chemical analysis of glucose. For example,
in high-pH solutions, glucose can cause the reduction processes of copper
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FIGURE 7.9. Structure of the glucose molecule: (a) D-glucose, (b) L-glucose, and (c) the
two anomers of D-glucose. (Reprinted after Yao, 1991, p. 230, courtesy of Marcel Dekker
Inc., New York.)

FIGURE 7.10. Aldehyde-enol reaction of the glucose molecule. (Reprinted after Yao, 1991,
p. 231, courtesy of Marcel Dekker Inc., New York.)
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Cu2�
r Cu and ferrocianide Fe(III)(CN)6

3�
r Fe(II)(CN)6

4�. The color changes
in these reactions have been used in photometric analytical devices to indi-
cate the presence and amount of glucose.

Glucose oxidase, reacting with glucose, dehydrogenates it in the first step,
transforming the glucose into gluconolactone:

glucose (C6H12O6) � GO(FAD)
—r gluconolactone (C6H10O6) � GO(FADH2), (7.21a)

which reacts with water and forms gluconic acid that dissociates:

gluconolactone (C6H10O6) � H2O
—r gluconic acid (C6H12O7) Cc C6H11O7

� � H� (7.21b)

Potentiometric glucose biosensors are based on the pH shift resulting from the
latter reaction. Meanwhile, glucose oxidase will return to its oxidized state in
the presence of oxygen, resulting in H2O2 formation:

GO(FADH2) � O2 —r GO(FAD) � H2O2 (7.21c)

Hydrogen peroxide can be detected amperometrically [see Equations (7.9) and
(7.10)]. In the presence of a mediator (see Section 7.1.4), this reaction is mod-
ified:

GO(FADH2) � Meox —r GO(FAD) � Mered (7.21d)

and will be followed by an anodic electrochemical oxidation described by
Equation (7.19b). The multiple-cycle chain reactions of amperometric glucose
detection with GOD are well illustrated in Figure 7.11 (Bidan, 1995).

Glucose biosensors apply mainly ferrocene, ferrocianide [Fe(CN)6] and
hydroquinone-sulphonate (HQS) mediators (Bidan, 1995).

First-generation glucose biosensors employed the dual Clark-type oxygen
transducer structure (see Figure 7.3). Later, the application of amperometric
H2O2 transduction became widespread. Nowadays, potentiometric ENFETs
are the focus of interest due to their miniature size and their ability to be pro-
duced by silicon processing. It is simply impossible to demonstrate all real-
ized types within the frame of this book, only a few examples and their typ-
ical behaviors will be described here.

As illustrated in Figure 7.12, upon increasing the substrate concentration,
the response rate to glucose of an amperometric transducer increases and a
faster response time is observed (Guilbault et al., 1991). Figure 7.13 compares
the stability of various amperometric glucose sensors by illustrating the cur-
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rent response via time when the sensor was kept in a constant-concentration
glucose solution. The sensors were prepared using different enzyme immobi-
lization techniques. The advantages in long-term behavior of chemical im-
mobilization over physical methods are well demonstrated. Figure 7.14 shows
the effect of a mediator. A similar characteristic can be achieved as without
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FIGURE 7.11. The multiple-cycle chemical-electrochemical reaction chain in the ampero-
metric detection of glucose. (Reproduced with permission from Polymer Films in Sensor Ap-
plications by G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 227.)

FIGURE 7.12. Family of current versus time curves for a typical amperometric glucose
sensor polarized with 0.6 V in various glucose concentration solutions. (Reprinted after Guil-
bault, 1991, p. 669, courtesy of Marcel Dekker Inc., New York.)
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FIGURE 7.13. Long-term stability of glucose sensors prepared using various GOD im-
mobilization techniques: (a) covalent immobilization, (b) cross-linking with polyacrylamide,
and (c) physical immobilization. (Reprinted after Guilbault, 1991, p. 666, courtesy of Mar-
cel Dekker Inc., New York.)

FIGURE 7.14. Characteristics of oxygen and ferrocene mediated Pt/PPy/GOD glucose
electrodes. (Reprinted with permission from W. Schuhmann, R. Lammert, B. Uhe and
H. L. Schmidt, “Polypyrrole, a New Possibility for Covalent Binding of Oxidoreductases to
Electrode Surfaces as a Base for Stable Biosensors,” Sensors and Actuators B, 1, pp.
537–541, ©1990, Elsevier Science S.A., Lausanne, Switzerland.)
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mediators, but with a much smaller polarization of the electrochemical cell
(Schuhmann et al., 1990).

Figure 7.15 shows the linear output voltage characteristic of a potentio-
metric glucose ENFET sensor (Katsube et al., 1990). The structure of the sen-
sor is shown in Figure 7.16. The silicon MOSFET structure was deposited
onto a sapphire substrate by CVD using the SOS (silicon on sapphire) pro-
cessing method. The thermophilic glucokinase enzyme was immobilized in a
polypyrrole film deposited electrochemically onto the pH sensitive IrOx elec-
trode that controls the gate voltage of the MOSFET (extended gate).

ENFETs have also been fabricated on silicon substrates containing the
REFET and the integrated temperature compensating CMOS circuitry as well
(Saito et al., 1991; Shul’ga et al., 1995).

In multiple-enzyme sensors, several sensor elements are used with various
enzymatic membranes. They are able to simultaneously monitor several sub-

FIGURE 7.15. Characteristic of a potentiometric glucose ENFET. (Reprinted with permis-
sion from T. Katsube, M. Katoh, H. Maekawa, M. Hara, S. Yamaguchi, N. Uchida and
T. Shimomura, “Stabilization of an FET Glucose Sensor with the Thermophilic Enzyme Glu-
cokinase,” Sensors and Actuators B, 1, pp. 504–507, ©1990, Elsevier Science S.A., Lau-
sanne, Switzerland.)
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strates in the analyte. A cross talk between the individual sensor elements may
result from the migration of H2O2 that can be suppressed with an additional
membrane containing catalase enzyme reacting with H2O2 (Urban et al, 1994).

Glucose optrodes have also been developed with O2, pH, and more recently
with H2O2 transducers covered by GOD-activated membranes (Wolfbeis,
1991; Buerk, 1993). Their advantage over electronic transducers is that there
is no need for mediators and electron-transferring media.

7.1.8 Urea Sensors

Just behind glucose sensors, urea sensors represent the second most devel-
oped area of biosensor research. Urea level of blood is an important indica-
tor of kidney operation. Urea, uric acid, creatinine, and methylguanidine can
accumulate in the bloodstreams of patients with renal disease, eventually
reaching toxic levels if they are not removed. The detection of urea also has
potential medical applications, particularly for portable hemodialysis systems
for treating patients with renal disease either at home or in the hospital. A de-
mand for combined multiple glucose-urea sensors has also emerged.
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FIGURE 7.16. Structure of a glucose sensitive SOSENFET. (Reprinted with permission
from T. Katsube, M. Katoh, H. Maekawa, M. Hara, S. Yamaguchi, N. Uchida and T. Shi-
momura, “Stabilization of an FET Glucose Sensor with the Thermophilic Enzyme Glucoki-
nase,” Sensors and Actuators B, 1, pp. 504–507, ©1990, Elsevier Science S.A., Lausanne,
Switzerland.)
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Urea is catalyzed by urease enzyme according to the following reaction
(Miyahara et al., 1991):

CO(NH2)2 � H2O ———r 2NH3 � CO2, (7.22a)

which may be followed by secondary reactions in aqueous solutions:

NH3 � H2O —r NH4
� � OH� (7.22b)

CO2 � H2O —r HCO3
� � H� (7.22c)

The reaction products enable a number of transduction methods for prepar-
ing urea biosensors. In conventional urea sensors, pH electrodes, ammonium-
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urease

TABLE 7.1. Summary of Urea Sensors. (The Majority of Information
Reproduced with Permission From Polymer Films in Sensor Applications by
G. Harsányi, ©1995, Technomic Publishing Co., Inc., Lancaster, PA, p. 384.)

Urease Detection Range,
Transducer Membrane Immobilization M/I

NH4
+-ISFET PVC + ionophore cross-linking 10–6–10–1

(Miyahara et al.,
1991)

pH-ISFET+REFET PAA entrapment 10–3

(Van der Schoot
et al., 1990)

pH-electrode aminated PVC cross-linking 10–4–10–1

(Glab et al.,
1993a)

pH-electrode carboxylated PVC cross-linking 10–4–10–1

(Glab et al., + ionophore
1993b)

Pt/n-GaAs Schottky- polyetherimide adsorption 4·10–4

diode for NH3

(Lechuga et al.,
1992)

pH-optrode PAA + phenol red entrapment 4·10–5–25·10–5

(Gauglitz and
Reichert, 1992)

pH-optrode polysiloxane + covalent 4·10–5

(Brennan et al., fluorescent dye
1993)

Conductimetric polyimid-azole cross-linking 10–2

(Watson et al.,
1987)
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ion-selective electrodes, ammonia gas sensors, or carbon dioxide sensors have
been used to detect the variations indirectly. The principles were also adapted
to the urea microsensors in which an ISFET, a microelectrode, or an optrode
is used as the transducer. Even conductimetric types have been developed
based on the global conductivity measurement of an electrolyte within a mi-
croreactor chamber. Table 7.1 summarizes a few recently developed urea sen-
sors.

The response of urea sensors based on the measurement of pH changes
caused by the enzymatic membrane depends on the buffer capacity and ini-
tial pH of the sample solution. Urea-ENFET and pH-REFET pairs have suc-
cessfully been used to compensate the effect of initial external pH (Van der
Schoot et al., 1990).

The maximum achieved sensitivity of the potentiometric sensors is 55
mV/decade, which is a good approximation of the Nernstian behavior (59
mV/decade at room temperature). Conductimetric sensors are operated with
AC voltage in kinetic mode. They measure the current rate, not waiting for
the equilibrium state (see Section 7.1.2). Optrodes operated with phenol red
pH indicator dye have the disadvantage of a limited detection interval due to
the narrow pH-sensitive range of the dye (see Section 6.1.4).

7.1.9 Other Enzymatic Sensor Types

Several review studies in early nineties tried to estimate the number of avail-
able enzymatic biosensor prototypes—it was over 100 already at that time
(Coulet et al., 1991; Buerk, 1993). Thus, an entire overview is simply impos-
sible to provide here, only the most important types are summarized in Table
7.2.

In clinical practice, those sensor types have great importance in that they
might be used for continuous monitoring of one or several blood components
that have importance in some kind of diagnosis. A few examples are listed as
follows:

• creatinine and uric acid (as well as urea) in kidney diseases
• L-lactate (a by-product of insufficient muscle operation) in monitoring

athletes, or heart disease
• cholesterol and free fatty acids in preventing arteriosclerosis and related

diseases
• amino acids (arginine and tyrosine) in special diseases
• alcohol in treating alcoholism
• acetylcholine in indicating parasympathetic stimulation
• penicillin in pharmacology
• ATP in muscle operation, metabolism, and the operation of nerves
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Several bi- and tri-enzymatic types are listed in the table. Their application
is necessary if a single enzymatic reaction does not lead to any reaction prod-
uct detectable by well-established transduction methods. An interesting ex-
ample is the case of sucrose, when the first enzymatic reaction gives the prod-
uct 
-D-glucose. This cannot be detected by a glucose sensor operated with
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TABLE 7.2. Important Enzymatic Biosensor Types. (Sources: Coulet et al.,
1991; Schubert et al., 1991; and Buerk, 1993—courtesy of Marcel Dekker

Inc. and Technomic Publishing Co., Inc.)

Transducer
Substrate Enzyme(s) Cofactor(s) Type

Creatinine Creatininase — NH3, NH4
+

Uric acid Uricase O2 N2O2, CO2

Xanthine Xanthine oxidase O2 H2O2

L-Lactate Lactate oxidase O2 H2O2

L-Lactate Lactate NAD pH, NADH
dehydrogenase (fluorescent or

amperometric)
Galactose Galactosidase O2 H2O2

L-arginine Arginine deaminase — NH3, NH4
+

Tyrosine Tyrosine — CO2

decarboxylase
L-amino acid L-amino acid O2 NH3, NH4

+, H2O2

oxidase
Cholesterol Cholesterol oxidase O2 H2O2

Acetylcholine Acetylcholine — pH
esterase

Acetylcholine Acetylcholine esterase O2 H2O2

Penicillin Penicillinase — pH
Alcohol Alcohol oxidase O2 H2O2

Alcohol Alcohol NAD pH, NADH
dehydrogenase (fluorescent or

amperometric)
Glucose Glucose NAD pH, NADH

dehydrogenase (fluorescent or
amperometric)


-D-Glucose Mutarotase + GOD O2 H2O2

Sucrose Invertase, O2 H2O2

mutarotase, GOD
Free fatty acids Acyl-CoA ATP, Mg++, O2 H2O2

synthetase, acyl-CoA
oxidase

ADP (adenosine- Hexokinase, phosphoenol- pH, NADH
diphosphate) pyruvate kinase, pyruvate, (fluorescent or 

glucose-6-phosphate glucose, NAD amperometric)
dehydrogenase

ATP (adenosine- Luciferase luciferin, chemiluminescent
triphosphate) O2, Mg++
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GOD, first it must be transformed into �-D-glucose by the catalytic effect of
enzyme mutarotase.

Another interesting example is the sensing of uric acid. Uricase catalyzes
its oxidation in slightly alkaline solutions, producing allantoin, hydrogen per-
oxide, and carbon dioxide; the production of hydrogen peroxide can electro-
chemically be detected using amperometry (Shaolin, 1994). Since uric acid
dissociates in aqueous solutions, it may interfere with the electrochemical
processes. Therefore, a specially designed differential amperometric (bipo-
tentiostatic) measurement has been developed using an enzymatic polypyrrole
and a pure polypyrrole film deposited electrochemically on precious metal
thick-film electrodes (Dobay et al., 1999).

Cholesterol sensors also have application prospects. Promising results were
published when immobilizing cholesterol oxidase into polypyrrole films 
(Vidal et al., 1999).

Since the various sensor types apply a number of membrane types and im-
mobilization techniques, listing their sensitivity parameters in the table makes
no sense here.

7.1.10 Application Prospectives of Enzymatic Biosensors

The most important application fields of biosensors were mentioned in the
first paragraphs of this chapter.

Biomedical areas include the following:

• continuous monitoring in clinical practice
• pharmacology, adjusting personal dosage and researching new medicines
• portable and home monitors for patient self-control
• implantable sensors for continuous monitoring in everyday life
• implantable sensor-actuator systems that may replace the hormonal regu-

lating function of one of the endocrine glands

As was already mentioned in connection with glucose sensors, the first two
fields are still dominated by conventional analytical methods. The practical
application of sensors is spreading in portable and home monitors, and im-
plantable monitoring sensors are in the first stage of practical application,
while the long-term operating implantable regulating systems are in the re-
search and development stage. It is important to mention here that miniature,
electronically controllable medicine pumps have already been realized with
silicon micromachining for continuous medicine delivery, however, there is a
lack of long-term operating reliable biosensors. Thus, the realization of im-
plantable regulating systems is hindered mainly by the instability and short
lifetime of the biosensor elements.

Recently, an important research area is concentrating on body-sensor in-
terface realization problems. Intravascular application of sensors, placing sen-

Enzymatic Biosensors 257

CHAPTER07  2/15/00 3:56 PM  Page 257



sor elements into the bloodstream, is not an appropriate approach for long-
term monitoring. Taking blood samples for analysis does not enable a con-
tinuous operation of the system. Subcutaneous implantation seems to be the
most promising approach nowadays, when the sample-taking dialysis cell or
the sensor element itself is placed into the subcutaneous tissue, mainly in the
abdominal fat of human bodies. The analyte is actually the tissue liquid and
not the blood in this case.

Figure 7.17 shows three versions of the subcutaneous technique (Fischer
and Freyse, 1993). Based on the principles of diffusion, microdialysis is a
method for removing chemical substances from the extracellular fluid of the
body without removing any liquid (Harsányi, 1995). The double-lumen mi-
crodialysis probe using hollow fibers (e.g., polysulphonic or cellulosic, gen-
erally with a molecular weight cut-off size of 15,000–20,000) functions as an
artificial blood vessel. A physiological buffer solution is pumped at a constant
flow-rate (1–100 �l/min) into the fiber placed subcutaneously and retrieves
compounds of low molecular weight [see Figure 7.17(a)]. The dialysate of the
tissue is subjected to investigation by analytical methods. If, for example, GOD
is contained in the dialysate, the resulting pO2 in it may be taken as a mea-
sure of glucose concentration using sensors for determining it (Mascini et al.,
1992).

According to other approaches, the enzyme is immobilized onto the trans-
ducer surface, forming a real biosensor (Volpe et al., 1995; Steinkuhl et al.,
1996). In both cases, however, the measurement is dependent on the flow-rate,
pressure, active membrane surface, etc. In recent practical solutions, the probe
is connected to a specially designed micromachined silicon/glass chip flow-
through cell containing the integrated biosensor together with a system of cap-
illaries and flow channels where the dialysate is pumped through (Steinkuhl
et al., 1996). The electrodes of the electrochemical biosensor are located in
two pyramid-like microcontainments etched through the silicon by anisotropic
etching (see Appendix 5). The amperometric current may be measured with
miniaturized amplifier electronics with LCD displays that has been developed
to result in a handheld monitoring system with the overall size of a cigarette
packet.

If an appropriately low pressure (vacuum) is applied to the subcutaneously
inserted tubing of a sufficiently high molecular weight cut-off ultrafiltration
membrane (Harsányi, 1995), the interstitial fluid may be sampled and ana-
lyzed directly [see Figure 7.17(b)].

According to the third version, the sensor element is directly implanted [see
Figure 7.17(a)] (Pickup, 1993).

Until now, nearly all devices were laboratory-designed and -manufactured.
In considering time constants, microdialysis probes may provide an excellent
description of glucose kinetics in subcutaneous tissue over relatively short in-
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FIGURE 7.17. Various techniques of the subcutaneous implantation method: (a) micro-
dialysis, (b) ultrafiltration, and (c) direct implantation (Fischer and Freyse, 1993).
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tervals. But, any figure on the absolute glucose level can be obtained only ret-
rospectively. In contrast, the ultrafiltration technique may reveal the real glu-
cose concentration in the subcutaneous interstitial fluid, but at relatively large
intervals. All sample-taking methods suffer from a slow alteration of real sub-
cutaneous conditions. On the other hand, for the practical application of di-
rect implantation of the sensor itself, a number of biocompatibility problems,
such as fibrosis, blood clotting, and immunogenic effects, as well as the tox-
icity of the enzyme or mediator leakage (also see Chapter 8) have to be over-
come.

A discussion about biosensors cannot be complete without mentioning their
application possibilities in some fields other than biomedicine. In the food pro-
cessing industry, it is anticipated that there will be increased commercial ap-
plications for biosensors for monitoring the quality of different production
methods (Buerk, 1993). Fermentation processes are essential in a number of
food production methods, and these processes might result in the production
of glucose and a number of similar compounds (such as sucrose, fructose, lac-
tose, maltose, etc.). The continuous monitoring of these compounds may have
great importance for testing the reproducibility and for quality control of food
processes. The short lifetime of enzymatic biosensors as a limiting factor can
be overcome if the application is designed for only a few measurement cycles.

One frequently mentioned example is the fish freshness sensor developed
recently in Japan (Watanabe and Tanaka, 1991). The ATP in the fish breaks
down in a seven-step reaction to result in the formation of uric acid as tissue
undergoes enzymatic autolysis and eventual spoilage. The depletion of high-
energy phosphates (ATP, ADP, etc.) and accumulation of inosine and hypox-
anthine alters the taste and quality of the meat. The chemical species for the
last stages of the process were monitored by the sensor using four enzyme-
modified O2 electrodes, the signals of which were measured and digitized by
a computer. The fish freshness factor was defined as the ratio of inosine and
hypoxanthine concentration over the overall concentration of all seven com-
ponents taking part in the breakdown process.

Enzymatic biosensors are beginning to have further applications for the
analysis of environmental contaminants in air, water, and soil. Contaminants
such as heavy-metal ions (Zhylyak et al., 1995), organophosphorous pesti-
cides, and carbamates (Yuan et al., 1991; Cagnini et al., 1995) (that have widely
been used for pest control in the agricultural industry for many years) can be
detected by enzymatic biosensors based on their inhibition effect on enzymatic
reactions [see Equation (7.20)]. For the operation, these sensor types need
measurement media saturated with the substrate of the applied enzyme. Such
enzyme types are useful for these sensor purposes that show reversible reac-
tion with the inhibitor to be detected, or the enzyme can be refreshed easily
for a subsequent measurement cycle. Figure 7.18 shows the typical charac-
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teristics of a Zn/Co/Cu ion sensor based on enzyme inhibition (Satoh and
Iijima, 1995).

Some more details about the application problems of biosensors can be col-
lected from several recent monographs (Freitag, 1996; Fraser, 1997; Cun-
ningham, 1998; Diamond, 1998; Ramsay, 1998; Spichiger-Keller, 1998;
Scheller and Schubert, 1999; Valarcel and de Castro, 1999).

7.2 AFFINITY BIOSENSORS

The basis of affinity sensors is the selective chemical binding between high-
molecular weight biochemical substances. Practically, immunosensors based
on antigen-antibody reactions were the first group and even nowadays are the
major group in this field, although, DNA sensors have also gained an impor-
tant role and commercial availability since 1997. In further discussion, the fo-
cus is on immunosensors, while the special features of DNA chips are de-
scribed in a separate section (see Section 7.2.4).

There are many practical applications for immunosensors if they can be
made to be reliable. They might be useful for quantifying how well the living
(mainly human) immune system is functioning, and they could serve as valu-
able tools not only in clinical diagnostics but also in biochemical analytical
methods. Although there has been a great deal of scientific research on im-
munosensors, which began in the early 1970s, commercial immunosensors are
just beginning to emerge into the marketplace.
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FIGURE 7.18. Typical characteristic of a Zn/Co/Cu ion sensor based on enzyme inhibi-
tion. (Reprinted with permission from I. Satoh and Y. Iijima, “Multi-Ion Biosensor with Use
of a Hybrid-Enzyme Membrane,” Sensors and Actuators B, 24–25, pp. 103–106, ©1995,
Elsevier Science S.A., Lausanne, Switzerland.)
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Since the chemical reactions in affinity sensors are often irreversible, the
necessity of removing complexes and renewing transducer surfaces makes their
operation somewhat different from that of the conventional sensors. Continu-
ous monitoring is generally not realistic; thus, a quasi-continuous operation
can be realized in flow-through cells, in which the transducer surface can be
refreshed periodically by removing reaction-product complexes and by im-
mobilizing new receptors onto them, subsequently. Immunosensors based on
antigen-antibody reactions and DNA sensors based on the formation of 
double-spiral segments theoretically have very high selectivity because of the
highly specific biochemical reactions that are the basis of operation. In prac-
tice, chemical binding and adsorption, or deposition of low-molecular-weight
species can disturb the measurement, and thus, limit the theoretical selectiv-
ity. A number of problems similar to those of the enzymatic biosensors need
to be solved before the practical realization and measurement method of affin-
ity biosensors are implemented.

7.2.1 Operation Principles of Immunosensors

Immunology began its rapid development in the early 1950s by clarifying
the nature of basic immune mechanisms and the types and structures of im-
mune reagents, as well as the genetic correlation. Meanwhile, a number of
laboratory techniques have been developed to perform qualitative and quanti-
tative analysis of immune reagent materials.

The human immune system is extraordinarily complex, and antigen-anti-
body reactions are not fully understood at the present time. Antigens (AGs)
are objects (molecules, viruses, bacteria) that are recognized by living sys-
tems, and an immune reaction is provoked by them. Antibodies (ABs) are Y-
shaped glycoprotein molecules that are composed of equal numbers of heavy
and light polypeptide amino-acid chains held together with disulfide bonds.
These highly specialized immunoglobulin (Ig) proteins are produced by liv-
ing cells against antigens and are able to recognize and bind only certain types
of antigen molecules at receptor sites on the tip of each arm to form antigen-
antibody complexes:

AB � AG � AB-AG (7.23)

Antibodies are divided into five classes (IgG, IgA, IgM, IgD, and IgE) ac-
cording to their heavy chain structure. According to the number of receptor
sites per antibody molecule, the following types are distinguished:

• monoclonal antibodies that have a single receptor site
• polyclonal antibodies that are able to bind several antigens
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Immunoassays are processing sequences used in analytical chemistry for
detecting objects by means of immune reactions. Antibodies are generally ex-
tracted from animal blood after immunization. Some types can be manufac-
tured in relatively large quantities without great expense by exposing cultured
cells or microbes to an antigen.

A useful method of the immunoassays is to immobilize receptor (antigen
or antibody) molecules on a solid-state surface and follow the effect of AB-
AG complex formation. This is also adapted for immunosensors, where the
receptors are immobilized on the transducer surface, and the complex forma-
tion gives the transduction effect. Immunosensors can be developed by in-
corporating antigens or antibodies on the surface, although the latter design
is used most often. Since the association and dissociation factors of antigen-
antibody reactions correspond to relatively large response times (1–30 min-
utes!) in comparison with conventional chemical reactions, equilibrium can
only be reached after a long time delay even when the complex formation is
reversible. In irreversible processes, the transient behavior may have great im-
portance in the evaluation. Independent from the reversibility, the quick re-
freshment of the transducer surface is often necessary, which means remov-
ing the complexes from the surface and immobilizing new receptors onto it.
With irreversible immunoreactions, only a single immunoassay is possible
without refreshing. Considerable research efforts have been directed toward
the development of renewable receptor surfaces so that repetitive immunoas-
says can be made without loss of sensitivity (Buerk, 1993).

Immunosensor assays can be divided into two major categories: direct or
nonlabeled types that rely on some change in physical properties in the trans-
ducer caused directly by the AB-AG formation, and indirect or labeled types
that rely on the detection of chemical labels or markers bonded onto the an-
alyte molecules. Figure 7.19 illustrates the characteristic chemical process se-
quences for various immunosensor operation modes. The direct operation is
shown in Figure 7.19(a). At first, an interface layer (polysiloxane, protein mol-
ecules either cross-linked with glutaraldehide or embedded into a polymer
film) appropriate for receptor immobilization is deposited onto the transducer
surface, and the receptors are subsequently bound. During the operation, com-
plex formation on the surface is followed by various methods.

The labeled operation differs from the former one in that the analyte mol-
ecules have specific chemical labels artificially coupled to them for detection.
Figure 7.19(b) shows the competitive case, when the labeled antigens added
to the measurand analyte in a well-known concentration are competing for the
receptor sites with nonlabeled antigens, the concentration of which has to be
determined. In equilibrium, the surface concentration ratio of labeled and non-
labeled antigens corresponds to their ratio inside the analyte. The transducer
output is a function of the surface label concentration, from which the nonla-
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FIGURE 7.19. Complex formation mechanisms used in immunosensors: (a) direct, (b) in-
direct (labeled) competitive methods, and (c) the overall assay cycle of the indirect sand-
wich technique. [Reprinted with permission: (c) from C. Collapicchioni, A. Barbaro, F. Por-
celli and I. Giannini, “Immunoenzymatic Assay Using CHEMFET Devices,” Sensors and
Actuators B, 4, pp. 245–250, ©1991, Elsevier Science S.A., Lausanne, Switzerland.]
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beled antigen concentration originally present inside the analyte can easily be
calculated. An important feature of this saturation method is that it can suc-
cessfully be used even in irreversible complex formation processes. An im-
portant condition is that the chemical label must not alter the complex for-
mation properties of labeled antigens.

Figure 7.19(c) illustrates a whole measurement cycle of the more compli-
cated immunometric sandwich technique that can be used only for polyclonal
analyte molecules. In the first step, the analyte molecules are bound to the re-
ceptors and then, in the second step of the process, labeled or nonlabeled re-
ceptor molecules are bound to them, forming a receptor/analyte/receptor mo-
lecular sandwich structure on the transducer surface. A new assay can be
started when the complexes are removed by an acidic solution, and new re-
ceptors are immobilized. Both direct and indirect transduction methods can
be used in combination with the sandwich technique. The figure illustrates the
labeled indirect process.

Biomedical application of immunosensors include the detection of the fol-
lowing compounds:

• special medicines: digoxin, theophylline, antiepileptics, etc.
• hormones: LH (luteinizing hormone), FSH (follice-stimulating hormone),

HCG (human chorionic gonadotrop hormone), TSH (thyrotrop stimulat-
ing hormone) prolactin, T3 (triiodothyronine), T4 (thyroxine), etc.

• steroids: testosterone, progesterone, estriol
• proteins: ferritin, HSA (human serum albumin)
• immunocompounds: immuno-globulins (IgG, IgE), HIV (human immu-

nodeficiency virus) antibodies, etc.
• tumor markers
• metabolites

More details of potential applications are described in recent monographs
about biosensors (Freitag, 1996; Fraser, 1997; Cunningham, 1998; Diamond,
1998; Ramsay, 1998; Spichiger-Keller, 1998; Scheller and Schubert, 1999;
Valarcel and de Castro, 1999).

In the following sections, the indirect and direct operation mode transduc-
ers will be surveyed.

7.2.2 Indirect (Labeled) Immunosensors

The actual design of indirect transducer types is determined by the nature
of chemical markers used for labeling antigens and antibodies. Labeling and
related immunoassay methods of analytical chemistry are as follows:

• In RIA (radioimmunoassay), the labels are radioactive isotopes (for ex-
ample, 125J for T3/T4 analysis). The technique enables the application of
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radiation detectors (see Section 4.11) as demonstrated in connection with
the in vitro application of a tritium sensor APDs (see Section 5.5.4). Real
immunosensors can be fabricated by combining radiation detectors with
immobilized receptor films; their application, however, has not become a
real part of practice due to the inconveniences of radioactive labeling.

• In EIA (enzyme immunoassay), otherwise called ELISA (enzyme-linked
immunosorbent assay), enzyme molecules are used for labeling, and the
transducer signal is provided by the enzyme-substrate reaction. This tech-
nique is very popular in recent immunosensor examples.

• In FIA (fluorescent immunoassay) and LIA (luminescent immunoassay),
fluorescent or chemiluminescent dyes are applied for labeling in combi-
nation with optical transducers for signal generation.

• There are further methods that have found applications in immunosen-
sors, such as labeling with ionic compounds combined with electrochemi-
cal transducers, signal amplification with liposomes, and labeling with
magnetic dipoles.

Several widely used or recently developed examples of indirect immunosen-
sors are given below.

A frequently used technique for fabricating immunosensors is the combi-
nation of ELISA with electrochemical transducers. Figure 7.20 shows the
schematic structure of an immunosensitive electrode, where a membrane with
immobilized antibodies is placed onto an amperometric probe (Macholán,
1991). The probe is then immersed in the buffered mixture of nonlabeled anti-
gen to be assayed and a known amount of enzyme-labeled antigen; two com-
petitive reactions take place on the electrode membrane during the bathing pe-
riod. When adsorption equilibrium is reached, the probe is thoroughly washed
to remove the nonspecifically adsorbed antigens, and then it is put into a so-
lution containing the substrate for determining the initial rate of reaction cat-
alyzed by the enzyme complexed on the electrode surface (in the figure, the
case of catalase labeling and H2O2 substrate is illustrated). The amperomet-
ric detection of the reaction product O2 is performed with a conventional Clark
cell. The amperometric signal corresponds to the concentration of nonlabeled
antigen within the sample solution.

GOD is also an often-used labeling enzyme. A glucose solution saturated
for the enzyme must be applied during the evaluation, which can be performed
amperometrically using the electrochemical decomposition of either O2 or
H2O2.

Figure 7.21 (Aberl et al., 1991, 1992) shows an interesting recent example
developed by the Fraunhofer Institute: an ISFET pair and a connected flow-
injection system for detecting HIV-antibodies. The sample is transported by
the continuous carrier stream into the reaction cartridge where the HIV-anti-
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bodies can react with p24 peptide antigens immobilized in a nitrocellulose
membrane. For the recognition of immunoprecipitates, the sandwich ELISA
procedure was applied using specific urease-labeled anti-antibodies. The en-
zyme urease yields a pH-shift in the presence of urea, which can be detected
by means of an ISFET. The second ISFET acts as a REFET for compensat-
ing pH and temperature variations of the carrier solution. Figure 7.21(b) shows
the calibration curve. Actually, the system applies a pH-sensing ISFET-REFET
pair that can be used for a great number of measurement cycles. The im-
munoreaction takes place inside the reaction chamber, the membrane of which
is disposable. The evaluation is made using a computer. This technique has a
number of advantages over the conventional immunoassays used for HIV tests,
such as its low cost and fast turnaround. It would be very useful for a pre-
screening process before making further laboratory tests for setting up a reli-
able diagnosis.

Real ImmunoFETs can be prepared by immobilizing receptor molecules
onto the gate-membrane of the device. The sandwich-ELISA method was used,
for example, for detecting human immunoglobulin-G (h-IgG) molecules with
immobilizing anti-h-IgG antigen molecules as receptors onto the gate mem-
brane of an ImmunoFET (Colapicchioni et al., 1991). According to the sand-
wich method, GOD-labeled antigen was used for recognizing immunocom-
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FIGURE 7.20. Schematic representation of an enzyme immunoelectrode based on mem-
brane-bound antibodies, and its mode of operation. (Reprinted after Macholán, 1991, 
p. 353, courtesy of Marcel Dekker Inc., New York.)
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FIGURE 7.21. ISFET-ELISA flow injection system for immunosensing of HIV-antibodies: 
(a) block diagram and (b) calibration curve. [Reprinted with permission: (a) from F. Aberl, 
S. Modrow, H. Wolf, S. Koch and P. Woias, “An ISFET-Based FIA System for Immunosens-
ing,” Sensors and Actuators B, 6, pp. 186–191, ©1992, Elsevier Science S.A., Lausanne,
Switzerland.]
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plex formation and providing a pH shift in the presence of glucose [see Equa-
tion (7.21b)].

Another example for ImmunoFET operation is the ion-step method designed
to measure immunoreactions via a change in charge density, which occurs in
an antibody-loaded membrane deposited on an ISFET upon reaction with a
charged antigen (Schasfoort et al., 1990, 1992). For detecting progesterone,
anti-progesterone was immobilized into a polystyrene-agarose membrane de-
posited onto the gate of an ISFET. A competitive immunoassay was used by
adding charged progesterone-lysozyme conjugate into the sample solution. A
great advantage of this method over the ELISA is that it provides a direct po-
tentiometric signal without a secondary enzymatic reaction.

In the case of ELISA, further well-known enzymatic effects (calorimetric
effect, detection of substrate concentration, etc., see Section 7.1) can also be
applied, however, they are not widespread. The greatest disadvantage is the
necessary presence of enzyme substrates, sometimes also mediators, for the
transduction effect. The enzymatic reaction is detected indirectly; thus, a dou-
ble indirect transduction mechanism is applied. This might cause a number of
erroneous readings.

Another approach for labeled immunosensors is the application of optical
transducers in combination with FIA and LIA processes.

In the case of LIA, the chemiluminescent effect is used for detection (Kricka
et al., 1984; Aizawa, 1994). Luminescent materials can be oxidized by active
oxygen in basic media in the presence of a catalysator. This is followed by
monochromatic light emission, the intensity of which is characteristic for the
concentration of the luminescent material. In practice, luminogen molecules
are used for labeling those catalyses (like the enzymes) and the light-emitting
reaction between luminol and H2O2. When adding the basic hydrogen perox-
ide solution, the luminescent light emission starts immediately, reaches its
maximum after a few seconds, and slowly decays exponentially. Light emis-
sion is followed by photodetection, the analysis is performed by evaluating
the overall time-dependent intensity response curves. On these bases, immuno-
optrodes can be fabricated by immobilizing receptors on the surface of opti-
cal-fiber tips. Excitation light is not necessary for the operation; thus, only a
photodetector should be coupled to the other end of the fiber. The greatest dis-
advantage of this method is that the presence of luminol and hydrogen per-
oxide must be assured for the evaluation.

The FIA technique can also be utilized for preparing immuno-optrodes. Flu-
orescent dye molecules are used here for labeling that emits secondary light
due to fluorescent quenching when excited by an external light source (see
Section 4.16). Figure 7.22 shows the operation principles, the available struc-
tures, and a measuring setup for evanescent wave FIA immuno-optrodes (An-
derson et al., 1994). The sensor structure is practically a cladding-based op-
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trode (see Section 3.6) where the original cladding of the fiber end was re-
moved and a new cladding with fluorescent dye is formed by the immuno-
complex precipitation [see Figure 7.22(a)]. The example in the figure shows
a sandwich immunoassay. The receptor antibodies are immobilized onto the
declad core of the optrode where the immunocomplexes are formed during
the assay using labeled antibodies on the top of the sandwich. The evanescent
wave effectively penetrates a distance less than one wavelength beyond the
core into the surrounding medium, and this is what excites the fluorescent
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FIGURE 7.22. Evanescent-wave cladding immuno-optrode: (a) operation principle, (b) geo-
metrical solutions and their coupling efficiencies, and (c) the measurement setup. (Repro-
duced with permission from G. P. Anderson, J. P. Golden, L. K. Cao, D. Wijesuriya, L.C.
Shriver-Lake and F. S. Ligler, “Development of an Evanescent Wave Fiber Optic Biosen-
sor,” IEEE Engineering in Medicine and Biology, June/July, pp. 358–363, ©1994, IEEE.)
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molecules in the complex bound to the surface of the waveguide core. The
penetration depth (d) of the evanescent wave, or the distance at which the mag-
nitude of the electric field at the surface decays to its 1/e value, is defined as
follows:

d � 
2�(nc

2 sin2  � ncl
2)1/2

(7.24)

where � is the wavelength,  is the incident ray angle with the normal to the
core/cladding interface, and nc and ncl are the refractive index values for core
and cladding, respectively. The resulting fluorescent light couples into the de-
clad core of the immersed optical fiber. The immersed probe acts as a wave-
guide with the aqueous buffer as a cladding. The coupling efficiency of the
fluorescent light can be optimized with optrode geometry, as shown in Figure
7.22(b). The separation of the excited fluorescent light is possible by chop-
ping the excitation and applying a dichroic mirror, as shown in Figure 7.22(c).
The laser beam, after being modulated by the chopper, passes through the
dichroic mirror and launches into the fiber via a biconvex-fused silica lens.
The fluorescent light, which is generated at the declad probe regions, returns
through the clad fiber and is collimated by the same lens that focused the laser
light into the fiber. The fluorescent light is reflected by the dichroic mirror
and focused by another lens through an emission filter onto a photodiode. The
disadvantage of this technique is the complicated measurement setup. Its ad-
vantage is that there is no need for secondary chemical reactions and sub-
strates as with the ELISA and LIA techniques.

An interesting solution of the indirect sensing operation is signal amplifi-
cation with liposomes (Choquette et al., 1992) Liposomes are spherical-shaped
artificial double-layer phospholipids that are able to close an aqueous solu-
tion inside the sphere. Liposomes can be bound to antigens with a number of
labeling agents inside. The immunocomplex formation destroys the liposome
bulb, therefore, the closed labels (enzyme or luminogen molecules) become
free and can produce a multiplied signal. Since the labels are not bound to the
immunocomplex, the application of this method in combination with trans-
ducers is limited mainly to kinetic techniques when transient signals are eval-
uated.

A very interesting approach is the laser magnet immunoassay developed by
Japanese researchers for HIV tests. A suspension of AIDS virus was magnet-
ically labeled using ultrafine magnetic dipole particles. The viruses can be
concentrated at a local region by focusing an external magnetic field. This
concentrated object is dissolved when the sample solution added contains HIV-
antibodies. This effect can be followed using a laser to detect optical scatter-
ing changes in the sample (Buerk, 1993).
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By applying magnetic transducers that follow the changes of magnetic per-
meability, magneto-immunoassay (MIA) can be performed. The feasibility of
this method was demonstrated by the detection of the protein Concanavalin A
(Kritz et al., 1998).

7.2.3 Direct (Nonlabeled) Immunosensors

Recently, great research efforts have been concentrated on developing di-
rect immunosensors that can produce a signal directly from the antigen-anti-
body immunocomplex formation on its surface without applying labeling. The
general disadvantage of this type of immunosensor is that the measurement
can be disturbed by the adsorption of nonspecific particles, resulting in se-
lectivity problems. The advantage over labeled types is, however, that there is
no need for secondary chemical reagents and reactions for the transduction
effect. At reversible immunoreactions, even in vivo monitoring can be real-
ized. A number of transducer types have been used to fabricate direct im-
munosensors, but only a few groups of them seem to have sensitivity and other
properties good enough for practical applications. These promising approaches
and measurement techniques will be surveyed in this section, distinguished
into the groups of potentiometric, amperometric, capacitive solid state, opti-
cal, and acoustic-wave transducers.

There are several types of direct potentiometric immunosensors. The prin-
ciple of operation common to each type is that, due to the presence of several
polarized sites in large organic molecules, a measurable change in electrical
potential occurs when the combined surface charges are altered by the im-
munocomplex formation on the surface of the electrode. The following types
have been fabricated (Buerk, 1993):

• modified electrode: the receptor molecules are immobilized directly on
the electrode surface

• modified membrane electrode: the receptors are immobilized onto or into
an ion-selective membrane deposited onto the surface of the electrode.
The immunocomplex formation is followed by a transmembrane potential
change due to the charge redistribution on both sides of the membrane.

• impedance-type immunosensors: these are based on the permittivity
and/or conductivity changes of the film containing the immobilized re-
ceptor molecules when immunocomplex formation occurs

• direct operation ImmunoFETs: in these, the gate is controlled by the im-
munocomplex formation, as at the sensitive electrodes

• immunocomplex formation with catalytic antigens: this process may result
in a pH shift around the transducer, which can be detected by pH-sensi-
tive electrodes or ISFETs
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Amperometric detection is also possible since the side chains of antigen
molecules may be oxidized or reduced electrochemically, which enables their
polarographic analysis. Since the reaction is more characteristic to the actual
side chain than to the overall molecule, the technique is much less specific
than the other ones. On the other hand, receptor immobilization and im-
munocomplex formation are not necessary for the transduction.

Enzymatic amperometric transducers with redox mediator blocking repre-
sent an interesting approach for immunosensors that are based on an indirect
sensing mechanism, but they do not use labeling. An example for this type of
operation is shown in Figure 7.23 (Umana et al., 1988). GOD with ferrocene
redox mediator was immobilized in a polypyrrole film deposited onto a glassy
carbon electrode that was then operated in a glucose solution saturated for the
enzymatic system. The ferrocene redox mediator was conjugated with antigen
as the receptor. The sensor’s operation is based on the electron exchange block-
ing of the mediator due to the immunocomplex formation.

Capacitive solid state transducers are actually based on the phenomenon
that the immunocomplex formation alters the permittivity of the surface layer.
Receptor molecules can covalently be bound onto Si/SiO2 surfaces after sily-
lation (see Section 7.1.5). One electrode of the capacitor is the semiconduc-
tor silicon substrate, while the other is the sample solution itself that shows
general ionic conductivity. Practically, the capacitance is measured by means
of an AC voltage (Newman et al., 1986). Conductimetric sensors have also
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FIGURE 7.23. Reaction model of a glucose sensor operated as an immunosensor based
on a redox mediator electron transfer blocking mechanism. (Reproduced with permission
from Buerk, 1993, p. 168, after Umana et al., 1988.)
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been realized with similar structures depositing an ultrathin (noncontinuous)
Pt film onto the isolated silicon surface (Hardeman et al., 1995).

There are also several types of direct optical immunosensor designs (see
Section 3.6).

Simple reflection optrodes can be realized with immobilizing receptors on
the tip of an optical fiber. Their operation is based on reflectance variations
due to immunocomplex formation (Sutherland et al., 1984).

Cladding optical immunosensors can be fabricated using either planar or
fiber optical waveguides when immobilizing the receptors on declad wave-
guide surfaces. The immunocomplex formation causes refractive index varia-
tions in the surface film which results in transmission efficiency changes of
the waveguide core. Since the complex refractive index is changing, it can
also be followed by polarimetry (Kooyman et al., 1991) or by interferometry
(e.g., by means of a Mach-Zehnder interferometer). The best detection limit
can be reached with the latter types (Schipper et al., 1995).

A relatively new approach is the combination of planar grating couplers with
optical waveguide lightmode spectroscopy (OWLS) (Ramsden, 1997). The ba-
sic principle of this method is that linearly polarized laser light is coupled by
a diffraction grating into the waveguide layer, provided that the incoupling con-
dition is fulfilled. The incoupling is a resonance phenomenon that occurs at a
precise angle of incidence, which depends on the refractive indices of the an-
alyte at the surface (Tiefenthaler, 1992). When immobilizing receptor mole-
cules onto the grating surface, the formation of immunocomplexes causes a re-
fractive index change of the film. In the waveguide layer, the light is guided
by total internal reflection to the ends where it is detected by photodiodes. By
varying the angle of incidence of the light, the mode spectrum can be obtained,
from which the effective refractive indices are calculated for the electric and
magnetic modes. Sensor chips are fabricated onto glass substrates by deposit-
ing the waveguide film using a sol-gel technology. OWLS sensors became com-
mercially available during recent years (MicroVacuum, 1998).

Highly sensitive detection can be realized with the surface plasmon reso-
nance (SPR) method (Liedberg et al., 1995). Since the conventional
Kretschmann configuration [see Figure 3.10(f)] is rather complicated in
biosensor applications, a new optrode transducer structure combined with the
SPR spectroscopy (SPRS) measurement method has been developed recently,
as shown in Figure 7.24 (Katerkamp et al., 1995). The cladding of a multi-
mode fiber (with a diameter of 400 �m) was removed over a length of 5 mm
at the end zone. The fiber core was then covered by a silver film and a chrome
mirror was deposited onto the fiber tip. Surface plasmons are excited by poly-
chromatic light, and the resonant excitation is detected as an intensity mini-
mum in the measured output spectrum at a certain wavelength. The transducer
is sensitive to changes of the refractive index and thickness of the layer that
is deposited on it.
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A similar construction became commercially available recently. In this 
“BIACOREprobe” device, the SPR phenomenon occurs in a gold film at the tip
of a sensor probe. White light passed into the optical fiber of the probe is to-
tally internally reflected at the surface interfaces. Biomolecular binding events
cause changes in the refractive index close to the surface, and the wavelength
of the reflected light intensity minimum shifts. By monitoring the output spec-
trum of the reflected light, the sensor is able to detect biomolecular binding
occurring at the probe surface (http://www.biacore.com).

The SPRS optrode seemed to be the most promising candidate of direct op-
tical immunosensor designs for highly sensitive practical applications for sev-
eral years, however, recent advancements of conventional planar devices en-
abled the commercial availability of sensor arrays, called BIACORE chips
(Jönsson et al., 1991; Alfthan, 1998). The sensor chip follows the Kretschmann
configuration where the sample is injected into a flow-through cell. The sig-
nals (minimum intensity reflection angles) are generally followed kinetically
(http://www.biacore.com).

Almost all types of acoustic wave-based transducers can be applied for im-
munosensor purposes. With the highly sensitive SPR and interferometric types,
BAW and SSBW transducers (see Section 3.3) are the most sensitive. Table
7.3 summarizes the properties of the most promising direct immunosensor 
approaches.

Recently, some efforts have been concentrated on comparing optical and
acoustic transducers. This comparison is realistic only if the same receptors
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FIGURE 7.24. Application of surface plasmon resonance spectroscopy (SPRS) in optrode
style immunosensors. (Reproduced with permission after Katerkamp et al., 1995, from the
Proceedings of SENSOR ’95.)

CHAPTER07  2/15/00 3:56 PM  Page 275



are immobilized, and the immobilization technique is similar. This is true
mostly for the SPR and BAW types, since quartz is a good medium both for
acoustic and optical waveguide purposes, and the immobilization takes place
on SiO2 surfaces in both cases (Kösslinger et al., 1995). A considerable dif-
ference between the two sensor types has not been found when comparing the
detection limits. The advantage of the SPR type is the small sensing area that
is able to detect a very low number of immunocomplexes. BAW sensors have
a much larger sensing area and, their signal-to-noise ratio is better by one or-
der of magnitude.

A comparative study of spectral and angle-dependent SPR devices has been
made (Aldinger et al., 1998). Generally, the angle-independent detection is
less prone to interferences by vibrations.

7.2.4 DNA Sensors

DNA sensors, the most sophisticated transducers with molecular receptors,
became available by combining the latest results of modern microbiology,
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TABLE 7.3 Properties of Direct Immunosensor Types.

Detection Limit,
Transducer Type Analyte �g/ml

Mach-Zehnder HCG1 1
(Heideman et al., 1993)

SPRS FABP2 0.1
(Katerkamp et al., 1995)

SPR IgE3 0.1
(Löfås et al., 1991)

SPR Staphylokinase 50 nM/l
(Aldinger et al., 1998) IgA protease —

SPR Anti-biotin —
(O’Brien et al., 1999)

BAW (QMB) HIV-antibodies 0.5
(Aberl et al., 1994)

BAW (QMB) HSA4 1
(Sakai et al., 1995)

SSBW + PMMA anti-IgG 5–10
(Gizeli et al., 1992)

SH-APM IgG 0.02
(Andle et al., 1993)

1HCG = human chorionic gonadotropin (pregnancy) hormone
2FABP = fatty acid binding protein, characteristic in heart infarcts
3IgE = Immunoglobulin-E, characteristic of allergy
4HSA=human serum albumin, characteristic of diabetic nephrosis
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supramolecular organic chemistry, and sensorics. Actually, they form a spe-
cial family of affinity sensors; their operation is based on specific chemical
reactions similar to the immunosensors.

The use of nucleic acid recognition layers in biosensor design represents
a new and exciting area in analytical chemistry. Such recognition layers add
new and unique dimensions to the arsenal of modern biosensors. In particu-
lar, DNA hybridization biosensors offer considerable promise for obtaining
sequence-specific information in a faster, simpler, and cheaper manner com-
pared to traditional hybridization assays. Thanks to these advantages, great
progress has been made in their research, and several types are commercially
available (http://www.affymetrix.com, http://www.nanogen.com). Such de-
vices possess great potential for numerous applications, ranging from de-
centralized clinical testing, to environmental monitoring, food safety, and
forensic investigations.

In the first realized sensors, DNA spirals were immobilized onto transducer
surfaces and the formation of the double-spiral DNA structure, as well as the
binding process of protein or amino-acid molecules could be followed by sig-
nal variations. DNA molecules are specific to their counterparts and to pro-
teins built-up of amino-acid sequences according to DNA “encoding.” The ba-
sis for nucleic acid hybridization devices is the DNA base pairing, namely,
the strong interaction between two complementary nucleic acid strands. Ac-
cordingly, such devices rely on the immobilization of a single-stranded (ss)
DNA molecule (“the probe”) for hybridizing with the complementary (“tar-
get”) strand in a given sample (containing also noncomplementary nucleic
acids) (Wang, 1998).

Various transduction modes, including optical, gravimetric, and electro-
chemical, have been used. Highly sensitive direct methods have been the first
candidates in sensor designs. Sensors were realized using the dual-delay-line
SH-APM transducer (see Section 3.3) with immobilizing DNA molecules of
cytomegaloviruses onto its surface (Andle et al., 1995). The sensitivity was
found to be �115 (�5) ppb/ng (relative frequency shift per mass change). At
these sensors, the sensitivity is strongly influenced by the thickness of the im-
mobilization film. Good results have been achieved with diacetylene-acid films
deposited by LB-technique. The immobilization of DNA molecules is possi-
ble, similar to the enzyme molecules, through carboxylic groups synthesized
onto the surface of the transducer (Karymov et al., 1992). Embedding DNA
or peptide molecules into electrochemically synthesized polypyrrole film de-
posited onto silicon chips was also successful (Livache et al., 1998).

Later, numerous direct transduction methods were applied, similar to the
immunosensors, including potentiometric (Wang et al., 1996 and Wang et al.,
1997), amperometric (Hashimoto et al., 1998), voltammetric (Oliveira Brett
et al., 1998; Palecek et al., 1998), SPR, QMB (Caruso et al., 1997) and grat-
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ing coupler evanescent wave (Bier et al., 1997) sensors. Indirect operation sen-
sors generally apply fluorescent labeling (Vo-Dinh, 1998) and sometimes
chemiluminesce (Aurora™).

Recently, a new approach has been applied for DNA-sequence analysis—
the replacement of DNA recogniton molecules with peptide nucleic acid (PNA)
molecules that contain the counterpart of the DNA segments. PNA, originally
developed as a gene-targeting drug, has demonstrated remarkable hybridiza-
tion properties toward complementary oligonucleotides. Biosensors, on re-
placement of the DNA recognition layer with a PNA layer, offer a greatly im-
proved distinction between related sequences and several attractive advantages
(Wang, 1998).

The commercially available DNA chips, called also genechips, are arrays
of DNA sensor elements that have built up various oligonucleotide recogni-
tion layers. One successfully applied approach is the light-directed, spatially
addressable, parallel chemical synthesis for building up oligonucleotide mol-
ecule layers in array arrangements (Fodor et al., 1991). The process, which is
applied by Affimetrix in the production of GeneChips and is illustrated in Fig-
ure 7.25(a), consists of the following steps:

(1) A photo-protected glass substrate is selectively illuminated by light
passing through a photolithographic mask. (The substrate S bears amino
groups, or rather hydroxyl groups, nowadays, that are blocked with
photolabile group X. Illumination of specific regions through the mask
M1 leads to photodeprotection.)

(2) Deprotected areas are activated by development. Amino groups in the
exposed sector become accessible for chemical coupling.

(3) With nucleoside incubation, chemical coupling occurs at activated
positions. The first chemical building block A (which can be adenine,
cytosine, guanine, or tyrosine), also containing a photolabile protecting
group X, is then attached.

(4) A new mask pattern M2 is applied for the second illumination.

(5) The coupling step is repeated for the B-X group.

(6) This process is repeated until the desired set of probe sequences is
produced.

Using a series of photolithographic masks to define chip exposure sites, fol-
lowed by specific chemical synthesis steps, the process constructs high-
density arrays of oligonucleotides, with each probe in a predefined position in the
array. Multiple probe arrays are synthesized simultaneously on a large glass
wafer. This parallel process enhances reproducibility and helps achieve
economies of scale. For example, the complete set of polyonucleotides of
length N (which represents a number of 4N different array elements) can be
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FIGURE 7.25. Typical processing and application of DNA biochips: (a) concept of light-
directed spatially addressable parallel chemical synthesis of oligonucleotide probes on mi-
crochip surfaces and (b) fluorescent readout of the hybridization result from a DNA sensor
array. [Reprinted with permission: (a) from S. P. A. Fodor, J. L. Read, M. C. Pirrung, 
L. Stryer, A. T. Lu and D. Solas, “Light-Directed, Spatially Addressable Parallel Chemical Syn-
thesis,” Science, Vol. 251 (15 February 1991), ©1991, American Association for the Ad-
vancement of Science; (b) from T. Vo-Dinh, “Development of a DNA Biochip: Principle and
Applications,” Sensors and Actuators B, Vol. 51, pp. 52–59, ©1998, Elsevier Science S.A.,
Lausanne, Switzerland.]
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synthesized in only 4 � N cycles. The amount of nucleic acid information en-
coded on the array is limited only by the physical size of the array and the
available lithographic resolution. Current large-scale commercial manufactur-
ing methods (developed mainly for the semiconductor industry) allow for ap-
proximately 300,000 polydesoxynucleotides to be synthesized on small 1.28
� 1.28 cm arrays—experimental versions now exceed one million probes per
array (Lipshutz et al., 1999). After processing, the wafers are diced as in semi-
conductor processing, and individual probe arrays are packaged in injection-
molded plastic cartridges, which protect them from the environment and serve
as chambers for hybridization.

Once fabricated, the DNA chip probe arrays are ready for hybridization.
The nucleic acid to be analyzed—the target—is isolated and labeled with a
fluorescent reporter group. The labeled target is then incubated with the array
using the fluidics station. After the hybridization reaction is complete, the ar-
ray is inserted into the scanner, where patterns of hybridization are detected.
Hybridization data are collected as light emitted from the fluorescent reporter
groups is incorporated into the target, which is now bound to the probe array.
Probes that perfectly match the target produce stronger signals than those that
have mismatches. Since the sequence and position of each probe on the array
are known, by complementarity, the identity of the target nucleic acid applied
to the probe array can be determined. Figure 7.25(b) shows a parallel readout
system that applys diffraction optics and a photodiode array under the DNA
chip (Vo-Dinh, 1998). Signal processing is performed by a CMOS integrated
circuitry. However, the laser scanning readout system combined with CCD
seems to be more widely used currently.

Another approach applied by Nanogen (http://www.nanogen.com) is the
electronic addressing and binding of DNA single-stranded fragments, called
DNA captures, on microchip electrode surfaces, and the electronic concen-
tration and hybridization of target DNA molecules.

Electronic addressing is the placement of charged molecules at specific test
sites. Since DNA has a strong negative charge, it can be electronically moved
to an area of positive charge (Heller, 1996). A test site or a row of test sites
on the microchip is electronically activated with a positive charge. A solution
of DNA captures is introduced onto the microchip. The negatively charged
probes rapidly move to the positively charged sites, where they concentrate
and are chemically bound to that site. The microchip is then washed and an-
other solution of distinct DNA probes can be added. Site by site, row by row,
an array of specifically bound DNA probes can be assembled or addressed on
the microchip. Following electronic addressing, electrostatic forces are also
applied to move and concentrate target molecules to one or more test sites on
the microchip. The electronic concentration of sample DNA at each test site
promotes rapid hybridization of sample DNA with complementary capture
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probes. In contrast to the passive hybridization process, the electronic con-
centration process has the distinct advantage of significantly accelerating the
rate of hybridization. To remove any unbound or nonspecifically bound DNA
from each site, the polarity or charge of the site is reversed to negative, thereby
forcing any unbound or nonspecifically bound DNA back into the solution
away from the capture probes (electronic stringency control). In addition, since
the test molecules are electronically concentrated over the test site, a lower
concentration of target DNA molecules is required, thus reducing the time and
labor otherwise required for pretest sample preparation. The electronic multi-
plexing feature allows the simultaneous analysis of multiple tests from a sin-
gle sample. Electronic multiplexing is facilitated by the ability to indepen-
dently control individual test sites (for addressing capture probes and obtaining
the concentrations of test sample molecules), and this allows for the simulta-
neous use of biochemically unrelated molecules on the same microchip. Sites
on a conventional DNA array cannot be individually controlled and, therefore,
the same process steps must be performed on the entire array.

These DNA microchips utilize design technologies developed within the
semiconductor industry and are manufactured using current microlithography
and wafer processing techniques. These microchips are coated with a perme-
ation layer onto which capture probes are attached, and the chip is then
mounted into the disposable cartridge. Currently, microchip designs contain-
ing both 100 and 400 Pt electrodes arrays are under evaluation.

The permeation layer, which is critical to the proper functioning of the an-
alytical system, is the interface between the surface of the microchip and the
actual biological test environment. This general-use permeation layer isolates
the biological materials from the harsh local electrochemical environment at
the electrode surface and presents the chemistry necessary for physical attach-
ment of the DNA capture probes. The chips are mounted using flip/chip im-
plementation into a single-use cartridge. This single-use cartridge is constructed
with the following components: a molded polycarbonate fluidics flow cell, a
silicon microchip, a Ni/Au-plated polyimide flex interconnect circuit, 120 in-
terconnect bumps, either Ag epoxy or various solder alloys, and an underfill
that forms the flow cell seal. A fluorescent laser scanning readout system and
a pattern recognition algorithm are used for the decoding (LeClair et al., 1998).

A recent review of the commercially available solutions is published by
Bowtell (1999).

7.3 LIVING BIOSENSORS

A common special feature of living biosensors is that they employ living
cells, tissues, or organisms as receptors in contrast to the other biosensor types
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that contain only materials extracted from living things. Unique combinations
of enzymes or highly sensitive physiological receptor mechanisms become
available that are present in intact cells or tissues but may be impossible to
duplicate using isolated enzymes in the biosensor. Another advantage should
be that the materials can fulfill their biological functions within their natural
biological media. In these circumstances, bioactive compounds may have the
best activity and lifetime, and they can even be regenerated or resynthesized
by the living organisms. Thus, a better stability of the sensors may be ex-
pected. If the living organisms perish, abrupt observable changes occur in the
sensor’s behavior, instead of a slow drift due to the receptor dissolution that
is characteristic for other types. The common problems of living biosensors
can be summarized as follows:

• The natural environmental conditions, in which the organisms can stay
alive for a long period, must be maintained continuously, and this re-
quires a severe control of physical and chemical parameters of the 
environment.

• The metabolism of the organisms must be maintained; they must be fed
continuously.

• The living organisms must be immobilized around or on the surface of
the transducer without limiting their biological functions. For appropriate
solutions, the latest research results of supramolecular organic chemistry
and cellular mimicry should be exploited in the future (Aizawa, 1994).

• The lifetime of the sensors is mainly determined by the lifetime of the
organisms.

The particular advantages of using living biosensors are as follows:

• They are less sensitive to inhibition by solutes and are more tolerant of
suboptimal pH and temperature values than enzyme electrodes (but ex-
ceeding a narrow range, the organisms can die).

• A longer lifetime can be expected than with the enzymatic sensors.
• They are much cheaper because an active enzyme does not need to be

isolated.

Their disadvantages (beyond the general problems mentioned above) are as
follows:

• Some types may have a longer response time than enzymatic sensors.
• They need more time to return to the baseline level after use.
• Cells contain many enzymes, and care must be taken to ensure 

selectivity.

Despite some successful research results with various biological elements
described in the following sections, living biosensors have not been as widely
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explored as other types of biosensors and may be perceived as having fewer
commercial applications.

7.3.1 Microbial Biosensors

Microbial biosensors incorporate microorganisms (algae, bacteria, yeast,
and fungi) as sensing elements that specifically recognize species of interest.
The concentration of these species is related to the assimilation capacity of
the microorganisms, measured as a change in respiration activity (metabo-
lism). The transducers follow these changes, similar to the enzymatic sensors,
by measuring oxygen consumption or reaction product formation. A number
of different transducer types can be applied, as was shown in connection with
enzymatic biosensors (see Section 7.1).

Figure 7.26 shows the two basic modes of operation for a microbial biosen-
sor using an electrochemical transducer. The microbes are either cultured in
an aerated broth in which the transducer is immersed, or they are immobilized
within a membrane on the transducer surface (Buerk, 1993). The best approach
for immobilizing microbes within a membrane was found so far to be physi-
cal entrapment in polymeric or gel materials, such as polyacrylamide,
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FIGURE 7.26. Basic modes of operation for a microbial biosensor using (a) immobiliza-
tion within a membrane or (b) a cultured broth. (Used with permission from Biosensors,
Theory and Applications by D. G. Buerk, ©1993, Technomic Publishing Co., Inc., Lan-
caster, PA, p. 180.)

CHAPTER07  2/15/00 3:57 PM  Page 283



poly(vinyl alcohol), collagen, agar gel, gelatin, etc. Apparently, there has not
been much success using chemical methods to immobilize microbes by the
covalent or other chemical binding techniques that are successful with en-
zymes, probably due to cell membrane damage and unacceptable losses in bi-
ological activity. However, physical methods were appropriate because whole
organisms do not need to be incorporated as strongly as enzyme molecules
that can be dissolved more easily. On the other hand, the membrane must be
permeable not only for analyte and reaction product molecules, but also for
all compounds that are necessary for maintaining the continuous metabolism
of the living organisms.

Table 7.4 surveys a few interesting and often mentioned microbial sensor
examples (Macholán, 1991; Karube and Nakanishi, 1994).

The table shows entirely the application of electrochemical (mostly am-
perometric and a few potentiometric) transducers. A further example is the
photo microbial sensor based on the catalytic chemiluminescence in processes
similar to those described by Equations (4.29) and (4.30). The luminescent
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TABLE 7.4. Examples of Microbial Sensors. [Adapted with Permission from:
Macholán (1991) and Karube and Nakanishi (1994).]

Detection Range, Lifetime,
Analyte Microbe Transducer mg/l days

Glucose Saccharomices O2 3–20 14
cerevisiae

Acetic acid Trichosporon O2 10–200 30
brassicae

Ammonia Nitrosomonas, O2 3–45 20
Nitrobacter

Ethanol Trichosporon O2 3–30 30
brassicae

Nystatin Saccharomices O2 1.2–800 —
cerevisiae

Nicotin amide Escherichia NH3 28–200 mM/l —
coli

Nicotinic acid Lactobacillus pH 10–2–5 30
arabinosus

L-glutamic acid Escherichia CO2 8–800 20
coli

Mutagenes Bacillus O2 1–10 —
subtilis

Ascorbic acid Enterobacter O2 4–700 �M/l —
agglomerans

BOD1 Trichosporon O2 3–60 30
cutaneum

1BOD = biological oxygen demand
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light intensity emitted by photobacteria (luminobacteria) is dependent on their
metabolic activity. Therefore, high-sensitivity microbial biosensors can be con-
structed by combining photobacteria with a photo detector (PEM or photodi-
ode). Luminescence is strongly influenced by changes in external conditions.
Therefore, the concentration of nutrients required by the microorganisms (e.g.,
glucose, amino acids) and inhibitors of their luminescence (e.g., toxicants,
heavy metals) can be measured (Karube and Nakanishi, 1994).

7.3.2 Tissue-Based Sensors

This group of sensors employs intact tissue slices from living things as bio-
catalytic membranes combined mostly with electrochemical, but potentially
also with other transducer types. With animal tissues, surprisingly good sta-
bility and lifetime have been achieved, but the results with plant tissues (the
botanical biosensors) are also promising. Their great advantages over micro-
bial sensors are that they have no immobilization problems, the decayed or
inactivated tissue can easily be replaced, and there is no need for membrane
preparation. One tissue slice can be used in combination with several trans-
ducer types for different purposes. The lifetime can be considerably extended
by cooling and by adding preservatives to inhibit bacterial or yeast growth
(Buerk, 1993). Table 7.5 summarizes a few examples (Macholán, 1991).
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TABLE 7.5 Tissue-Based Biosensors. (Used with Permission from Macholán,
1991, p. 351, Courtesy of Marcel Dekker Inc., New York.

Detection Range,
Analyte Tissue Transducer mM/l Lifetime

L-glutamine Porcine NH3 0.064–5.2 6 months
kidney (at 25°C)

L-glutamic acid Yellow CO2 0.2–13. 1 month
squash (at 4°C)

L-ascorbic acid Cucumber O2 0.004–1.0 5–6 days
peel

Hydrogen Bovine O2 from 0.01 1 day
peroxide liver

L-tyrosine Sugar beet O2 0.03–0.9 8 days
Guanine Rabbit NH3 0.013–0.3 7 months

liver (at 25°C)
Adenosine- Rabbit NH3 0.05–10. 7 months

monophosphate muscle (at 25°C)
Dopamine Banana O2 0.2–1.2 2 weeks

pulp
Oxalate Banana CO2 0.1–2.0 10 days

pulp (at 4°C)
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7.3.3 Microphysiometers

The microphysiometer is a sensor-based instrument designed to measure
the metabolic rates of a small number of cultured living cells, actually mea-
suring extracellular pH changes (acidification) induced by the cellular metab-
olism. The latter responds to a variety of external stimuli, such as the pres-
ence of toxic or irritating substances, chemotherapeutic agents, antiviral drugs,
and various receptor ligands (Bousse et al., 1991).

Living cells constantly consume free energy for a variety of purposes, such
as maintaining chemical concentration gradients, mechanical motion, and the
synthesis of biological molecules. This energy is present in the form of ATP
and must constantly be replenished. A variety of catabolic pathways exist in
which nutrient compounds are broken down to provide energy in the form of
ATP. The two major pathways are aerobic respiration, a complex breakdown
of glucose, with CO2 as the ultimate product, and glycolysis, which is the con-
version of glucose to lactic acid without the presence of oxygen. Since part
of the carbon dioxide is hydrated into carbonic acid, in both cases, the end re-
sult of an energy-yielding metabolic pathway is an acidic substance. The me-
tabolism of living cells, therefore, tends to acidify the extracellular environ-
ment. If the volume of the acidic substance produced during the observation
period is comparable with the volume of the overall closed compartment, a
continuous pH shift can be measured according to the rate of metabolism. The
smaller this volume, the larger the pH change that can be measured. The slope
of the pH change via time is characteristic for the metabolic rate in a given
volume. The metabolic rate depends on a number of environmental conditions,
the influence of which can be detected. Since the effect is nonselective,
multiple-channel monitoring is desired in which not only the effects of samples
but also of reference solutions can be followed simultaneously. Thus, the var-
ious effects can be better screened, separated, or compensated.

The acidification of the exracellular fluid cannot be maintained unlimitedly
without damaging the living organisms. Moreover, the feeding reagents are
also consumed in a small closed system. Therefore, a material transport is
needed to remove waste and deliver feeding material continuously. In the sta-
tionary operation mode, the cultured cells are placed into a flow-through cham-
ber supplied with a continuous carrier flow while the pH difference between
the inlet and outlet is monitored. When injecting reagents into the carrier
stream, peaks on the curve can be observed. The great advantage of this method
is the short response time, but since it consists of measuring a very small pH
difference, it tends to be noisy and sensitive to flow-rate fluctuations. In the
kinetic method, the flow is periodically stopped and the rate of pH change in-
side the chamber is measured with a single sensor. The time resolution of this
method is less, but the rate of pH change can accurately be measured by us-
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ing enough data points, moreover, it is independent of the absolute calibration
of the pH sensor.

The rate of pH change is determined not only by the metabolic rate (R) pro-
ducing dn H� ions during a period of dt (R � dn/dt), but also by the cham-
ber volume (V) and its pH buffering capacity (�v) defined by the following
expression:

dn/dpH � �vV (7.25a)

In applying small chambers, the surface area (A) and its buffering capacity
(�a) must be considered:

dn/dpH � �vV � �aA (7.25b)

from which the rate of pH change inside the microvolume reaction chamber
is:

dpH/dt � R/(�vV � �aA) (7.26)

Based on the preceding description, the requirements that the sensors must
fulfill can be listed as follows:

• In order to create a microvolume, small geometrical sizes are required;
the goal is to have linear sizes in the range of 10 �m.

• A multichannel structure is desired.
• High-resolution and low-noise measurement techniques are needed; the

total pH change is in the order of 0.1, thus, a millipH resolution is neces-
sary. Noises and interferences must not exceed this level.

• Rapid measurement should be available; the rate of pH change should be
determined within a few seconds, otherwise, the time resolution will be
inappropriate.

• Low drift is a typical rate of extracellular acidification in a small realiz-
able volume, about 10–100 millipH/min. Thus, the drift must be lower
than 1 millipH/min. Supposing a Nernstian electrode response (59 mV/
pH), this allows a maximum drift level of 1 �V/s for the electrode.

• The sensor must survive at 37°C in physiological saline for a reasonable
length of time.

The sensor that was chosen to meet these requirements is a type of silicon
field-effect device called a light-addressable potentiometric sensor (LAPS).
The schematic diagram of the sensor is shown in Figure 7.27(a) (Bousse and
Parce, 1994). It consists of an electrolyte/insulation/silicon capacitor that is il-
luminated from the back by an AC-modulated light source at a wavelength
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FIGURE 7.27. Schematic structure (a) and measurement setup (b) for a light addressable
potentiometric sensor (LAPS) microphysiometer device. (Reproduced with permission from
L. Bousse and W. Parce, “Applying Silicon Micromachining to Cellular Metabolism,” IEEE
Engineering in Medicine and Biology, June/July, pp. 396–401, ©1994, IEEE.)
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short enough to generate carriers in silicon (usually 940 nm). The isolating 
film is Si3N4, that acts as a pH-sensitive membrane modulating the surface
potential and, therefore, the conductivity in the silicon similarly to the chan-
nels MOSFETs. The generated AC photocurrent is dependent on the surface
potential; thus, the pH value of the electrolyte can be measured by means of
this effect. Compared to other field-effect silicon sensors, the LAPS has no
front-side leads or wires to isolate and encapsulate. The light addressing en-
ables the multiplexed readout of parallel channels, even when they are on the
same substrate.

The measurement system [shown in Figure 7.27(b)] needs several compo-
nents in the fluid path, including a pump to drive fluid flow (with periodic in-
terruptions), a valve to switch a new solution to the cells with the sample in-
jected, and a debubbler to remove air bubbles and reduce the dissolved gas
(usually air) to inhibit bubble formation when the solution is heated up from
room temperature to 37°C, since bubbles inside the chamber could destroy the
measurement. “Debubbling” is achieved by using heat or vacuum to drive the
dissolved gas through a gas permeable membrane.

An example of the sensor output during metabolic rate detection is shown
in Figure 7.28, together with the rate data that follow from it. As illustrated,
an important capability of a microphysiometer is the ability for real-time de-
tection of receptor/ligand interactions. The response to the sample ligand is
quite rapid; the maximum response is achieved within 25 seconds. The de-
tection of cellular metabolism gives direct evidence of the activation of a re-
ceptor. This is valuable for drug screening in pharmacology, as well as for
various applications in cell biology, toxicology, and environment measure-
ments. It contains more information than binding measurements, which only
tell that a compound binds to a cell.

A great advantage of the LAPS device structure is that multichannel sys-
tems can be fabricated by silicon micromachining. Figure 7.29 shows a three-
dimensional view and a schematic cross section of an eight-channel flow-
through chip, with a glass coverslip, LEDs, and fluid connections (Bousse and
Parce, 1994). Flow channels are formed by etching channels into the surface
of a silicon chip and placing a cell-coated glass coverslip over them so that a
seal around the channels is formed. The access to these channels must be
through the chip itself, from the back, and is available through holes made by
anisotropic etching from both sides of the silicon. The active pH-sensitive area
of the silicon is covered with a thin Si3N4 film, and the other parts are iso-
lated from the solution with a thick SiO2 layer. The photocurrent measure-
ment pads are deposited on the backside of the silicon. The counterelectrode
may be deposited onto the glass as a thin film or may have contact with the
solution outside of the device. The volume of the sensing location inside the
microchamber is in the range of 0.1 �l. Recently, a new method has also been
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FIGURE 7.28. Typical output signal of a LAPS device (a) and plot of the slopes of the pH
change/time data during the flow-off periods, obtained by least squares fitting (b). The in-
crease in metabolic rate caused by the addition of the receptor stimulating ligand can be
seen well. (Reproduced with permission from L. Bousse and W. Parce, “Applying Silicon
Micromachining to Cellular Metabolism,” IEEE Engineering in Medicine and Biology,
June/July, pp. 396–401, ©1994, IEEE.)

developed to culture different adherent cell types at thirty-two locations of the
chip by fabricating four active areas in each channel, thereby increasing the
information throughput by a factor of four (Bousse, 1996).

Another approach for monitoring cellular viability, position, adhesion, and
response to external stimuli is impedance imaging, in which the impedance
characteristics of individual cell/electrode systems are used for characteriza-
tion (Borkholder et al., 1996). A planar microelectrode system consisting of
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FIGURE 7.29. Realization of a LAPS device by means of silicon micromachining: (a) the
structure of a multiple channel device and (b) schematic cross section of an individual cell.
(Reproduced with permission from L. Bousse and W. Parce, “Applying Silicon Microma-
chining to Cellular Metabolism,” IEEE Engineering in Medicine and Biology, June/July, pp.
396–401, ©1994, IEEE.)
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thirty-six platinized iridium electrodes (10 �m diameter) deposited onto an
oxidized silicon surface was used as a substrate for the culture of cells. Elec-
trode impedance is monitored across the array as different environmental fac-
tors are changed. Maps of electrode impedance have been shown to correlate
directly to cell positioning over an electrode and general cellular viability.

7.3.4 Neuronal Biosensors

Receptor neurons are actually living transducers of animals and human 
bodies. When stimulating the receptors, action potential impulses are generated
that propagate along the axon. The frequency of action potential impulses is
a function of the stimulation intensity. If a neuron is removed from the body
and the action potential is measured by a simple microelectrode, a biosensor
is created in which not only the receptor, but also the transducer, originates
from a living thing.

The first neuronal biosensors were prepared with antennae of various crabs
and animals (Buch and Rechnitz, 1989). These contain specialized chemosen-
sory cells that allow the animal to locate food. The antennae was dissected
free, and a sensory nerve was exposed. The nerve was implanted with a glass
microelectrode filled with physiological salt solution for standard neurologi-
cal recording of nerve activity spikes in response to chemosensory simulation.
The effect of various biomolecules was monitored by an oscilloscope. Ac-
cording to the concentration of stimuli, such as amino acids, hormones, or
toxins, the neuronal biosensor gives a varying frequency output, and the re-
sponse is very quick and sensitive. Figure 7.30 shows the structure and oper-
ation of such sensors. They are sensitive for several compounds and insensi-
tive for a number of other ones, depending on the type of antennae (Buerk,
1993). The frequency characteristic is nonlinear with a basic frequency of
30–80, and a maximum around 150 spikes/second. Depending on the analyte,
the sensors could be used in the concentration ranges of 10�10–10�4 M/l with
nonlinear, saturation characteristics, and also limited linear regions. The life-
time of the neuronal living biosensor was only 8 to 10 hours.

7.4 DIRECT METHODS FOR MONITORING 
BIOACTIVE COMPOUNDS

The detection of large-molecular-weight bioactive compounds is possible
not only with biosensors, but also with conventional chemical sensors as well.
The great advantage of these methods for biomedical applications is that they
do not employ compounds of living things, which are the most critical life-
time limiting factors. Their common disadvantage is the poor selectivity.
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Since the detection of those analytes that are the substrates of biosensors
are discussed, they are placed into this chapter, however, the devices and meth-
ods belong in Chapter 6 which deals with chemical sensors. The greatest ef-
forts have been made for detecting glucose, therefore, the examples are given
for this analyte in the following sections.

7.4.1 Direct Electrochemical Sensing of Glucose

The use of direct electrochemical reactions for glucose sensing, without the
presence of an enzyme catalyst, began more than twenty years ago. The first
approaches almost entirely employed the concept of glucose oxidation. The
prospectives that glucose is an aldehyde and can be oxidized to an acid and
reduced to an alcohol, and that this reduction and the redox couple could be
utilized for a more selective sensing process, were exploited only much later.
Amperometric, and later, voltammetric, methods have been used in the direct,
three-electrode electrochemical technique. Most sensors employ platinized
platinum for working and counterelectrodes, sometimes carbon for the latter
one. The reference is usually Ag/AgCl electrode. The physiologic buffer so-
lution provides sufficient chloride ions for the stability of the reference. In
amperometry, the oxidation current of glucose was measured at a constant po-
tential. The greatest disadvantage of this method was nonselectivity and a grad-
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FIGURE 7.30. Example of a biological element with chemosensory transduction—the an-
tennae of an animal. Neural action potential frequency increases with the concentration of
analyte. (Used with permission from Biosensors, Theory and Applications by D. G. Buerk,
©1993, Technomic Publishing Co., Inc., Lancaster, PA, p. 190.)
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ual loss in catalytic activity of the working electrode. Special techniques of
cyclic voltammetry can assure better selectivity (Yao, 1991):

• The overall voltammogram contains several peaks that are characteristic
for glucose. When evaluating them together, some interference may be
screened out.

• With the use of suitable potential waveform, the interference of amino
acids on glucose signals can be suppressed.

• By applying a technique of differential pulse voltammetry, interferences
by low-molecular-weight substances, such as urea, can be reduced in the
linear response range of the glucose signal.

• The compensated net charge method involves the mathematical integra-
tion of the current of a cyclic voltammogram over one complete cycle.
Several interferences can significantly be diminished in this way.

• Low-potential cyclic voltammetry, an alternative approach for the en-
hancement of the selectivity and sensitivity of the working electrode, is to
operate the voltammetry within a narrow potential range where the glu-
cose signals are most pronounced and where the electrode is less suscep-
tible to interferences. Figure 7.31 shows the complete cyclic voltammo-
gram system of glucose in the range from �1.00 to �1.00 V, and Figure
7.32 shows the reaction mechanisms responsible for the different peaks.
Two distinct and well-defined redox current peaks can be seen in the low
negative range: a reduction peak at �0.80 V in the cathodic scan and an
oxidation peak at �0.72 V in the anodic scan. The peaks represent a re-
versible redox couple in which the adsorbed hydrogen species generated
by the interaction of Pt surface with glucose molecules have the deter-
mining role according to the mechanism shown in Figure 7.32(a). The re-
duction peak at �0.65 V is generated by the irreversible reduction of glu-
cose to sorbitol through the mechanism shown in Figure 7.32(b). In the
actual glucose sensing, the potential range of the cycle is confined to a
narrow region, from �0.9 to �0.4 V, which is rather free from interfer-
ences, since amino acids, carbohydrates, urea, etc., are all oxidizable in
the high and positive potential range (versus Ag/AgCl). The response
time, that is, the time of cycle, can be reduced to less than 1 min. This
would be a suitable response time for monitoring the glucose level of
blood. The inflection points of the voltammograms can be used for cali-
bration of the sensor in vivo. The sensing method needs further improve-
ments before it can be studied in vivo. These include the use of a differ-
ential pulse technique to enhance selectivity, to rejuvenate the activity of
the electrode, and to develop a glucose permeable membrane to cover the
electrode, preventing the passage of macromolecules that can poison the
electrode.
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7.4.2 Direct Optical Approaches

The measurement of glucose optical rotation activity on a plan-polarized
light has been used for the determination of D-glucose concentrations in phys-
iologic fluids: supposing a constant optical path length, the rotation angle is
a function of the concentration.

Miniature optical integrated systems have been fabricated for such in vivo
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FIGURE 7.31. Cyclic voltammograms of glucose. (Reprinted after Yao, 1991, p. 238, cour-
tesy of Marcel Dekker Inc., New York.)
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polarimetry measurements. A (780 nm wavelength) laser diode/photodiode
pair was mounted facing each other across a short (ca. 10mm long) V-groove
created by anisotropic etching into a silicon substrate. The V-groove, isolated
with Si3N4 and covered with a semipermeable membrane, serves as a reser-
voir for the glucose solution. Both diodes were covered with polarizator films
oriented perpendicularly to each other. The output signal is the current of the
photodiode, which is equal to the dark current if the reservoir does not con-
tain glucose, and its intensity is a function of the glucose concentration. Amino
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FIGURE 7.32. Mechanisms responsible for voltammetric peaks of glucose: (a) a reversible
redox process couple at �0.8 V and �0.72 V, respectively and (b) an irreversible reduc-
tion of glucose at �0.65 V. (Reprinted after Yao, 1991, p. 239–240, courtesy of Marcel
Dekker Inc., New York.)
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acids and other blood or tissue fluid compounds having optical rotation ef-
fects may cause interferences, and thus, the efficiency of the permselective
membrane has a significant effect on the operation (Burk et al., 1987).

The detection of some biomolecules (glucose and urea) was also investi-
gated by an optical sensor based on laser-excited SPR (see Section 3.6). The
operation is based on SPR angle shifts caused by the refractive index varia-
tion external to the metal surface (Namira et al., 1995). Its practical applica-
tion is not realistic at present, because of the selectivity problems.

7.4.3 Infrared Spectroscopy

Infrared spectroscopy is a technique of organic analytical chemistry that
employs infrared absorption spectra of analytes for qualitative, quantitative,
and structural analysis based on the phenomenon that various molecular groups
and bond types give specific peak configurations in the spectra.

A unique property of infrared multiple attenuated total reflectance (ATR)
spectroscopy is that these spectra from an analyte are independent of the sam-
ple thickness. The basis of operation is that the reflectance spectrum of a large-
refractive-index optical waveguide/sample analyte interface may be charac-
teristic for the sample composition. The measurement could easily be realized
in vitro, and, by means of an optrode structure, also in vivo, invasively.

At first, the resonance peak at 9.676 �m characteristic for the C�O bond
of glucose molecules was used for measuring glucose concentration applying
a tunable CO2 laser light source. In vitro study of glucose in whole blood gave
a resolution of 1.6 mM/l. Since the interference of all blood-constituting mol-
ecules having C�O stretching vibration is the major problem, a multiple wave-
length approach is necessary (Mendelson et al., 1990).

A system for in vitro spectral analysis of human blood serum was realized
recently, based on ATR fiber-optic evanescent wave spectroscopy using a
Fourier transform infrared spectrometer. The blood serum samples were in-
troduced into a special cell designed for the analysis, with an IR transmitting
silver halide fiber as the sensing element. The fiber was in direct contact with
the sample. The transmission spectra were analyzed by models of neural net-
works, which is an effective tool for multicomponent analysis with undefined
nonlinear cross-sensitivities. The concentrations of protein and cholesterol in
uric acid in human blood serum were obtained with good correlation with or-
dinary analytical methods. The method can be used for in situ real-time blood
analysis (Gotshal et al., 1997).

The great prospective of multiple infrared ATR spectroscopy is the possi-
bility of noninvasive blood glucose determination through the skin using the
skin’s “transmission window” that exists in the near infrared region from 0.7
to 2.5 �m wavelength.
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Molecular transitions that occur within the NIR spectrum are associated pri-
marily with overtones and combinations of fundamental CH, NH, and OH vi-
brational transitions (Arnold, 1996a, 1996b). The fundamental transitions are
much stronger and appear in the midinfrared region. Unfortunately, water
strongly absorbs midinfrared radiation, which limits the depth of penetration
into the human body to only a few hundred micrometers, which makes it im-
possible to perform noninvasive blood analysis. The fact that CH, NH, and
OH stretches can be observed also in the NIR spectrum, where the absorption
of water is much less, enables the potential noninvasive application of NIR
spectroscopy. Absorbance features directly associated with the glucose mole-
cule are present in the long-wavelength portion of the NIR spectrum. These
features represent overtone and combination bands associated with CH vi-
brations within the glucose molecule, and make this region preferred in terms
of potential measurement selectivity and sensitivity. Since other organic mol-
ecules also show CH vibrations, their interference cannot be eliminated. The
only solution could be the multivariate calibration analysis using principal
component regression with partial least squares method or neural network
analysis. The description of these techniques is out of scope of this chapter,
but more about this topic can be found in the literature (Small and Arnold,
1998; Burmeister et al., 1998; Hazen et al., 1998a; Arnold et al, 1998). Great
research efforts have been done recently to realise such multicomponent analy-
sis systems for measuring glucose, cholesterol, urea, triglycerides, and lactate
in vitro (Hazen et al., 1998b). It must be stressed, however, that no one has
ever successfully demonstrated an ability to measure in vivo glucose levels in
a noninvasive manner (Arnold, 1996). On the other hand, the tremendous po-
tential of this approach will continue to drive advancements in both spectro-
scopic and computer-based data analysis technologies.

In the near infrared (NIR) spectroscopy, photoacoustic interactions (excited
by pulsed laser beam) cause absorption peaks in the spectrum that are more
characteristic to the molecular weight and shape than the peaks characteristic
for C-H bond resonance effects. Using a laser photoacoustic NIR spectroscopy
at the wavelength of 1.7 �m, a relative absorption change of 20% was meas-
urable within the concentration range from 0 to 50 mM/l. However, it is en-
visaged that any device will use multiple wavelengths for the analysis (Chris-
tison, 1993). Recently, the evaluation method was combined with a skin
electrical impedance measurement to detect hypoglycemia (Pruna, 1995). NIR
spectroscopy has also gained attention as a possible noninvasive method for
monitoring blood oxygen (Liem et al., 1992).
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CHAPTER 8

Biocompatibility of Sensors

A serious problem with all devices used in contact with tissue is that of bio-
compatibility, especially hemocompatibility when they are used in contact with
blood. Since biocompatibility is a special issue of biomedicine, the present
description is restricted only to some special problems of sensor applications.

The implanted device and blood need to coexist, in such that the device will
function in the way intended and blood and tissues will not be adversely af-
fected by the presence of the device. Insertion of catheters and catheter-tip
sensors may stimulate a number of processes, which could lead to the failure
of the sensor or blockage of the catheter due to the formation of fibrous de-
posits and blood clotting. Moreover, the presence of the device may cause a
hazard to the patient due to the possible release of toxic products into the
blood or body fluid and due to the increased possibility of thrombosis caused
by the production of charges or current leakage exterior of the sensor.

Blood-clotting time is the most obvious indication of the biological in-
compatibility of materials that are in contact with blood. Blood-clotting time
data in terms of percentage are presented in Table 8.1 for twelve different ma-
terials that are widely used in biomedical sensor technology (Poghossian,
1995). Blood coagulation time of PTFE, which is considered to be one of the
most inert and biocompatible medical polymers having data from 11 to 13
min, was taken as 100%. Unfortunately, inorganic silicon-based and glassy
surfaces show very short blood-clotting time below ten minutes. This is much
less than the lifetime even of the most unstable sensor types. Thus, the length
of the possible monitoring period using invasive sensors is mostly limited by
incompatibility problems and not by the sensor’s lifetime, even when this al-
lows only a few hours of operation. This is why sensor and catheter surface
design by fabrication procedures and by surface modification has become a
key issue of invasive sensor research and development.
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A simplified form of the cascade of the most important reactions following
contact between blood and the catheter sensor is generally described as fol-
lows (Rolfe, 1994):

• protein adsorption
• platelet adhesion
• platelet aggregation
• fibrin formation
• thrombus formation

There are several approaches to decrease blood coagulation possibilities on
sensor surfaces that are described as follows.

Protein adsorption control. The deposition and attachment of the first layer
of macromolecules is of critical importance. Proteins are bound to the surface,
for example, by an electrostatic bond between charged groups on the surface
and opposite charges on the protein. It is supposed that the negative surface
charge appears as a result of electrochemical phenomena at the foreign body—
blood interface prevents the adsorption of negatively charged proteins of the
blood plasma that stimulate thrombus formation (Poghossian, 1995). Surface
texture and chemistry are also important influencing factors. Generally, smooth
surfaces will allow a lower rate of protein adsorption than rough surfaces, and
plasma proteins have a greater affinity for hydrophobic material surfaces than
for hydrophilic ones (Mannhalter, 1993). The adsorption is extremely low on
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TABLE 8.1. The Average Time for the Beginning of Blood Coagulation on
Various Materials (100% Represents 12 Minutes) (Reprinted with Permission
from A. S. Poghossian, “Using the Site-Binding Model for an Explanation of

the Blood Compatibility of Some Materials Used in Biomedical Sensors,
Sensors and Actuators B, 24–25,” pp. 159–161, ©1995, Elsevier Science

S.A., Lausanne, Switzerland.)

Material Type Blood Clotting Time, %

PTFE 100
Si3N4 70–72
Ta2O5 70–72
Al2O3 70–72
Al 66
PVC 58–62
Akrylate glue 58–62
Photoresist 58–62
Epoxy 58–62
SiO2 52
Si (n wafer) 44
Pyrex glass 38
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hydrogels that are very useful on sensor surfaces for a number of other rea-
sons as well (see Figure 6.6).

Thrombus formation control. Protease inhibitors (e.g., antithrombin III) can
inactivate the coagulation enzymes, particularly thrombin, the inactivation of
which means that fibrin is not formed from fibrinogen, and so the clot is not
formed. Heparin is a sulphated polysaccharide, providing an anticoagulant ef-
fect by accelerating the inactivation of proteases that work within the coagu-
lation cascade. Heparin can be infused with saline directly into the patient, re-
sulting in a more general anticoagulation, which is often not desired. Heparin
immobilization, especially by its covalent bonding onto polymeric surfaces
seems to be an appropriate solution for sensor applications (Vulic et al., 1993).

Despite significant improvements in the understanding of the critical
processes of blood clotting, only limited success has been achieved in modi-
fying these processes in order to improve sensor performance. The best ap-
proach seems to be, therefore, the application of the new results of cellular
engineering.

Cellular mimicry. Vascular endothelial cells, which line the blood vessels,
interact very favorably with blood and ensure freedom from thrombus forma-
tion. The cell membrane is structured as a phospholipid bilayer, with the ex-
ternal surface having an appropriate charge distribution to provide an ideal in-
terface with plasma proteins and blood cells. Phospholipid bilayers can be
produced using the Langmuir-Blodgett technique, and for improving their me-
chanical stability, they might be polymerized on sensor surfaces (Rolfe, 1994).
Another new promising approach is endothelial cell adhesion to polymer sur-
faces to obtain biocompatible devices.

Platelet adhesion/activation blocking by NO release. The variety of bio-
logical functions of nitric oxide (NO) caused the wide interest in chemistry
of this radical molecule during the last ten years. This completely new method
is based on fabricating implantable sensors with outer polymeric films that
slowly release low levels of nitric oxide locally, at the implant site. Such
in situ release of NO should prevent platelet adhesion/activation on the sur-
face of the sensors and, concomitantly, could provide sustained release of NO.
The feasibility of this method was demonstrated with novel NO donor com-
pounds (e.g., diazeniumdiolates) that were built into polymeric films on elec-
trochemical blood-gas sensors. Results from in vitro and in vivo platelet ad-
hesion studies indicate that the polymers that release NO exhibit greatly
enhanced biocompatibility compared to corresponding blank polymer films
formulated without the NO release chemistry (Meyerhoff et al., 1998).

Invasion of the body with implantable devices also demands the use of tested
sterilization protocol. According to International standards, the term “sterile”
means free from viable microorganisms. From a product point of view, it
should mean that there is no risk of infection when the patient uses this prod-
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uct. Several pharmacopoeia demand a sterility assurance level (SAL) of 10�6,
i.e., among 1 million objects sterilized, only one object is allowed to be non-
sterile. Various strategies are currently employed and researched in biomed-
ical sensorics to achieve sensor sterility since bacterial contamination of de-
vices may reduce the local biocompatibility and cause reaction against the
implant.

The most effective conventional methods of sterilization comprise either
moist or dry heat that are unsuitable for enzymatic biosensors (Rigby, 1994).
Sterilization by means of gas (ethylene hydroxide) and chemical exposure
(thiomersal) have associated problems with enzyme degradation, problems of
absorption and retention when used with polymeric materials (acting as car-
cinogens), and may often result in toxic effects to the local environment. Ex-
posure to a controlled dose of gamma radiation (2.5 MRad) from a 60Co source
affords the safest, most reliable reduction in bacterial challenge and confers
minimal effects even on enzymatic sensors (Koudelka-Hep et al., 1993).

Three combinations for glucose sensor sterilization are recommended
(Woedke et al., 1998):

• action of low concentrated hydrogen peroxide parallel to low-dose
gamma irradiation

• universal homogenous ultraviolet (UHUV) irradiation followed by low-
dose gamma irradiation

• UHUV irradiation followed by the action of inclusion compounds of ten-
sides with hydrogen peroxide in urea

Recent anxieties from HIV infections caused by clinical devices have
changed the general opinion about recycling and sterilization of blood-con-
tact medical tools. It seems that the application of disposable low-cost devices
is much more desirable in this field than the use of very special sterilization
methods causing high costs and possible hazards both for devices and patients.

A recent trend is that sensors for invasive applications should belong in the
nearest future to the category of low-cost, disposable elements that are de-
signed for a stable operation within a single monitoring period, ranging from
a few minutes to a maximum of one day.
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CHAPTER 9

Summary and Future Trends

Detection techniques, sensing effects, sensor structures, and their present
status is summarized in Tables 9.1, 9.2, and 9.3 (without the demand of cov-
ering all available types) of this chapter according to the various biomedical
application fields distinguished into the following groups:

• medical imaging appliances
• appliances for personal and clinical use
• sensors mainly for clinical and laboratory applications

The wide variety of biomedical sensor applications is obvious from the ta-
bles. Because of this wide variety, any statement about present status and po-
tential development must be carefully adjusted according to the sensor type
and its application technique. Although, therefore, it is rather difficult to draw
general conclusions, some trends could be highlighted that are typical for par-
ticular sensor groups. From this aspect, physical sensors should be distin-
guished from chemical and biosensors.

The rather well-described transduction effects of physical sensors, as well
as the rapid and continuous development resulting in integrated smart sensors
and sensor arrays with increasingly better performances (such as signal-to-
noise ratio, long-term stability, reliability, etc.) and lower costs results in the
fact that potential application fields are gradually invaded by them. Their ap-
plication is concentrated mainly on the following areas:

• medical imaging appliances: The application of sensors enabled not only
the practical realization and several generations of new appliances (such as
ultrasound-echo, CT, MEG, etc.), but also the introduction of computer-
aided image processing into conventional imaging areas (like radiology).
Great progress can be predicted for the latter areas in the near future.
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• small personal and portable electronic diagnostic devices (such as blood
pressure meters, thermometers, etc.): Their widespread, low-cost commer-
cial availability is based mainly on the application of sensors. Electronic
data storage and processing enabled the clinical or ambulatory monitoring
of the measured parameters.

• invasive measurements: The miniaturization of sensors enabled the direct
continuous intravascular monitoring of parameters such as blood pres-
sure, temperature, and flow rate, which has given new practical tools for
clinical diagnostics. Although commercial products are available, their
practical potentials have not yet been fully exploited.

The situation is much more contradictory in connection with chemical and
biosensors. Chemical and biosensor technologies can play an important role
in the documentation and improvement of public health by finding applica-
tion in areas where rapid detection, high sensitivity, and specificity are im-
portant. Clinicians or patients also need a way to monitor the concentration
of several key metabolites of the human body in many diseases. Great efforts
have been made recently to extend the conventional clinical in vitro chemical
analysis with the possibilities of chemical and biosensors. Although several
hundreds of papers are published about research results, there are only a few
well-defined areas where they really have found commercial applications:

• blood oxygen monitoring: Both intravascular and transcutaneous sensors
have already been commercialized, but their application is rather limited.
The easy and reliable operation of noninvasive oximeters, relying practi-
cally on physical sensors, keeps physicians from using the former two
techniques that are somewhat harmful and more risky.

• continuous in vivo monitoring of key metabolites: The sensors can oper-
ate inside the body for a given period and give information on an analyte
concentration; this approach can be used to establish real-time feedback
control and treatment. The most important breakthrough has been made
with glucose in applying the sensors in microdialysis systems.

• portable screening appliances for personal use or for fast screening tests
performed by physicians: This area is also currently dominated by glu-
cose test meters, however, the application of sensors has not exclusively
replaced conventional photometry in such appliances. The main reason of
this is that the possibilities of integrated multisensor-based systems for
multianalyte testing have not yet been exploited. Commercially available
medical enzymatic biosensor production is fully (98%) dominated by glu-
cose sensors (http://www.cranfield.ac.uk/biotech/biomark.htm). The rest
of the portion is for lactate, urea, and creatinine.

• affinity sensors: The greatest breakthrough of recent years is that two
affinity sensors have gained commercial success: SPR immunosensors for
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pharmaceutical research and DNA chips for genetic diagnostics and 
research (http://www.biacore.com, http://www.affimetrix.com,
http://www.nanogen.com). Since they are applied for in vitro testing, the
patient contact problems do not limit their rapid spread.

In spite of these commercial successes, however, even today, commercial-
ization of sensors for the chemical, bioprocessing, and clinical diagnostic in-
dustries is rather limited in comparison with the great number of research re-
sults. Commercialization of most chemical sensor and biosensor technologies
has continued to lag behind research by several years (Weetall, 1999). The
reasons are complex. The large number of research articles related to the well-
elaborated glucose sensor topic indicates that a number of problems still ex-
ist. There have always been cost considerations, and this includes the poor in-
tegration of many biosensor and chemical sensors into easy-to-use systems.
An ever-existing problem of biosensors is the poor stability for long-term op-
eration, which may be overcome with disposable sensors. A clear requirement
for the successful commercialization of these devices is an applications need,
either established or successfully predicted. In addition, the technology must
offer advantages over existing technologies. There are still major barriers to
the citizen-oriented application of sensors for the clinical diagnostic indus-
tries. Many of these barriers are not technical and include technology trans-
fer, funding in early stages of development, and establishment of effective in-
terdisciplinary partnerships. The other part of the barriers is technical and
includes such specific concerns as follows:

• proper placement of the chemical or biocomponent on microfabricated
devices

• reproducible placement of nanoliter quantities of biocomponents
• stabilization and storage of biosensors and biosensor components under

an assortment of conditions
• improvement of electron transfer and mediation in electrochemical sens-

ing devices to eliminate effects of contaminants
• methods of producing inexpensive, reliable, and sensitive biosensors in

large quantities
• internal calibration and reference
• in vivo biosensors that are biocompatible and can remain in the body for

weeks or months
• market diversity
• lack of company integration for production of chemical sensor or biosen-

sor systems

The stability of biosensors remains a prime issue in the manufacture and
deployment of these devices into many application areas in the real world. If
stability remains a secondary issue in academic publications, in commercial
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terms, it is of paramount importance. Stability can be subdivided into two
main areas: shelf-stability, which is a measure of the storage capacity of the
manufactured device, and operational stability, which is a measure of the
longevity of the device in use. In many cases, operational stability is the de-
scribed parameter in the literature, whereas in commercial applications, it is
shelf stability that is more important. Indeed, in many cases, there is no need
for operational stability as the commercial devices are disposable.

The most important technical and innovative concerns for finding a citizen-
oriented road map for biosensor application can be summarized as follows:

• to find a specific application area where the possibilities of biosensors in-
disputably exceed those of the presently available technologies

• to establish an appropriate interdisciplinary cooperation between research
centers and industry for production of biosensor systems

• to design inexpensive, single use, reliable, sensitive, and specific devices
that exceed the possibilities and can perform these tasks at a low cost to
the user

The indications are that sensor technology could follow the same trends as
microelectronics (Turner, 1996). As chemical analysis becomes simpler and
more widely available, one can expect to see a proliferation of uses in con-
junction with microprocessors and telecommunications equipment. Equipment
capable of acquiring data as well as processing it could find wide application
in monitoring personal health. In order to facilitate this analytical revolution,
biosensor technologists must resolve the remaining problems hindering the
exploitation of biological molecules and their analogues in conjunction with
microelectronics.

A more detailed description about the history and potentials of biosensors
is given in the references.

9.1 REFERENCES

Turner, A. P. F., “Biosensors: Past, Present and Future,” (1996) http://www.cranfield.ac.uk/biotech/
chinap.htm.

Weetall, H. H., “Chemical Sensors and Biosensors, Update, What, Where, When and How,”
Biosensors and Bioelectronics, Vol. 14 (1999), pp. 237–242.

References 321

CHAPTER09  2/15/00 7:53 AM  Page 321





APPENDIX 1

Sensor for Hemodynamic Pressure
Monitoring in Invasive Applications
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By courtesy of HIPOT, Slovenia (thanks to Mr. Darko Belavic).
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APPENDIX 2

Pressure Sensor Chips for Invasive
Applications Fabricated by Silicon
Surface Micromachining
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By courtesy of Fraunhofer-Institut für Siliziumtechnologie, Germany (thanks to Dr. Berndt
Wagner).
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APPENDIX 3

Transcutaneous Blood Oxygen Sensor
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By courtesy of MELCOM Co., Hungary (thanks to Mr. Imre Göblös).
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APPENDIX 4

Integrated NaCl Probe for
Sweat Analysis
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By courtesy of Dr. Klára Bezegh and Dr. András Bezegh.)
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APPENDIX 5

Flow-Through Cell for Biosensors in
Microdialysis Systems

331

Reproduced with permission from R. Steinkuhl, C. Sundermeier, H. Hinkers, C. Dumschat,
K. Cammann and M. Knoll, “Microdialysis System for Continuous Glucose Monitoring,” Sen-
sors and Actuators B, pp. 19–24, ©1996, Elsevier Science S.A., Lausanne, Switzerland.
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APPENDIX 6

Cost and Reliability Oriented Material
Design Aspects of Electrochemical Cell
Biomedical Sensors*

Electrochemical cells have an essential role in chemical sensors and biosensors. Al-
though a number of other approaches have appeared, electrochemical cells represent
the classical solution for a number of analytical problems. The application of precious
metal electrodes is the main limit of their cost effectiveness. Three main solutions may
be followed to achieve cost reduction:

• replacing high-cost materials with lower-cost precious metals, e.g., applying silver
instead of gold and platinum (carbon has shown instabilities and reliability prob-
lems)

• decreasing the amount of precious metal materials by applying electrodes made
by thick- or thin-film processing

• enabling refreshment methods for the electrolyte and the (semipermeable or enzy-
matic) membrane, thus, the electrode system can be used for a number of mea-
surement cycles, but its long-term reliability must be guaranteed in this case

When turning to lower-cost solutions, reliability deterioration may generally occur;
thus, a careful material design must be performed. This discussion concentrates on the
reliability of the electrode system itself and does not deal with electrolyte and mem-
brane-related problems that are emphasized in the book.

The reliability of the electrode system is strongly dependent on the possible corro-
sion/migration processes that can occur with the applied materials at the particular con-
ditions of use. These important conditions are the composition of the electrolyte and
the applied cell polarization. Since these may vary strongly according to the applica-
tion, a general description cannot be given here. We try to summarize the available
processes causing electrode deterioration the availability of which must be investigated
at the given application field individually.

Electrode processes causing reliability problems may be distinguished as
follows:

333
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(1) Anode consumption. This is especially dangerous when applying thin films. It
occurs in anodic processes that result in the dissolution of the metallic electrode.
In the case of silver, for example (Krumbein, 1994):

Ag r Ag� � e� (A1)

This may lead not only to electrode consumption, but also result in the presence
of silver ions inside the electrolyte. In many cases, the electrolyte contains KCl,
which will prevent the formation of free silver ions by the electrochemical process
characteristic for the Ag/AgCl reference electrodes:

Ag � Cl� Cc AgCl � e� (A2)

If traces of H2O2 are present [e.g., in enzymatic reactions and also in oxygen sen-
sors due to their intermediate formation according to Equation (6.3), characteris-
tic for gold cathodes], their anodic reaction shifts the electrode potential signifi-
cantly to the positive direction, and the silver is continuously converted into AgCl,
resulting again in electrode consumption, thus limiting the lifetime (Cha et al.,
1990). Using Pt-Ag and Pd-Ag conductors, the platinum or palladium, respectively,
reduces the dissolution of silver, but this cannot totally be eliminated. However, at
special ternary Pd-Pt-Ag compositions, the dissolution can be prevented (Harsányi,
1995). These alloys can only be used, however, for counterelectrode materials in
three-electrode cells, but not for reference purposes. In oxygen sensors, the H2O2

production was typically found at gold conductors. The process could be elimi-
nated by applying platinum.

Dissolution may also occur even from Au, Pt, and Pd anodes in the presence of
Cl� ions by the formation of water soluble complexes, such as (Grunthaner et al.,
1975):

Au � 4 Cl� r AuCl4
� � 3 e� (A3)

The tetrachloro-gold complex-ion formation is typical at a standard potential of
1.0 V, which is fortunately out of the polarization ranges applied in most sensor
cells. But, the deterioration may be started even during hazardous transients or spe-
cial calibration cycles that are not kept within the narrow polarization range. The
situation is worse with Pd, which shows similar behavior at a much lower stan-
dard potential level of 0.62 V (Sbar, 1976).

(2) Cathodic deposits. If metal ions are present in the electrolyte due to the anodic
dissolution and/or complex formation and subsequent processes, they can be deposited
on the cathode surface at relatively low polarization levels (Krumbein, 1994):

Men�
r Me � ne� (A4)

This effect not only causes interferences in the sensor signal, but also may lead to
the formation of dendrite-like deposits that can grow through the isolation gap to-
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ward the anode resulting in a catastrophic short circuit failure. High ionic salt con-
centration inside the electrolyte can prevent this process by two ways: one is the
precipitate formation with the possible cations, like in Equation (A2), and the other
is that rather than a continuous film deposition, dendritic growth is typical on the
cathode surface in high conductivity electrolytes. The sensor operation will be,
however, disturbed in this situation as well.

Although the reduction of oxygen is considerable for many metals in neutral
solutions [as shown in Equation (6.3)], hydrogen evaluation as a result of the re-
duction of hydrogen ions (Shan et al., 1992) might also occur:

2 H� � 2 e�
r H2 (A5)

This process cannot be totally disclosed, especially at polarization levels close to 1V
in electrolytes showing some acidity. The hydrogen evaluation can cause the reduc-
tion of isolating oxide compounds that are applied as binder materials in thick-film
conductor and insulator materials (such as CuO and Bi2O3) (Harsányi 1992, 1993):

Me2On � 2nH�
r 2Men� � nH2O (A6)

This process may again lead to metal ion formation that can form deposits and
dendrites on the cathode surface. Moreover, the decomposition of the binder ox-
ides may cause the delamination of the films.

The most important failure mechanisms leading to electrode deterioration in elec-
trochemical cell sensors have been summarized above. All electrochemical processes
on the electrode surfaces are strongly dependent on the electrolyte composition, po-
larization voltage, and cell current density. Since the exact conditions of the various
processes have not yet been determined, a careful design and test process has to be
performed when selecting materials, fabrication processes, and geometrical sizes for
properly adjusting them to the operating conditions.
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GLOSSARY

ABPM Ambulatory Blood Pressure Monitoring
AC Alternating Current
A/D Analog to Digital
ADP Adenosine-5�-diphosphate
AFM Atomic Force Microscopy
APD Avalanche Photodiode
APM Acoustic Plate Mode
ATP Adenosine-5�-triphosphate
ATR Attenuated Total Reflection
BAW Bulk Acoustic Wave
BGO Bi4Ge3O12

BOD Biological Oxygen Demand
bpy 2,2�-Bipyridine
CBI Compton-Backscatter Imaging
CCD Charge Coupling Device
CHEMFET Chemically sensitive FET
CMOS Complemented MOS
CT Computer Tomography
CTA Constant Temperature Anemometry
CVD Chemical Vapor Deposition
CW Continuous Wave
CWO CdWO4

CZT CdZnTe
DC Direct Current
DNA Desoxyribonucleinic Acid
ECG Electrocardiography
EEG Electroencephalography
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EIA Enzyme Immunoassay
EKG Electrocardiography
ELISA Enzyme-Linked Immunosorbent Assay
EM Electromagnetic
ENFET Enzymatic FET
FAD Flavin Adenin Dinucleotide
FADH2 Reduced form FAD
FET Field Effect Transistor
FIA Fluorescent Immunoassay
FiO2 Inspired O2 concentration
FHR Fetal Heart Rate
Ge(Li) Lithium-ion-drifted germanium
GF Gauge Factor
GOD Glucose Oxidase
Hb Hemoglobin
HCG Human Chorionic Gonadotropin Hormone
HIV Human Immunodeficiency Virus
HPGe High-Purity Germanium
HPTS Hydroxy-pyrene-trisulphonate
HSA Human Serum Albumin
HTS High-Temperature Superconductor
IDT Interdigital Transducer
IgE Immunoglobulin-E
IgG Immunoglobulin-G
ImmunoFET Immunosensitive FET
IOP Internal Ocular Pressure
IR Infrared
ISE Ion-Selective Electrode
i-Si Intrinsic Silicon
ISFET Ion-Selective FET
LAPS Light-Addressable Potentiometric Sensor
LB Langmuir-Blodgett
LCD Liquid Crystal Display
LED Light-Emitting Diode
LIA Luminescent Immunoassay
LPE Liquid Phase Epitaxy
LSO Luthetium-ortosilicate
MBE Molecular Beam Epitaxy
MBI Magnetic Backprojection Imaging
MCG Magnetocardiography
MEG Magnetoencephalography
MEMFET Membrane Modified FET
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MICSPOMS Metal-Island-Coated Swelling Polymer Over
Mirror System

MIS Metal-Insulator-Semiconductor
MLC Multilayer Ceramic
MOSFET Metal Oxide Semiconductor FET
MRI Magnetic Resonance Imaging
MRMI Magnetic Resonance Microimaging
MUX Multiplexer
NAD Nicotinamide-Adenine-Dinucleotide
NADH Reduced form NAD
NADP NAD Phosphate
NIR Near Infrared
NMOS N-channel MOS
NMR Nuclear Magnetic Resonance
OCT Optical Coherent Tomography
OSAS Obstructive Sleep Apnea Syndrome
OWLS Optical Waveguide Lightmode Spectroscopy
PAA Polyacrylamide
PAA Polyacrylamide
PANi Polyaniline
pCO2 Partial pressure of carbon dioxide
PEI Polyetherimide
PEM Photoelectron Multiplier
PET Positron Emission Tomography
PEV Pyroelectric Vidicon
PFEP Poly(fluoroethylene propylene)
PHEMA Poly(hydroxyethyl methacrylate)
PID Proportional Integral Derivative
PIN P-intrinsic-n structure diode
PMePy Poly(N-methylpyrrol)
PMMA Poly(methyl methacrylate)
PMOS P-channel MOS
pO2 Partial pressure of oxygen
POSFET Piezopolymer Oxide Semiconductor FET
PPy Polypyrrole
PSPEM Position-Sensitive PEM
PTF Polymer Thick Film
PTFE Polytetrafluoroethylene
PVA Poly(vinyl alcohol)
PVC Poly(vinyl chloride)
PVDF Poly(vinylidene fluoride)
PVI Poly(N-vinylimide-azole)
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PVPy Poly(vinyl pyridine)
PW Pulsed Wave
PWD Printed Wiring Board
PZT Lead-Zirconate-Titanate
QMB Quartz Microbalance
ROM Read-Only Memory
REFET Reference FET
RF Radio Frequency
RIA Radio Immunoassay
RIE Reactive Ion Etching
RTD Resistance Temperature Detector
SaO2 Arterial blood oxygen saturation
SAW Surface Acoustic Wave
SBF Skin Blood Flow
SH-APM Share Horizontal APM
Si(Li) Lithium-ion-drifted silicon
SLO Scanning Laser Ophthalmoscopy
SLP Scanning Laser Polarometry
SLT Scanning Laser Tomography
SO2 Blood oxygen saturation
SOS Silicon On Sapphire
SPECT Single-Photon Emission Tomography
SpO2 Pulse oximetry blood oxygen saturation
SPR Surface Plasmon Resonance
SPRS SPR spectroscopy
SQUID Superconductor Quantum Interference Device
SSBW Surface Skimming Bulk Wave
SSC Silver/Silver-Chloride (electrode)
SSD Solid State Detector
SvO2 Venous (or mixed) blood oxygen saturation
TBCCO Tl2Ba2CaCu2O8

TCGF Temperature Coefficient of the GF
TCQN Tetracyanoquinodimethane
TCR Temperature Coefficient of Resistance
TGS Triglycine Sulphate
UFCT Ultrafast CT
UV Ultraviolet
VLSI Very Large-Scale Integration
VPE Vapor Phase Epitaxy
YBCO YBa2Cu3O7
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ABPM, 113
Absorbance, 92
Absorption, 85, 86, 91
Acetic acid, 284
Acetylcholine, 255, 256
Activity, 49
Actuator analyzer, 1
Actuator, 1, 8, 257
Adenine, 278
Adenosine-monophosphate, 285
ADP, 256, 260
Adsorption, 85, 240, 241, 254
AFM, 160
Agar gel, 241
AIDS, 8, 271
Albumin, 242
Alcohol, 255, 256
Aldehyde, 248
Algae, 283
Alumina, 19
Amino acid, 255, 256
Ammonia, 255, 284
Anemometer, hot-film, 110, 111
Anesthesia, 117
Anode consumption, 334
Anomer, 248
APD, 82, 137, 141, 144, 266
APM, 44
Applanation sensor, 120, 121
Arteriosclerosis, 255
Artificial organ, 153
Artificial retina, 153, 154

Ascorbic acid, 284
ATP, 95, 255, 256, 260, 286
ATR, 297
Auditory canal, 102, 122

Baby monitor, 118
Bacteria, 283
Banana pulp, 285
BAW, 40, 41, 275, 276
BGO, 84, 137, 141, 142, 143
Bioluminescence, 58
Biosensor, 3, 223, 319
Biosensor, affinity, 224, 261, 319
Biosensor, botanical, 285
Biosensor, enzymatic, 223, 226
Biosensor, living, 224, 281
Biosensor, microbial, 283
Biosensor, neuronal, 292
Biosensor, tissue based, 285
Biotin, 276
Bipotentiostatic measurement, 257
Blood clotting, 8, 115,260, 307
Blood coagulation, 308
Blood gas sensor, 172, 186, 192, 194
Blood oxygen saturation, 170
Blood oxygen, 169
Blood oxygenation, 169, 170
Blood pH, 93, 169, 172, 186, 189, 194
Blood pressure, monitoring, 113, 323
Blood, pressure, 112
Blood-pressure meter, 7
BOD, 284
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Dehydrogenase, 238, 256
Dendrite, 335
Detection, 56
D-glucose, 248, 256, 257, 295
Dichloro-fluorescein, 190
Diffusion, 15, 51, 52, 88, 89, 229, 230, 258
Disposable, 101
DNA, 11, 160, 224, 226, 261, 262, 276,

277, 278, 279, 280, 281, 320
Dopamine, 285
Doppler imaging, 150
Doppler, color, 131
Doppler, CW, 131
Doppler, PW, 131
Dosimeter, 144
Drift, 3, 6
Dynode, 80

Ear pinna, 203
ECG, 101, 148, 159
Echography, 124
ECP, 50, 242
EEG, 159
EIA, 266
Electret, 72, 122, 123
Electrochemical mapping, 216
Electrochemical scanning microscopy

217
Electrode, Ag/AgCl, 173, 176, 178, 182,

209, 215, 231, 293, 294, 334
Electrode, antimony-oxide, 175
Electrode, glass, 172, 174
Electrode, microstep, 218
Electrode, polymer, 172
Electromagnetic, 79, 82
Electronic, 100
ELISA, 266, 267, 268, 269, 270
Enol, 248
Entrapment, 240, 254
Epitaxy, 12
Epitaxy, vapor phase, 13
Epitaxy, liquid phase, 13
Epitaxy, molecular beam, 13
Epoxide, 213
Etching, 14
Etching, anisotropic, 14, 106, 160, 296
Ethanol, 284
Evanescent-wave, 59, 270
Exhalation gas, 219
Eye lid, 211
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Bovine liver, 285
Breathing wave, 117
Buffering capacity, 287

Calixarene, 87, 88
Cannula, 115, 175, 187, 193
Core, optical-fiber, 30, 32, 59
Catalase, 232, 244
Catheter, 110, 115, 175, 176, 177, 187, 193
Cathodic deposit, 334
CBI, 138
CCD, 80, 82, 84, 104, 106, 152, 153, 280
CCD, X-ray, 133, 134
Cellular mimicry, 309
Cellophane, 241
Ceramic, 18
CHEMFET, 39, 264
Chemiluminescence, 55, 58, 94, 95, 235,

269
Cholesterol, 225, 244, 255, 256, 257
Cladding, optical-fiber, 30, 32, 59
Clark sensor, 173, 176, 177, 178, 179, 180,

181, 182, 196, 219, 231, 249, 266
Clausius-Mosotti equation, 95
CMOS, 16, 17, 104, 106, 107, 122, 144,

159, 210, 252, 280
Coenzym, 238
Cofactor, 238
Cole-Cole plot, 36
Cholesterol oxidase, 256, 257
Collagen, 241
Colorimetric, 56, 91, 93, 235
Compton effect, 83, 142
Compton scattering, 143
Conductimetric sensor, 54, 254, 273
Control system, 1
Cooper pair, 78
Corrosion, 178
Cosubstrate, 228, 238
Creatininase, 256
Creatinine, 253, 255, 256
Cross-linking, 241, 251, 254
CT, 7, 313
CTA, 110
Cucumber peel, 285
CVD, 13, 134, 252
CWO, 84, 137
Cytochrome, 198, 207
Cytosine, 278
CZT, 84, 139
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Hall sensor, 150, 151
Halothane, 188
HAS, 276
HCG, 265, 276
Hearing aid, 122
Hemocompatibility, 307
Hemoglobin, 170, 198, 200
Heparin, 198
HIV, 110, 265, 266, 267, 268, 271, 276,

310
HPGe, 84, 137
HQS, 249
HTCC, 20
HTPS, 190, 191
HTS, 78, 147, 150
Hybridization, 280
Hydoxylase, 238
Hydrogel, 90, 241
Hydrogen peroxide, 232, 234, 235, 257,

269, 285, 310
Hydrolase, 228
Hyperthermia, 100, 108, 162
Hypodermic tube, 193
Hypotension, 205
Hypothalamus, 99, 100, 102
Hypothermia, 100, 205
Hysteresis, 3, 6

IgG, 265, 267, 276
Immunoassay, 225, 263, 265, 266, 271, 272
ImmunoFET, 39, 267, 269, 272
Immunoglobolin, 262, 265
Immunology, 262
Immunosensor, direct, 272
Immunosensor, indirect, 265
Impedance imaging, 290
Incubator atmosphere, 218
Infant respiration, 119
Infrared camera, 103
Inhibition, 261
Inhibitor, 239
Inspired oxygen, 219
Interferometer, 57, 59, 60, 153, 274
Interferometric sensor, 95
International Unit, 227
Intra ocular pressure, 120
Invasive monitoring, 114
Ion exchanger, 91
Ion implantation, 15
Ioncarrier, 91
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FAD, 247, 248, 249
Fatty acid, 255, 256
Fermentation, 260
Ferrocyanide, 239, 249
Ferrocene, 239, 249, 273
FHR monitor, 118
FIA, 266, 269
Flip-chip, 122
Flow meter, turbine, 117
Flow meter, vortex-shedding, 117
Flow, blood, 108, 109, 110, 111, 124, 131,

132, 151, 193, 203
Flow, rate, 110
Flow, respiratory air-, 108, 111, 116
Flow, skin blood, 109
Fluoresceinamine, 190
Fluorescence, 56, 83, 94, 108, 187, 235,

236, 254, 280, 281
Fluorimetric, 56
Food processing, 260
FPW, 44
Fructose, 260
FSH, 265
Full-scale output, 3
Fungi, 283

GaAs, 11, 76, 108, 235
Galactose, 256
Gamma camera, 138, 139
Gamma detector, 140
Gamma photon, 83, 141
Gamma radiation, 139, 310
Gas chromatography, 192
Gastric acid, 169, 212
Gauge factor, 75, 113
Geiger counter, 83
Generator-type sensor, 3, 55
Glaucoma, 120
Glucokinase, 253
Gluconate ion, 296
Gluconic acid, 249
Gluconolactone, 249, 250, 273
Glucose, 225, 242, 244, 245, 246, 249, 250,

251, 253, 256, 258, 273, 284,
293, 295, 296

GOD, 247, 248, 249, 256, 257, 258, 266,
267, 273

Guanine, 278, 285

Hall voltage, 76
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Ionization effect, 83
Ionophore, 90, 196, 254
IOP, 120
ISE, 49, 50
ISFET, 39, 175, 178, 185, 196, 209, 210,

212, 213, 224, 233, 254, 266,
267, 268, 269, 272

Joint angle, 119

Korotkoff sound, 112

Lactose, 260
L-alginine, 256
Lambert-Beer equation, 200
Langmuir isotherm, 86
Langmuir-Blodgett method, 30, 31, 241,

309
LAPS, 287, 288, 289
Larmor equation, 144
L-ascorbic acid, 285
LED, 92, 108, 187, 202, 205, 246, 289
L-glucose, 248
L-glutamic acid, 284, 285
L-glutamine, 285
LH, 265
LIA, 266, 269, 271
Lifetime, 5
Linearity, 3, 6
Liposome, 271
Lithography, 14
L-lactate, 255, 256
LPCVD, 14, 116
LSO, 84, 137, 141, 142
LTCC, 20
L-tyrosine, 285
Luciferase, 95, 256
Luminol, 235, 269
LW, 41, 44

Magnetic induction, 77
Magneto resistive effect, 77
Maltose, 260
Masking, in contact, 23
Masking, loft-off, 24
Masking, silicon, 13
Mass spectrometry, 192, 193, 194
MBI, 150, 157
MCG, 148
Measurement system, 1

Mediator, 238, 239, 244, 243, 247, 260,
273

MEG, 148, 313
MEMFET, 39
Metabolic rate, 287
Metal/metal-oxide, 172
Metalloporphyrin, 188
MIA, 272
Michaelis-Menten model, 227, 229, 245
Microbolometer, 107
Microbe, 283
Microdialysis, 258, 331
Microelectrode, 214
Microelectrode, open-tip, 214
Microelectrode, recessed-tip, 214
Microhole array, 217
Microphone, 122
Microphysiometer, 286
Micropipette, 215
Microwave mapping, 107
Microwave tomography, 162
MICSPOMS, 236
Migration, 178
MLC, 20
MNG, 148
Modulator-type sensor, 3
MOG, 148
Morphometer, 136
MOSFET, 16, 35, 104, 106, 129, 219, 234,

235, 252, 289
MOSFET, photosensitive, 82
MRI, 144, 146, 147, 151
MRMI, 147
Multienzyme reaction, 237
Multifunction sensor, 5
Multisensor, 5, 8, 195
Mutagene, 284

NAD, 236, 238, 256
NADH, 236, 238, 256
NADP, 238
Neonatal monitoring, 177, 207
Nerst-Nicolsky-Eisenmann equation, 48
ENFET, 39, 233, 234, 249, 252, 253,

255
Nicotinamide, 284
Nicotinic acid, 284
NIR spectroscopy, 298
NMOS, 16, 210
NMR, 144, 146
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NO release, 309
Nystatin, 284

OCT, 152
Offset, 3, 6
Olegonucleotide, 278
Ophthalmoscopy, 120, 151
Optrode, 56, 57, 187, 189, 235, 236, 253,

254, 269, 275
OSAS, 116
Oscillometric measurement, 113
OWLS, 274
Oxalate, 285
Oxidase, 228, 238, 239, 242, 256
Oximetry, 198, 199
Oximetry, choroidal-eye, 208
Oximetry, cytochrome, 208
Oximetry, ear, 203, 204
Oximetry, invasive, 201
Oximetry, noninvasive, 203
Oximetry, pulse, 204, 205
Oximetry, reflection-mode, 199
Oximetry, transmission, 200
Oxygen mapping, 208
Oxyhemoglobin, 170, 200

PAA, 241, 251, 254, 283
Partition coefficient, 86, 89
PECVD, 14, 209
PEM, 79, 80, 84, 137, 138, 139, 142,

143,187
Penicillin, 255, 256
Penicillinase, 256
Permeation, 88
Permselectivity, 88, 90, 180
Perylene-dibutyrate, 187
Pesticide, 240
PET, 7, 140, 141
PEV, 103
PFEP, 178
PHEMA, 180, 241
Phenol red, 92, 254
Phenothiazine, 239
Phenoxazine, 239
Phosphorescence, 56, 94, 188
Photodiode, 80, 81, 142, 154, 202, 280
Photoelectron effect, 82
Photolithography, 23, 26
Photoresistor, 81
Phototransistor, 80, 81

Photovoltaic sensor, 80, 81
Piezoelectric (effect, etc.), 36, 40, 70, 76,

112, 113, 118, 128, 130
Piezoresistive (effect, etc.), 75, 112, 113,

114
PIN diode, 81, 84, 137, 141
Plasticizer, 90
Platelet, 309
Plethyzmographic diagram, 204
PMMA, 32, 45, 212, 276
PMOS, 16, 38
Poisson ratio, 75
Polarization, 56
Polyaniline, 244
Polymer thick-film, 24, 26, 75
Polymerization, 26, 241
Polymerization, electrochemical, 27, 28
Polymerization, plasma, 28
Polymerization, vacuum, 28, 29
Polyonucleotide, 278
Polypyrrol, 242, 243, 244, 253, 257, 273,

277
Polysilicon, 13, 107, 116, 325
Polysiloxane, 87, 88, 95, 242, 254
Porcine kidney, 285
POSFET, 39, 129, 130
Positron counter, 83
Progesterone, 265
Proportional counter, 83, 134
Protein adsorption, 308
PSPEM, 138, 139, 141, 142
PTFE, 73, 122, 173, 176, 183
PVC, 90, 175, 176, 177, 196, 209, 210, 254
PVDF, 70, 71, 72, 74, 104, 105, 106, 117,

128, 129, 130, 132, 158, 159
PVI, 213
PVPy, 241, 242
PWB, 101
Pyroelectric, 36, 69, 73, 74, 76, 102, 103,

104
PZT, 70, 71, 72, 128

QMB, 40, 41, 276, 277
Quantum effect, 79
Quinone, 239

Rabbit liver, 285
Rabbit muscle, 285
Radiation, nuclear, 82
Radiology, 132
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Radiology, in vitro, 143
Radiology, nuclear, 138
Receptor, 223
REFET, 39, 175, 233, 234, 252, 254, 255,

267
Refraction, 95
Resolution, 3
Respiration activity, 283
Response time, 5
RIA, 265
RIE, 216
Rotation activity, 295
RTD, 65, 66

SAW, 41, 42, 43
SBF sensor, 109
Scintillation, 84, 137
Screen printing, 21, 24, 25, 26
Seebeck, 68
Selectivity, 5, 49, 210
Sensor array, 5
SH-APM, 44, 45, 276, 277
Silicon, 12
Single-Crystal, 12
Sintering, 19
SLO, 152
SLP, 152
SLT, 152
Smart sensor, 5
Sonography, doppler, 124, 131, 151
Sorbitol, 296
SOSFET, 39, 233, 234, 252, 253
Spect, 139
Sphygmomanometer, 112
Spin-coating, 28
Spirometry, 116
SPR, 60, 276, 277, 297, 319
SPRS, 274, 276
Sputtering magnetron, 23
Sputtering reactive, 23
Sputtering, cathode, 21, 22
Sputtering, RF, 22, 28
SQUID, 77, 78, 79, 147, 148, 149, 150
SSBW, 45, 275, 276
SSC, 51
SSD, 84, 137, 144
Static characteristics, 3
Stationary method, 228, 229
Stereo isomer, 247
Sterilization, 309

Stow-Severinghaus, 174, 181, 196, 234
Strian gauge, 119
Subcutaneous technique, 258
Substrate, 227, 235
Sucrose, 256, 260
Sugar beet, 285
Super conductivity, 78
Supramolecular compound, 87
Surface coverage, 86
Surface, 100
Sweat, 169, 329

Tactile sensor, 155
Tactile sensor, capacitive, 158
Tactile sensor, magnetoresistive, 158
Tactile sensor, optical, 155
Tactile sensor, piezoelectric, 158
Tactile sensor, piezoresistive, 155
Tactile sensor, ultrasonic, 159
TBCCO, 79, 147
TCGF, 114
TCR, 66, 76, 114
Temperature invasive measurement, 107
Temperature, blood, 100
Temperature, core, 99, 100
Temperature, surface, 100, 103
Testosterone, 265
TGS, 74
Thermal imaging, 103
Thermistor, 67, 107, 408, 182, 195, 212
Thermistor, nasal, 112
Thermistor, NTC, 67
Thermistor, PTC, 67
Thermocouple, 68, 107, 108, 109
Thermograph, 103
Thermometer, 7
Thermometer, copper resistor, 101
Thermometer, ear, 102
Thermometer, mercury, 100
Thermometer, optical fiber, 107
Thermometer, spreading resistor, 67
Thermometer, telemetry, 103
Thermopile, 103, 106
Thick-film, 20, 24, 75, 112, 160, 178, 183,

209, 323
Thin-film, 20, 40, 112, 119, 134, 160, 178,

209
Thrombus, 309
Time-dependent technique, 229
Tonometer, Goldmann, 120
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Tonometer, Mackay-Marg, 120
Transcutaneous (method, etc.), 181, 182,

183, 184, 185, 186, 194,
327

Transducer, amperometric, 231, 232
Transducer, calorimetric, 232
Transducer, chemomechanical, 236
Transducer, colorimetric, 236
Transducer, conductimetric, 234
Transducer, optical, 235
Transducer, potentiometric, 233
Transient, 55
TSH, 265
TTF-TCQN, 239
Tyrosine, 256, 278

UFCT, 136
UHUV, 310
Ultrasound imaging, 124
Ultrasound imaging, A-mode, 124, 125
Ultrasound imaging, B-mode, 126, 127,

128, 131, 152
Ultrasound imaging, C-mode, 128, 131
Ultrasound imaging, M-mode, 128
Ultrasound, transducer array, 1.5D, 130
Ultrasound, transducer array, 2D, 130
Ultrasound, transducer array, 3D, 130
Ultrasound, transducer array, mechanical

sector, 126
Ultrasound, transducer array, phased, 127

Ultrasound, transducer array, sequential
linear, 126

Ultrasound, transducer, 124, 125
Urea, 225, 253, 254, 255, 310
Urease, 254
Uric acid, 253, 255, 256, 257
Uricase, 256, 257

Vacuum evaporation, 21, 28
Vascular pulsation, 205
VLSI, 153
Voltammetric measurement, 52, 54, 277, 294
Voxel, 146

Xanthene, 256
X-ray analysis, 160
X-ray amplifier, 132
X-ray beam, 134
X-ray CCD, 133, 134
X-ray CT, 135, 136
X-ray flat-panel image, 134
X-ray imaging, 84, 132
X-ray radiation, 82, 132
X-ray scanning, 134, 135
X-ray source, 134, 136
X-ray tube, 134, 135

YBCO, 79, 147
Yeast, 283, 285
Yellow squash, 285
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