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Abstract: Resistive and capacitive (RC) sensors are the most commonly used sensors. Their
applications span homeland security, industry, environment, space, traffic control, home automation,
aviation, and medicine. More than 30% of modern sensors are direct or indirect applications of the RC
sensing principles. This paper reviews resistive and capacitive sensing technologies. The physical
principles of resistive sensors are governed by several important laws and phenomena such as Ohm'’s
Law, Wiedemann-Franz Law; Photoconductive-, Piezoresistive-, and Thermoresistive Effects. The
applications of these principles are presented through a variety of examples including accelerometers,
flame detectors, pressure/flow rate sensors, RTDs, hygristors, chemiresistors, and bio-impedance
sensors. The capacitive sensors are described through their three configurations: parallel (flat),
cylindrical (coaxial), and spherical (concentric). Each configuration is discussed with respect to its
geometric structure, function, and application in various sensor designs. Capacitance sensor arrays are
also presented in the paper. Copyright © 2008 IFSA.

Keywords: Resistive sensors, Capacitive sensors, Sensor arrays, Sensor design

1. 1. Introduction

This paper reviews the resistive and capacitive (RC) based measurement principles and their
applications in sensing technologies. RC sensors apply a broad range of theories and phenomena from
the fields of physics, material science, biology, electrochemistry, and electronics [1, 2].

Resistive sensors have assisted mankind in analyzing, controlling, and monitoring thousands of
functions for over a century. Some milestones in the development of resistive sensors include the
discovery of the Piezoresistive Effect by Lord Kelvin in 1856, the use of platinum as the element of a
resistance thermometer by Sir William Siemens in 1871, the invention of a Carbon Track
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Potentiometer by Thomas Edison in 1872, and the patenting of a non-linear rheostat by Mary Hallock-
Greenewalt in 1920. In automobiles, resistive sensors are used to measure air flow rate, throttle
position, coolant/air temperature, oxygen volume, wheel speed, and so forth. In airplanes, highly
reliable resistive sensors monitor engine functions, hydraulic systems, electronic devices, temperature
and pressure readings, and have greatly increased aircraft safety. Measuring and analyzing electrical
impedance characteristics of the human body have allowed doctors to diagnose certain diseases,
monitor health conditions, and analyze the treatment results. The advantages of resistive sensors are
their reliability, simple construction, adjustable resolution, and maintenance-free technology. Electrical
resistance is also the easiest electrical property to measure precisely over a wide range at moderate
cost. These important features have often made resistive sensors the preferred choice in sensor designs.

Capacitive sensors are traditionally divided into two basic classifications: passive or active, based on
whether or not there are any electronic components in the sensor. Passive sensors do not have any
electronics in the sensor, thus minimizing guard size. Passive sensors have some significant
advantages: they have greater flexibility in probe configuration, are more stable, and cost less than
active systems. Their disadvantages include lower bandwidth and lower drive frequency, which makes
them unsuitable for some applications. Active sensors have electronics, usually a small circuit board,
packaged inside the sensors. Active sensors operate at much higher frequencies and bandwidths, and
are particularly well suited to applications which may involve stray electrical noise on the target. Their
disadvantages include higher costs and less configuration flexibility [3]. Capacitive sensors are the
most precise of all electrical sensors and are known for their extremely high sensitivity, high
resolution, high bandwidth, robustness, stability, and drift-free measurement capability. Capacitive
sensors can be used in a wide range of applications including: precision movement detection, coating
thickness gauging, liquid level and flow rate monitoring, diamond turning, chemical element selection,
biocell recognition, and aircraft engine rotational alignment. They can also be used in severe
environments (high temperature, magnetic fields, and radiation) and in non-contact and non-intrusive
applications.

The progress in micro- and nano-machining technologies have significantly advanced traditional
resistive and capacitive transducers to a new level — high sensitivity, low power consumption, rapid
response time, and miniaturization. Resistance and capacitance sensing principles can also be
combined with other sensing technologies, such as ultrasonic, RF, CMOS, or fiber-optics, to create
more sophisticated and powerful hybrid sensors.

This paper is organized as follows: Section 1 is an introduction; Section 2 overviews the principles,

design, and application of resistive sensors; Section 3 presents the classification, principles, design,
and application of capacitive sensors; and Section 4 gives the summary.

2. Resistive Sensing Technologies

2.1. Principles

Resistive sensors are used to monitor physical or chemical parameters that can induce a change in
electrical resistance. The magnitude of the physical or chemical parameter, such as light, strain,

voltage, magnetic field, or gas/liquid concentration, can be inferred from the measured resistance
value. The basic physical principles behind resistive sensors are summarized in Table 2.1.
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Table 2.1. Basic Physical Principles of Resistive Sensors.

Ohm’s Law: The resistivity R (or
conductivity 1/R) of a material passing
electric current / under an applied voltage
is:

rV (2.1)
1

The electrical resistance is a function of both its

physical geometry and the resistivity of the

material:

R=pt (2.2)
a

[ — length; p— specific resistivity of the material;

a — cross sectional area.

Photoconductive Effect: When light strikes
certain materials, the resistance of the
material decreases. For instance, the

Piezoresistive Effect: Resistance changes when the
material is mechanically deformed. The sensitivity
of resistance with respect to wire elongation d/ is:

conductance of a semiconductor is described
by:

R _,p, (2.4)
dl v

p — specific resistivity of the material;

[/ — conductor’s length before deformation;

v — volume of the material.

(2.3)

M, 1, — free-electron and hole movement; 7,
7, — free-electron and hole lives; e — charge
of an electron; n — number of generated
carriers per second per unit of volume.
Wiedemann-Franz Law: The ratio of the
thermal conductivity to the electrical
conductivity of a material is proportional to
its absolute temperature.

K/o=LT
K — thermal conductivity;
o — electrical conductivity;
L — proportionality constant (Lorenz
Number);
T — absolute temperature.

Ao =en(u,7,+u,7,)

Thermoresistive Effect of Metals: The electrical
resistance of a metal conductor increases as the
temperature increases. The relationship between
temperature and resistance is:
R(t):R0[1+a(t—t0)+ﬁ(t—t0)2 +y(t-1,) +J
A simplified version of the above equation is:
R(t)=Ry[1+alt—1,)]
R, — resistance at the reference temperature ¢,
(usually either 0°C or 25°C);
a, f, y— temperature coefficients.
Bioimpedance Model: Electrical properties of the
human body can be characterized by a three-
element equivalent electrical model as shown in
the Figure. Impedance of the human body Z is [4]:

(2.5)

2.6)

Thermoresistive Effect of Semiconductor
Materials: Electrical resistance of
semiconductor materials decreases with
increasing temperature. The relationship

between ele.ctrlcal resistance and temperature Z=RIZ.+R)=R.I .1 Ry (28)
is exponential: R jaC

':ERE: extracellular liquid resistance

C R, R;: intracellular liquid resistance
C: cell membrane capacitance

R(t) = Roiﬂ[i’iﬂ 2.7)

R, — resistance at the reference temperature ¢,
(usually either 0°C or 25°C);
[ — temperature coefficient.

2.2. Design and Applications
Potentiometric Sensors

A potentiometer (or pof) relates a change in length to a resistance change. The resistance of a pot can
be varied by the position of a movable contact on a fixed resistor, which can be either linear or circular
in shape. Pots are commonly used as a linear or angular position sensor, air flow meter, wind direction
detector, or volume and tone control in stereo equipment. Fig. 2.1 shows a potentiometric type of
pressure sensor designed by SFIM SAGEM, France. It has three terminals: a power input, a ground and
a variable voltage output. When the pressure of an input liquid or gas expands the diaphragm, the
wiper connected to the diaphragm will slide along the potentiometer. The location of the wiper is
determined by the magnitude of the pressure.
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Fig. 2.1. A Potentiometric Pressure Sensor.

The advantages of potentiometers are their high output signal level (no need for an amplifier), low
cost, and adaptability to many applications. Disadvantages include their high hysteresis and sensitivity
to vibration.

Photoresistive Sensors

A photoresistive sensor utilizes the principles of a photoresistor — an electronic component whose
resistance decreases with increasing incident light intensity. A photoresistor, often referred to as a
light-dependent resistor, photoconductor, or photocell, is made of a high-resistance semiconductor
material. If light reaching the device is of high enough frequency, photons absorbed by the
semiconductor give bound electrons enough energy to jump into the conduction band. The resulting
free electron (and its hole partner) conduct electricity, thereby lowering resistance. The semiconductor
cadmium sulfide (CdS) is most sensitive to visible light, while lead selenide (PbSe) is most efficient in
near-infrared light. A practical application of a photoresistor is to detect flames.

Fig. 2.2 shows a flame detector comprised of an ultraviolet (UV) sensitive photoresistor (cathode) and
an anode [5]. When UV light from a flame is present in front of the UV sensitive photocathode, the
voltage across the photocathode and the anode will force photoelectrons emitted from the
photocathode to move towards the anode. A readout circuit detects this resistance change due to the
presence of the flame.

Voltage
Supply
g
Anode Light
| »
sz adpm Photocathode
Circuit

—— Caze

Fig. 2.2. Schematic of a UV Flame Detector.
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Photoresistors are generally inexpensive. Their small size and ease of use make them popular in many
applications, e.g., detecting fires, turning street lights on and off automatically according to the level of
daylight, reading inventory bar codes, sensing motion, and measuring light intensity.

Piezoresistive Sensors

Piezoresistive sensors are designed based on a materials’ piezoresistivity — defined as a change in
electrical resistance of the material due to its mechanical deformation. Piezoresistive sensors are
commonly used to measure force, pressure, acceleration, vibration, and impact. Piezoresistive
accelerometers have an advantage over piezoelectric accelerometers in that they can measure
accelerations down to zero Hz. They have good high frequency response with relatively low voltage
output and high performance. However, their output signals are easily affected by temperature
variations and noise, thus compensation circuits are often required to correct sensor errors. Fig. 2.3
illustrates a catheter based medical device for intravascular blood pressure measurement [6]. Its
diaphragm consists of a force transducing beam and a piezoresistor. The sensor chip is ultra-
miniaturized (0.1mmx0.14mmx1.3mm).

0.36 mm 0D Guide Wira s

* Electrical Contacts
( N Flexible Coil /’/ ; Pi:‘-zcre:ist.ive
b 5 /"~ Sensor Chip
& . Y &
. _ﬂ=¢ﬁ_ 3

Fig. 2.3. A Piezoresistive Blood Pressure Sensor.

Thermoresistive Sensors

Resistance-based temperature sensing devices include Resistance Temperature Detectors (RTDs) and
Thermistors. RTDs are positive temperature coefficient sensors whose resistance increases with
temperature. RTDs are constructed in wire-wound and thin film types (Fig. 2.4). The former is made by
winding a very fine metal wire around an inert substrate (glass or ceramic). The latter is produced
through Thin Film Technology or Thin Film Lithography that deposits a thin film of metal (e.g., I pm
Platinum) onto a ceramic substrate through cathodic atomization or “sputtering”.

Wire Wound RTD Metal Wire Thin Film RTD - Fn;aipa::rli:tlwn
A AT R 1 |
D) N NEEEENER
Encapsulation * Substrats Metal Deposit!
hdaterizl

Fig. 2.4. Two Types of RTD Construction [7].
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The primary metals in use are platinum, copper, and nickel, because they: (1) are available in near pure
form, ensuring consistency in the manufacturing process; (2) have a very predictable, near linear
temperature versus resistance relationship; and (3) can be processed into extremely fine wire. This is
important especially in “wire wound” elements -- the most common types of RTDs. RTDs are
typically used for temperatures not exceeding 850°C. Although slower in response than thermocouples,
RTD sensors offer several advantages in industrial applications. They are especially recognized for
excellent linearity throughout their temperature range (typically from -200 to +850 °C) with a high
degree of accuracy, robustness, stability and repeatability. For a typical Platinum RTD, stability is
rated at £0.5° C per year.

Thermistors (from the words thermal and resistor) are made from semiconductor materials whose
resistance decreases with increasing temperature — thus they are called negative temperature
coefficient sensors. Due to their nonlinearity and exponential nature (Eq. 2.7), thermistors are limited
to temperature measurements of less than 200°C. Although Eq. 2.7 can be linearized, it generally
cannot meet accuracy and linearity requirements over larger measurement spans. Their drift under
alternating temperatures is also larger than RTD’s. Thermistors are quite fragile and great care must be
taken to mount them so that they are not exposed to shock or vibration. Thermistors have not gained
the popularity of RTDs or thermocouples in industry due to their limited temperature range. Compared
to wire-wound RTDs and thermocouples, thermistors are less expensive and much smaller in size.
They also have a faster response, lower thermal mass, simpler electronic circuitry, and exhibit better
sensitivity. A thermoanemometer for flow rate measurement is shown in Fig. 2.5. Two thermistors (Ry
and R;) are immersed into a moving medium. Ry measures the initial temperature of the flowing
medium. A heater, located between Ry and R, warms the medium and its temperature is then measured
by R;. The flow rate AQ can be derived for the medium based on the temperature difference (7s-7y)

attained (King’s Law) [8]:
AO =K [1+ ‘/2”2“” J(TS -T,), (2.9)

where K, ¢ — thermal conductivity and specific heat of fluid at a given pressure; o — fluid density; /, d —
length and diameter of the sensor; 75, 7)) — surface temperature of sensor R, and Ry; v — velocity of the
medium.
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Fig. 2.5. A Thermoanemometer [5].

Resistive Humidity Sensors (Hygristors)

Resistive humidity sensors measure the change in electrical impedance of a hygroscopic medium such
as a conductive polymer, salt, or treated substrate. The specific resistivity of a hygroscopic material is
strongly influenced by the concentration of absorbed water molecules. Its impedance change is
typically an inverse exponential relationship to humidity. A typical hygristor (a contraction of hygro-
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and resistor) consists of a substrate and two silkscreen-printed conductive electrodes. The substrate
surface is coated with a conductive polymer/ceramic binder mixture, and the sensor is installed in a
plastic housing with a dust filter (Fig. 2.6).

— Electrode —_—
— - 3 a
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Fig. 2.6. Resistive Humidity Sensors.

Bioimpedance Sensors

Bioimpedance sensors can extract biomedical information relative to physiology and pathology of the
human body based on the electrical properties of tissue and organs. Usually, a small AC current or
voltage is applied to an electrode system placed on the surface of the body to measure the relative
impedance of tissue and organs. A German company, medis. Medizinische Messtechnik GmbH, has
used an impedance method to measure changes in venous blood volume as well as pulsation of the
arteries. As blood volume changes, the electrical impedance also changes proportionally. This
impedance can be measured by passing a small amount of high frequency AC current through the
body. The measurement requires four electrodes as shown in Fig. 2.7a. The two middle electrodes
detect a voltage, and their placement defines the measurement segment. The outer electrodes are used
to emit a small current required to measure the impedance. The placement of these outer electrodes is
not critical. This method allows doctors to detect blood flow disorders, early stage arterioscleroses,
functional blood flow disturbances, deep venous thromboses, migranes, and general arterial blood flow
disturbances. Fig. 2.7b shows a typical measurement result using this method. Electrical bioimpedance
sensing devices are safe, non-invasive, inexpensive, and easy to operate.
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Fig. 2.7. Bioimpedance Measurement.

Zetek Inc. (Aurora, Colorado) developed the CUE Fertility Monitor. 1t consists of a hand-held digital
monitor and oral and vaginal sensors (Fig. 2.8). The sensors detect and record the electrical resistance
and ionic concentration change of saliva and vaginal secretions, in response to the cyclical changes in
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estrogen. The CUE monitor is claimed to both predict and confirm ovulation. The peak electrical
resistance in the saliva occurs 5~7 days before ovulation, and the lowest electrical resistance in
cervical secretions occurs about a day before ovulation.

(Orzl Bezistive
Senzor

.,“/l'

Vagnal
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Fig. 2.8. A CUE Fertility Monitor.

Resistance-Based Chemical Sensors

Resistance chemical sensors measure the change in electrical conductivity of a sensing layer resulting from the
interaction between the sensing layer and a chemical analyte. Materials used in these sensors are
semiconductors such as metal oxides, organic macro-molecule-metal complexes, conducting polymers and
carbon black-polymer blends. A classical example is the tin oxide based gas sensor. The tin oxide sensing layer
is first activated by heating to >2500°C to form a depletion layer where oxygen is chemisorbed on the surface.
The conductivity of the activated sensor may be increased or decreased depending on the nature of the incoming
gases. Reducing gases increase the conductivity and oxidizing gases decrease the conductivity of the sensor.
The advantages of these semiconductor-based sensors are: easy fabrication (by sputtering), simple operation and
low cost. The main disadvantages are their high-energy requirements and low selectivity. Recent research and
development efforts have focused on increasing their energy efficiency and improving their selectivity. Hence,
materials that operate at ambient temperature, such as conducting polymers and carbon black-polymer blends,
have been extensively investigated. The array sensing approach combined with statistical algorithms, such as
cluster analysis and principal component analysis, greatly improves the selectivity of this sensing
technique.

Fig. 2.9 shows a catalytic gas sensor (pellistor). It consists of a very fine coil of wire suspended
between two posts. The coil is embedded in a pellet of a ceramic material, and on the surface of the
pellet (or 'bead') there is a special catalyst layer. In operation, current is passed through the coil, which
heats up the bead to a high temperature.

Flexibls
Leads

Fig. 2.9. A Pellistor.

When a gas molecule comes into contact with the catalyst layer, the gas 'burns' and heat is released
which increases the temperature of the bead. This temperature rise causes the electrical resistance of
the coil to increase.
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A more versatile sensing system is based on the carbon black-polymer blend where the carbon
particles give the electrical conductivity and the polymer provides the sensor function. The sensor
response is a result of the polymer swelling, which causes the conductivity of the sensor to change.
The main advantages of using carbon black-polymer blends as a sensing layer are that the sensor is
reusable and the selectivity can be tailored by choosing polymers with desired functionalities. Fig. 2.10
shows a chemiresistor formed by depositing a thin film of non-conductive polymer, infused with
carbon black particles, onto the metallic inter-digitated electrodes of a glass chip. The absorption of
certain chemical vapor results in a measurable decrease in the electrical conductance of the sensing
element. Such sensors are inexpensive and easily mass-produced. A potential commercial application
for this sensing technique could be a system for detecting illegal drugs [9].
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Fig. 2.10. Operation of a Chemiresistor.

3. Capacitive Sensing Technologies

3.1. Types of Capacitive Sensors

At the heart of any capacitive-sensing system is a capacitor. Capacitors are available in three
configurations: flat (parallel), cylindrical (coaxial), and spherical (concentric), as shown in Table 3.1.
All capacitive sensors fall into one of these three design classifications, with the flat and cylindrical
being the most commonly used forms.

Table 3.1. Capacitance & Capacitor Configurations.

Flat (Parallel) Capacitor: = £,5,4
a

Cvlindrical (Coaxisl) Capacitor:

Spherical (Concentric) Capacitor:

ey - 2xz_g.d il .-f?:‘:i'\;-.
3.1 £: o =1t (e _dmE Emn
I (Iz>r) [?" 'Il, o
4  \mel
Dislectric Medium (3.2) - (3.3)

In the table, & is the relative permittivity of the medium between the electrodes: & is the permittivity
of a vacuum. The ratios A/d, 27/[In(r2/r;)], or 4mrrs/(r>-r;) are the geometry factors for a parallel-
plate capacitor, a coaxial capacitor, and a spherical capacitor respectively. Eqs. 3.1-3.3 describe the
relationship between capacitance and the dielectric constants (g, &) as well as the geometric
parameters (4, d, [, r;, r2). Varying any of these components will change the capacitance, which then
can be accurately measured and thus defines the operating principle of capacitive sensors. Advantages
of capacitive sensors are their simple structures, high sensitivity, high resolution, temperature
resistance, long-term stability, and durability. Some capacitive sensors can achieve sub-nanometer
position resolution (<0.01nm), having a bandwidth to 100 kHz. Capacitive sensors can provide contact
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or noncontact measurement of various physical or chemical quantities representing distance, position,
acceleration, separation, proximity, force, pressure, biocells, chemical substances, and particles.

3.2. Design and Applications

Parallel Capacitor-based Sensors

The majority of capacitive sensors use the parallel-plate configuration. The sensing principle of such
sensors is based on a capacitance change due to a change in one or more of the following (refer to
Fig. 3.1): (1) the distance between two plates; (2) the area of overlap between two plates; (3) the
dielectric constant; (4) the conductivity of the plate(s).

Capacitance Capacitznce Capacitance Capacitance
e

. @

Ly

Fig. 3.1. Capacitance Varies with Distance, Area, Dielectric Constant, and Electrode Conductivity.

Parallel capacitive sensors are either single or dual-plate design. In a single plate (or electrode) design,
the target — a conductive object, functions as the second electrode (Fig. 3.2a); while in the dual-plate

design (Fig. 3.2b), the target — a non-conductive (or very low conductivity) object, serves to vary the
amount of electric flux reaching the second electrode.

Electrod |F---| et Electrode [z2z--
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Fig. 3.2. Single-Electrode and Dual-Electrode Design.

Parallel capacitive sensors can detect motion, distance, acceleration, fluid level, biocells, and
chemicals. Some of these applications are summarized in Table 3.2. Parallel capacitive sensors can
also be designed to measure pressure; such sensors are relatively robust compared to other types of
pressure sensors. A capacitance variation can be obtained when a pressure acts on one of the
parameters modifying the electric field between two electrodes of a capacitor.

Fig. 3.3a shows a capacitive pressure sensor (VEGA Technique, France). One of its electrodes is
connected to a sensing diaphragm. The unit forms a capacitor whose variation in capacitance is
determined by the displacement of the diaphragm. In this case, the variable parameter of capacitance C
is the surface area 4 of the plates, and A4 itself is a linear function of the displacement /. An alternative
design of a pressure sensor is to measure the variation of distance d between two plates (see Fig. 3.3b).
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Table 3.2. Applications of Parallel Capacitive Sensors.
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Fig. 3.3. Capacitive Pressure Sensors: (a) with 4 Variation; (b) with d Variation.

If one plate of a parallel capacitor moves with respect to acceleration or vibration, a capacitive
accelerometer is formed. Fig. 3.4a shows a PCB Piezotronics capacitive accelerometer. It contains a
diaphragm, which acts as a mass undergoing flexure in the presence of acceleration. Two plates
sandwich the diaphragm, creating two capacitors, each with an individual fixed plate and each sharing
the diaphragm as a movable plate. The flexure causes a capacitance shift by altering the distance
between the two parallel plates. The two capacitance values are sent to a bridge circuit, and the
electrical output varies with input acceleration. Such a design can achieve true DC response and high
performance for uniform acceleration and low-frequency vibration measurement as shown in Fig. 3.4b.
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Fig. 3.4. Typical Element Structure of a Capacitive Accelerometer (a) and its Response (b).

Capacitive sensor designs based on variation of the dielectric constant are often found in humidity,
force/pressure, chemical-substance, and biocell sensing applications. Fig. 3.5 illustrates the mechanism
of a pellicular sensor developed by ONERA French Aerospace Lab. The sensor detects a change in
relative permittivity of the dielectric & between two electrodes when a force or pressure is exerted on
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the plates. This sensor is very thin (about 80um) and can measure micro-pressure. Advantages of such
pellicular sensors are their compactness, resistance to vibration, and high bandwidth (50~200 kHz).
The primary disadvantage is that they are temperature sensitive.

Force or Pressure
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............................................................... Adhesive
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Fig. 3.5. Schematic of a Pellicular Sensor.

A chemical sensor designed at Biose State University [10] utilizes a variable capacitor composed of
two electrodes separated by a chemically sensitive polymer (Fig. 3.6). The polymer will absorb
specific (target) chemicals (analytes). Upon analyte absorption, the polymer swells and increases not
only the distance between the two electrodes, but also the polymer’s dielectric permittivity. These
changes alter the capacitance of the device and can be electrically detected and measured.
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Target Analyte

- v b
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Fig. 3.6. A Capacitive Chemical Sensor.

Researchers at University of Illinois at Urbana-Champaign designed a collapsible capacitive tactile
sensor that uses soft conductive elastomers as electrodes instead of traditional hard materials [11]. By
constructing the electrodes from a soft conductive elastomer, this MEMS capacitive device exhibited
flexibility and unprecedented robustness. To increase the capacitance of the sensor, they used a large
electrode area and a small electrode gap (2.4um). This was achieved by inserting a conductive poly-
dimethylsiloxane sheet with a regular array of small pillars between the electrodes, shown in Fig. 3.7
and Fig. 3.8. The pillars not only define the air gap, but also supply the restoring force to separate the
electrodes.
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Fig. 3.7. Schematic of the Collapsible Capacitive Sensor Operation.
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Fig. 3.8. (a) Flexible Conductor Capacitive Tactile Sensor; (b) Micrograph
of Support Pillar Array Built into Flexible Conductor.

Well-designed electrodes of capacitive sensors also allow scientists and researchers to analyze
deoxyribonucleic acid (DNA) for applications in medicine and biology. A label-free capacitive DNA
sensing algorithm has been developed at University of Bologna in Italy [12]. In this method the
electrode-solution interfaces are characterized by capacitive parameters sensitive to the state of the
electrode surface. DNA targets in the solution bond with the probe and affect the value of interface
electrical capacitance, this variation is then measured by accurate instruments. Advantages of this
method over the conventional optical marker are: (1) no need for an expensive optical reading device;
(2) real-time detection; and (3) improved sensitivity.

Coaxial Capacitor-based Sensors
The coaxial configuration is the second most popular design in capacitive sensors. A simple
displacement sensor can be easily built using a cylindrical capacitor if the inner conductor can be

moved in and out of the outer conductor (Fig. 3.9). According to Eq. (3.2), the capacitance of such a
sensor is in a linear relationship with the displacement /.

Moweable Cylindrical
Electrods Capacitor
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Fig. 3.9. A Capacitive Displacement Sensor.

Coaxial capacitors are commonly used for fluid level measurement. There are two designs: one for
fluids with low dielectric constants (or high conductivity, see Fig. 3.10a), and another for fluids with
high dielectric constants (or low conductivity, see Fig. 3.10b). In Design (a), the surface of the metal
electrode is coated with a thin isolating layer (e.g., Teflon or Kynar) to prevent an electric short circuit
through the liquid. The insulated probe acts as one plate of the capacitor and the conductive liquid acts
as the other, and it is electrically connected to the ground. The insulating or dielectric medium in this
case is the probe’s sheath. In Design (b), a bare rod and the metallic vessel wall form the electrodes of
a capacitor; the dielectric medium is the liquid. The vessel wall (or reference probe) is grounded in this
case. Usually, a potentiometer is built in so that liquids with different densities and different dielectric
constants can be measured. A bridge circuit measures the capacitance and provides continuous liquid
level monitoring.
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Fig. 3.10. Capacitive Liquid Level Sensors.

The cross section of a capacitive touch transducer is shown in Fig. 3.11. This sensor uses a coaxial
capacitor design and a high dielectric polymer (e.g., polyvinylidene fluoride) to maximize the change
in capacitance as force is applied. The movement of one set of the capacitor’s plates is used to resolve
the displacement and hence applied force, which causes a capacitance change. From an application
viewpoint, the coaxial design is better than a flat plate design as it will give a greater capacitance
increase for an applied force.
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Fig. 3.11. Schematic of a Coaxial Capacitor Touch Sensor.

Euro Gulf Group Company has developed an Oil Analyzer (EASZ-1), which uses the capacitance
principle to measure moisture content in oil (see Fig. 3.12a and b). The cylindrical sensor and outer
barrel are fixed in size and distance from each other and form the electrodes of a coaxial capacitor. The
oil sample flows between the "plates" as a dielectric fluid, changing the capacitance of the assembly
proportionally with the change in dielectric constant of the fluid. The measured capacitance is then
converted to a water content output signal by the microprocessor and associated components to deliver
stable and accurate readings. There is also a built-in temperature sensor for temperature compensation.

EASZ-1 Analyzer

(a) (b)

Fig. 3.12. EASZ-1 Analyzer (a) and its Typical Installation on a Hydraulic Line (b).
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Spherical Capacitor-Based Sensors

Spherical capacitive sensors are not as popular as the parallel or cylindrical configurations. This is
largely due to the spherical design’s complexity and higher manufacturing cost. However, the
spherical geometry does provide several unique features, neither flat-plate nor coaxial capacitors have,
such as higher capacitance within a limited or compact space, a shape that is more readily adaptable to
measure irregular surfaces, spherical equipotentials, and wider bandwidth.

A spherical capacitor provides the ideal shape for generating a nonlinear electric field gradient
between its centre electrode and its inner surface. This unique feature was utilized by scientists at
NASA (National Aeronautics & Space Administration) to create the geophysical fluid flow cell
(GFFC, see Fig. 3.13).

Fig. 3.13. The NASA GFFC Device.

This cell uses spherical capacitors to simulate gravitational field conditions for studying the behaviour
of fluids. By applying an electric field across a spherical capacitor filled with a dielectric liquid, a body
force analogous to gravity is generated around the fluid. The force acts as a buoyant force with
magnitude proportional to the local temperature of the fluid and in a radial direction perpendicular to
the spherical surface. In this manner, cooler fluid sinks toward the surface of the inner sphere, while
warmer fluid rises toward the outer sphere. Researchers at University of Shanghai for Science and
Technology in China utilized the unique shape of the spherical capacitor to design a probe for
measuring the thickness of coatings on metals [13]. This spherical capacitive probe is more accurate in
measuring the thickness of non-conducting coatings on metals than the common planar probes. Also,
because it is a capacitive sensor, it is not subject to the materials limitations of the magnetic induction
method and the eddy current method, both having the disadvantage of being strongly influenced by the
electroconductivity and magnetic conductivity of the substrate.

Capacitive Sensor Arrays

Capacitive sensors can also be arranged in arrays to perform more sophisticated tasks. Fig. 3.14 shows
a spherically folded capacitive pressure sensor array (Imm thickness) for 3D measurements of
pressure distribution in artificial joints [14]. The sensor array consists of 192 sensor elements which
are arranged in a 16x16 matrix (Fig. 3.14a), then folded spherically (Fig. 3.14b) and placed in a cavity
(60mm diameter, Fig. 3.14c¢), followed by a ball joint (50mm diameter, Fig. 3.14d). This unique sensor
can be used to measure pressure distributions along curved surfaces such as those in ball joints.
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Fig. 3.14. (a) Unfolded Sensor Array; (b) Spherically Folded Sensor Array; (c) Sensor Array Placed in a Cavity;
(d) Sensor Array between Ball and Cavity.

In Fig. 3.15, the iGuard Security System [15] and Fingerprint Cards' [16] sensor contains tens of
thousands of small capacitive plates (functioning as pixels), each with their own electrical circuit
embedded in the chip. When a finger is placed on the sensor, extremely weak electrical charges are
created. Using these charges the sensor measures the capacitance pattern across the surface. Where
there is a ridge or valley, the distance varies, as does the capacitance; building a pattern of the finger's
“print”. The measured values are digitized by the sensor then sent to the microprocessor.

Walley - Ridge
A A

-

Capacitor array Protective Coatmg

Fig. 3.15. A Capacitive Fingerprint Sensor.

This capacitance sensing technique is an effective method for acquiring fingerprints. To achieve
enough sensitivity, the protective coating must be very thin (a few microns), since an electrical field is
measured and the distance between the skin and the pixels is very small. A significant drawback to this
design is its vulnerability to strong external electrical fields, the most troublesome being ESD (Electro-
Static Discharge).

4. Summary

Resistive and capacitive sensors are the most broadly used sensors. They can measure or detect a broad
range of physical phenomena and parameters, such as position, displacement, acceleration, pressure,
force, humidity, temperature, radiation, light, current, flowrate, chemical particles/gases, bioactivity,
and more. Electrical resistance is the easiest electrical property to measure and can provide a high
degree of precision over a wide range. The physical principles of resistive sensors are governed by
several important laws and phenomena such as Ohm’s Law and Wiedemann-Franz Law;
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Photoconductive-, Piezoresistive-, and Thermoresistive Effects, which relate electrical resistance
values to the magnitude of the physical or chemical parameters. The operating principles of capacitive
sensors are based on the properties of a capacitor: capacitance variation is a function of changes in
dielectric constant, materials, electrode conductivity, and geometric parameters. Each capacitive
sensor is designed to measure one or more of these parameters. All capacitive sensors fall into one of
the three basic capacitor configurations: flat-plate, coaxial, or spherical, depending on their intended
use and function. Several typical sensor designs and applications in each configuration, as well as
sensor arrays, are described in the paper.
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