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Capacitance Sensing Theory

1) Introduction

Capacitive sensors can be divided into two categories based upon their performance and intended use. High resolution ca-

pacitance sensors are typically used in displacement and position monitoring applications where high accuracy, stability and

low temperature drift are required. Quite frequently these sensors are used in process monitoring and closed-loop feedback

control systems. Proximity type capacitive sensors are much less expensive and are typically used to detect the presence of a

part or used in counting applications. The following paper describes characteristics of high resolution capacitance systems,
their operating principle and application.

Capacitance sensors are used throughout a variety of
industries to provide highly stable, accurate measurements of
displacement, vibration, position, thickness and runout. Most
capacitance probes are passive by design, allowing them to
be operated in high shock and vibration environments, and
at extreme temperatures. Capacitance probes are typically
Sensing modeled as a parallel plate capacitor. If two conductive surfaces

Area Body (Ground) - are separated by a distance and a voltage is applied to one of
the surfaces, an electric field is created. This occurs due to the
different charges stored on each of the surfaces. Capacitance
refers to the ability of the surfaces to hold a charge. In a typical
capacitive sensor system the probe is one of the plates and the target being measured is the other plate. If a constant current
is applied to a capacitive probe the capacitance change can be monitored as a linear voltage charge related to the distance
between the plates. This distance, or gap, is a function of the area of the capacitance sensor according to the following
formula:

-
Guard —

Figure 1: Typical Capacitance Sensor

Capacitance = Area X Dielectric/Gap.

From this relationship you can see that capacitance is directly
proportional to the area of the sensor and the dielectric property
of the material between the sensor and target (typically air).
The greater the area of the capacitance sensor the larger the
measurementrange, or gap. If we assume the area and the dielectric
between the plates remain constant for a specific capacitive
probe, any change in capacitance is inversely proportional to the D (Gap)
change in distance between the capacitive probe and target being / €
measured. This change in capacitance is processed within MTII's | |
Accumeasure™ capacitance amplifier and converted to a voltage

Area = nD (diameter)

for monitoring. The amount of voltage output change for a given — Ground
distance change is commonly referred to as the sensitivity of the
capacitance system. For example, if a distance change of Tmm C = Ae/D (Gap)

corresponds to a voltage output change of 10 volts the sensitivity
would be Tmm/10 volts, or 0.1mm/volt.

i. Capacitance Sensors Electric Field

A typical high performance capacitance sensor consists of three basic elements, the sensor tip, the guard and the ground
shell. Figure 1 illustrates a typical capacitance probe manufactured by MTI Instruments.
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When a voltage is applied to the sensor tip an electric field is established between it and any other local conductive material.
To maintain accuracy and linearity it is essential that the electric field in the measurement area be linear, directed toward the
target and not distorted. To protect this field each capacitive sensor has what is called a guard. This is an additional field cre-
ated around the probe sensing tip that is driven at the same phase and voltage potential as the sensor. By being equal, the
auxiliary field protects the capacitance sensing area from becoming warped and cancels any stray capacitance between the
two elements.

Because the ground shell is at a different potential than the guard a distortion of the guard field to the ground shell
(see Figure 2) occurs. Although undesirable, the distortion of

Insulation the guard is acceptable as long as the sensor tip field remains
Epoxy Gap chafg S?'ieldW' linear. For best performance the width of the guard should be
] onducting Wire
Sensing E?ectrode at least 2X the system measurement range.
[ Guard Ring ) ) ) )
| boral ~ Sensing Gap All of MTIl's capacitance probes are designed with sufficient
% guard to protect the sensing area under normal operating con-
Electric Field \W ﬁﬁ ditions. However, the flexibility of MTIl's Accumeasure series of
capacitive systems allows the system measurement range to be
‘ Target ‘ increased by 50 times or more. This range extension, or “Push’,

should not be greater than the width of the guard or poor lin-
earity will result. Contact MTIl's Applications Engineers for as-
sistance when “pushing”a capacitive probe.

1
— Ground Return

Figure 2: Capacitance Sensor Field

In addition to improving linearity and accuracy the guard is also used to reduce noise and external interference. Each capaci-
tance probe is driven by a low noise coaxial cable. The shield of the cable is used to deliver the voltage to the guard, and you
may recall at the same voltage potential and phase. This eliminates any stray capacitance that might be created between the
center conductor and the shield of the cable, or any other part that may be close to the cable. By design, this protection signifi-
cantly reduces external influences from RFl and EMI. It is important to note that ordinary coaxial cable usually does not provide
adequate protection or shielding for the capacitance system and special cable is generally required.

2) Characteristics of Capacitive Sensors
i. Non Contact

Capacitive displacement sensors are non contact by design. That is, they are able to precisely measure the position or displace-
ment of an object without touching it. Because of this the object being measured will not be distorted or damaged and target
motions will not be dampened. Additionally, capacitance probes can measure high frequency motions because no part of the
sensor needs to stay in contact with the object, making them ideal for vibration measurements or high speed production line
applications.

ii. Range/Standoff Distance

As mentioned above the range of a capacitance sensor is dictated by the diameter, or area, of the sensor. The larger the area,
the larger the measurement range. Measurement range is typically specified starting when the probe is touching the target.
At this point the output from the capacitance amplifier is zero volts. When the gap is increased to equal the full scale measure-
ment range of the capacitive system the amplifier output is 10 volts (Vdc). In theory, the probe can operate anywhere between
these two extremes, however, it is not recommended to operate below 10% of the gap. With this said, the ideal operating or
standoff distance is somewhere between 5Vdc to 7Vdc which will allow the target to move closer to or further away from the
probe without going out of range. Figure 3 (below) is a simplified diagram showing range, output voltage and recommended

standoff for a typical capacitance sensor.
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Recommended Standoff

10% of ——m=
Range [

50% of ——m=
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J:— 5.0V Output

I |
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Figure 3: Capacitance Probe Operating Range

All of MTII's Accumeasure capacitance measurement sensors have a built-in dc voltage offset. Once engaged, the output volt-
age can be changed by as much as 10 volts by simply adjusting a potentiometer. This is ideal if your data acquisition or moni-
toring system requires a -5Vdc to +5Vdc input or if it is desired to take relative measurements from some fixed voltage point.

iii. Resolution

The resolution of a displacement sensor is defined as the smallest amount of distance change that can be reliably measured
by a specific system. Capacitance sensors offer extremely high resolution and stability often exceeding that of expensive and
complex laser interferometer systems. Because of their ability to detect such small motions, capacitance sensors have been
successfully used in many demanding measurement applications including computer disk drive runout, microscope focusing
and nano-positioning within highly complex photolithography tools.

The primary factor in determining resolution of a capacitive sensor is the system’s electrical noise. If the distance between
the sensor and target is constant, the voltage output will still fluctuate slightly due to the “white” noise of the system. It is as-
sumed that, without external signal processing, one cannot detect a shift in the voltage output of less than the random noise
of the instrument. Because of this most resolution values are presented based on the peak-to-peak value of noise and can be
represented by the following formula:

Resolution = Sensitivity X Noise

Sensitivity is simply the measurement range divided by the voltage output swing of the capacitance amplifier. From the for-
mula you can see that for a fixed sensitivity the resolution is solely dependent upon the noise of the system. The lower the
noise the better the resolution!

It is important to note that some manufacturers specify resolution based on peak or rms noise, resulting in claims that are 2x
and 6x respectively better than peak-to-peak. Although an acceptable method, it is somewhat misleading as most users do
not have the ability to decipher voltages changes less than the peak-to-peak noise value.

The amount of noise depends on the capacitance amplifier bandwidth. This is because the noise is generally randomly dis-
tributed over a wide range of frequencies and limiting the bandwidth with filtering will remove some of the unwanted higher
frequency fluctuations. Figures 4 and 5 show the difference in the output of two identical capacitance systems with different
low pass filters. All of MTIl's Accumeasure capacitance systems have plug-in low pass filters that allow for easy

adjustment in the field.
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Figure 4: Amplifier Output Noise with 20kHz Low Pass Filter Figure 5: Amplifier Output Noise with 100Hz Low Pass Filter

iv. Bandwidth

The bandwidth, or cutoff frequency, of a capacitive probe system is typically defined as the point where the output is damp-
ened by -3dB. This is approximately equal to an output voltage drop of 30% of the actual value. In other words, if a target is
vibrating with an amplitude of Tmm at 5kHz and the bandwidth of the capacitance sensor is 5 kHz the actual sensor output
would be Tmm X 70% = 0.70mm. Bandwidth curves are provided with all of MTIl's capacitance systems and can be used to
correct for this dampening in high frequency applications. MTII's applications engineers typically select a filter that has a cutoff
frequency higher than the application requires to prevent any attenuation of the output. Additionally, this higher setting pro-
vides less phase shift in the capacitance sensor output allowing them to be ideally used in closed-loop feedback systems.

v. Push or Range Extension

Typical capacitive amplifier systems operate over a specific capacitance range, limiting their ability to measure large motions
or operate at comfortable standoff distances. To overcome this problem MTII created a proprietary capacitive circuit that, with
minor component modifications, can be adjusted to change the capacitance range and meet a wider variety of customer re-
quirements. For example, a small diameter probe with a 1/2mm measurement range can be “pushed” to have a measurement
range of Tmm or even 2mm. This allows MTII's capacitive probes to be used in applications where space is limited or the target
being measured is small. It is important to note, however, that a pushed probe should have a guard width sufficient enough
to maintain the performance required, as mentioned above. Additionally, pushing a capacitance sensor also amplifies system
noise, reducing probe resolution. Noise increase is proportional to push; 2 X Push = 2 X Noise

vi. Spatial Resolution

The field established between a capacitance probe tip and measured object is typically larger than the diameter of the probe
tip (see Figure 6). This is because there is an epoxy gap between the tip and guard elements. The field diameter is equal to D
plus 1x the epoxy gap. When taking measurements, capacitance probes provide a distance equal to the average surface loca-
tion within the spot area. They are not capable of accurately detecting the position of features smaller than the size of the spot,
however, they can repeatably measure to rough surfaces. Because of this the probe tip should always be 25% smaller than the
smallest feature you are trying to measure. Smaller sensors can distinguish smaller features on an object.
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Figure 6: Effective Spot Size of a Capacitive Sensor

Insulation
Epoxy Gap Guard Shield
1 Conducting Wire
Sensing Electrode
\ Guard Ring
| —  Sensing Gap
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Current Path —\K( ﬁ vii. Linearity
’ Target ‘

As mentioned previously all MTII Accumeasure capacitance sen-
sors typically have an output of 0-10Vdc over the full scale mea-
surement range (FSR). In an ideal world this output would be
Effective Spot Size =——— perfectly linear and not deviate from a straight line at any point.
However, in reality there will be slight deviations from this line
which defines the system linearity. Typically, linearity is specified as a percentage of the FSR of the capacitive sensor. During
calibration the output from the capacitance amplifier is compared to the output of a highly precise standard and differences
are noted. MTIl's Accumeasure capacitance probes offer the highest linearity available today. Most systems exceed +/-0.05%
FSR with some achieving +/-0.01% or better.

1
Ground Return —

Accuracy is a function of linearity, resolution, temperature stability and drift, with linearity being the majority contributor. For-
tunately, the linear response of MTII's capacitive sensors is very repeatable. Calibration reports provide data that can be used
to correct for the non-linearity of a system with inexpensive computers and correction software.

viii. Stability

The stability of a capacitance probe system is a function of a variety of different internal and external factors. For short term or
relative measurement applications stability is typically not an issue. However, if high accuracy is required over a long period of
time care must be taken when designing fixtures, selecting components and specifying materials of construction.

Temperature is typically the biggest factor that affects stability. Temperature swings can not only cause electronic drift of
capacitance amplifier components but it can also cause fixture and probe expansion and contraction. For critical applications
MTII uses high quality capacitors, resistors and inductors specifically designed for stability to minimize the electronic affect.
To minimize the mechanical affect, probes can be manufactured from special low thermal coefficient materials, such as Invar,
and MTII's Application Engineers can provide fixture design assistance. Thermal correction coefficients can also be provided
and used for real-time compensation.

Active capacitance probe systems should never be used in high stability applications because any localized temperature
change surrounding the sensor will result in drift.

ix. Calibration

For low-end proximity capacitance sensors calibration is typically not important because linearity of the senor is not critical.
Most high performance capacitance sensors are, by design, inherently linear to approximately +/-0.2% of the full scale mea-
surement range. Some capacitance manufacturers offer sensors with this performance, however, they are typically not suitable
for high precision applications. Improved performance can be obtained by adding adjustable break point linearization within
the amplifier circuit.

During calibration of a capacitive probe the output of the amplifier verses position of a target is recorded. A best fit straight line
is generated based on this data. Each recorded point is then compared to the generated straight line and the percent devia-
tion is calculated and plotted. Based upon the results adjustments can be made to improve the deviation to within acceptable
limits.
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3) Applying Capacitive Probes
i. Target Material and Grounding

As mentioned above, a capacitance measurement system mimics a parallel plate capacitor with the sensor as one plate and
the target being measured the other. To create the electric field between the two plates the target must be made of a conduc-
tive material. The composition or thickness of the target is not important, allowing capacitance sensors to be used in many ap-
plications not suitable for eddy current type sensors. In fact the surface can even have a resistance of a few hundred ohm cm.

To complete the capacitance circuit the target should be grounded back to the capacitive amplifier. For optimal performance
a conductive path is required, however, capacitively coupled targets can work well if the capacitance is 0.01 pf or higher. An
example of a capacitively coupled target is a shaft rotating on air bearings. In theory, air bearings are non-contact but the gap
between elements is small, and their area is relatively large, creating a high capacitance path. Thousands of successful applica-
tions world wide have been installed with capacitively coupled targets.

If the target is poorly grounded back to the capacitance amplifier the system is susceptible to external noise and interference.
Care should be taken when designing the ground return path. If a ground is not possible MTIl's Push/Pull capacitance probes
are an excellent alternative. Section ix provides more information about these unique capacitance sensors.

ii. Target Size

The lines of flux in the electric field established between the probe and target always leave the capacitance sensor normal (90
degrees) to its surface and always enter the target normal to its surface (see Figure 2). If the target being measured is large
enough, and the capacitance sensor is within range, the field within the sensing area will be consistent and linear. If the target
is not large enough to support the field it will tend to wrap around the edge and enter normal to the target side (see Figure 7).
This field distortion will create measurement errors by degrading the sensor linearity and changing its measurement range.
Because of this the original factory calibration can no longer be used and an in-place calibration is required, however, accuracy
may still be compromised.

Insulation
Targets that are too small to support the capacitance Epoxy Gap Guard Shield
electric field can also provide false displacement sig- T Conducting Wire
nals from lateral motions. Capacitive sensors are typi- y Sensing I_Electrode
cally used to measure the gap or movement in the di- | \‘ ) E;l;ae:(\jsi?\g%ap
rection of the sensor axis. If the target is large enough —
any lateral motion will not distort the electric field, Current Path
however, if the field is wrapped around the target any
lateral motion will change the shape of the field caus- Target

ing a change in output even if the gap remains con-
stant. As a general rule the target should be 30-50% Ground Return —
larger than the capacitance sensor.

Figure 7: Field Distortion from an Insufficient Target Size

iii. Target Shape

Capacitance probes will measure the average distance to the target under the area of the sensor. If a tilted or curved target is
being measured the electric field will be distorted and the accuracy compromised. When sensors are calibrated to a flat target
the output voltage is theoretically zero when the probe is in contact with the target. This is not true when measuring curved or
tilted surfaces because the surface prevents the probe from full target contact. The result will be a shift in the zero point from
its original calibration at MTIl which will show as an offset in the measurement, not a sensitivity change. To overcome both
issues an in place calibration is possible to correct for the sensitivity change, however, the capacitive sensor measurement
range may be reduced. MTIl can perform a customized calibration if the application conditions can be duplicated in our labo-
ratory. As a general rule a curved target should be 10 times larger in diameter than the sensing element of the capacitance
Sensor.
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Figure 8: Spatial Resolution of Capacitive Sensors

Sensors iv. Spatial Resolution
N Capacitance sensors have a relatively large sensing area

in relationship to their measurement range. As men-
tioned above, these types of sensors take an average
A B C measurement to the surface in question. If this surface
has features that are smaller than the capacitance sens-
ing element the feature may not be detected or the sen-
e sor output may not respond accordingly. Figure 8 shows
how the probe size can affect the sensor output when
looking at a stepped object. Note the sharper voltage
changes from the smaller diameter capacitive sensor.

Similarly, the output of a capacitance sensor will de-
pend on the surface roughness. If the roughness chang-
— es over an area the output from the capacitance sensor
will change when the target translates beneath the
1V probe because the average distance to the surface has
changed. The amount of sensor output shift will depend

Sensor A on the magnitude of the surface roughness.

ov

Meastrement Target

v. Environmental Conditions

10V In Section 1 we discussed how the capacitance changes

wf_ as the distance between the capacitive probe and the

Sensor B target changes. You may recall that the capacitance also

o depends upon the dielectric property of the material in

the gap. Because of this it is important that there is a

homogeneous, non-conductive material between the

1oV probe and target. In most applications this material is air,

however, many times oil or some other dielectric fluid is

Sensor C successfully used. If it is not homogeneous, or if the di-

W electric properties in the gap change, then accuracy will

be affected. This is typically not a problem for changing

air properties because the effects are small. For instance,

the dielectric constant of air changes by approximately 1.4 ppm/% relative humidity. This represents a potential offset in the

senor output of less than 1 mV with a relative humidity change of 50%. Care must be taken to avoid dielectric changes from
other materials and ensure dirt and debris do not accumulate in the capacitive probe gap.

The most common environmental problem that can affect the accuracy of a capacitive sensor is temperature. Not only do the
electronics driving the capacitance sensors exhibit temperature drift but also expansion and contraction of the probe and
fixturing physically changes the probe gap. All of MTIlI's Accumeasure capacitance amplifiers have a temperature stability of
less than +/-0.1% of the full scale measurement range over a temperature change of 40°F to 104°F (4°C-40°C). MTlII's standard
capacitive sensors are made of stainless steel which exhibits a thermal coefficient of expansion of less than 200ppm/degree
C. Custom probes manufactured of highly stable materials, such as Invar, are available for extreme stability applications. It's
possible for MTII's engineers to adjust the temperature coefficient of components for custom high stability applications. MTII
also manufactures high temperature probes capable of operating above 500°C.
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vi. Fixturing

It is important that the fixture holding a capacitance sensor is stable. As mentioned above, temperature changes can cause
expansion and contraction resulting in a distance change between the capacitive probe and target. Fixtures should be made
of the appropriate material to minimize this effect. The fixture supports should also be as short as possible and long cantilevers
should be avoided to minimize not only temperature issues but to also reduce vibration.

Most capacitance sensors are cylindrical and can be secured using epoxy, set screws or “Vee” blocks. Each method is accept-
able, however, care must be taken to insure the capacitive probe is perpendicular to the target and not able to move. For
best performance it is also recommended to ground the outer body of the probe so the fixture should ideally be electrically
grounded. In addition, mounting the sensor as close as possible to the sensing face will minimize expansion and contraction
errors. Probes of other shapes are available and MTII can provide custom flanges or mounting designs.

vii. Synchronization

If more than one measurement is required on a single target the capacitance amplifiers should be synchronized to reduce pos-
sible interference. Synchronization is accomplished by making sure the oscillators that drive the electronics are in phase. When
out of phase, “beat” frequencies may be seen on the sensor outputs. This is not a problem when the number of measurement
points can be satisfied with one chassis (such as the dual channel Accumeasure 9000 or the multi-channel systems: Accumea-
sure 1500 or Accumeasure 500) because all capacitance amplifiers are driven by the same oscillator. If more than one chassis
is required, one capacitive chassis should act as a master, causing the others to be synchronized “slaves”. MTIlI's Accumeasure
line of capacitive sensors has provisions to configure any amplifier as a master or a slave.

viii. Cable

In Section 1 we discussed the importance of the “guard” that surrounds the electric field as it leaves the sensor. In addition to
improving linearity and accuracy the guard is also used to reduce noise and external interference. Each capacitance probe is
driven by a coaxial cable. The shield of the cable is used to deliver the voltage to the guard, and you may recall at the same
potential and phase as the sensor signal. This eliminates any stray capacitance that might be created between the center
conductor and the shield of the cable, or any other part that may be close to the cable. By design it not only reduces the ca-
pacitance load on the amplifier but it also keeps it constant so any capacitance change seen by the amplifier is related only to
a probe gap change. It is important to note that ordinary coaxial cable will not provide adequate protection and special cable
is required.

Typical capacitance probes have cable lengths of approximately 8 feet (2.4 meters). Adding additional cable is common, how-
ever, noise will increase. In general, each additional foot of cable will add approximately 0.05mVdc of noise when using a spe-
cially treated low noise 30pf/ft cable. Additional cable will also add capacitance load on the sensor amplifier so cable length
should be carefully considered.

ix. Push/Pull Technology

For best performance standard capacitive sensors require the target to be electrically grounded. Current flows from the probe
face to the target and back to the capacitance amplifier to complete the circuit. The capacitance created is monitored and
related to the probe gap. Capacitance measurements of electrically grounded targets can be, however, affected by changes in
the electrical conductivity or ground path of the target. To eliminate the effects of these variations, MTIl developed a unique
version of the Accumeasure sensor called the push-pull. In this design each probe consists of two capacitance sensors, built
into one probe body, as shown in Figure 9.
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Figure 9: MTII's Push/Pull Capacitance Sensor

Each sensor is driven at the same voltage, however,

there is a 180 degree phase shift between signals.

This shift allows the current path to travel across

the target surface rather than through the target

to ground, eliminating any inaccuracies created by

poorly grounded targets. Additionally, highly resistive
Push Pull targets can be measured with this technology allow-

i Target | ing capacitance sensors to be used on semi-insulating

and semi-conducting targets.

4) Capacitive Sensor Advantages and Disadvantages
i. Advantages

As with any sensing technology, capacitive systems have both advantages and disadvantages. Perhaps their greatest attribute
is their ability to resolve measurements below one micro-inch (<25nm), at a fraction of the cost of other high performance
technologies. Most capacitance sensors are “passive” by design allowing them to be used in extreme environments while still
maintaining stability. Sensors can be easily customized, allowing them to be adapted into a variety of applications or settings.
They are immune to target composition and work equally well on all conductive targets, unlike eddy current probes. They are

immune to ultrasonic noises, lighting conditions, humidity and temperature for the most part.

ii. Disadvantages

Capacitance technology dictates that the probe be mounted close to the target. This increases the probability of crashing the
sensor or damaging the material being measured. MTIl has provisions in the Accumeasure product line to extend the measure-
ment range and standoff of the sensor, however, this distance is rarely greater than 15mm.

Capacitance sensors should also be kept clean. Dirt or other foreign debris can cause an offset in the measurement so frequent
cleaning may be required depending on the application. These types of sensors are typically not used in applications where

oil splatter or cutting fluids are present.
5) Applications
i. Position Sensing
General positioning is probably the most common application for capacitive sensors. As mentioned about, the output of a ca-
pacitance sensor is proportional to the distance to the target. If the probe remains stationary any capacitance change detected

by the amplifier is directly related to the target position. Capacitive sensors have highly linear response and low output phase
shift making them ideally suited to be applied in both static and active feedback positioning applications.
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Other typical position applications include:
» Microscope focusing
» Lens alignment
« Part profiling
« Stress analysis

ii. Dynamic Measurements

Non-contact capacitance sensors are ideal for measuring moving targets because they have high frequency response and do
not dampen target motions by adding mass. Typical capacitive sensing systems have bandwidths exceeding 20 kHz, making
them ideal for high speed applications such as:

+ Spindle runout analysis
Piezoelectric feedback positioning
« Ultrasonic horn vibration

« Brake rotor runout

.

iii. Thickness Measurements

Thickness quality control monitoring is better applied on line during the manufacturing process instead of periodic sampling
after a product has been manufactured. This way process adjustments can be made “on the fly, reducing or eliminating the
production of product that does not meet specification. In some applications, contact methods can be utilized, however, they
are slow, can damage the product and are subject to wear. Non-contact capacitive sensors are commonly used in these ap-
plications.

A typical application consists of two capacitance probes, one on either side of the material being measured. The difference
between the output of each sensor is directly related to the thickness of the material being measured. By taking a differential
measurement, any positional movement of the material within the probe gap is cancelled.

Figure 10 shows a typical thickness setup with A and B representing the sensor outputs. The gap between the probes, G, is
equal to A + B +T. If an initial sample of known thickness, T, is placed within the gap, G can be determined and used in future
calculations. Since thickness = G - (A + B), and G is constant, the thickness can be calculated by simply subtracting the two
capacitance probe outputs.

Figure 10:
Typical Thickness Measurement
using Capacitance Probes
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Single sided thickness measurements can also be successfully made using capacitive sensors if the back side of the material
being measured can be referenced to some fixed plane. Figure 11 shows a typical single sided measurement. From this figure
you can see that the product thickness is directly proportional to the gap between the probe and the surface of the material.

Figure 11: Single Point Thickness Measurements using Capacitance Probes

ensor Typical thickness applications include:
«  Semiconductor wafers

«  Computer disk drive disks

- Brake rotors

«  Sheet metals

«  Photovoltaic Wafers

i — > —

| Target |

Reference Plane

iv. Dielectric Material Thickness Measurements

Although MTII's capacitance systems are primarily used to make non-contact measurements of position, displacement and
vibration, they can also be used to measure the thickness of dielectric materials. When making these types of measurements a
fixed gap is established between the probe face and a grounded plate. If an insulating material is inserted in this gap the
capacitance will change even if the distance between the probe face and the grounded plane remains constant. The capaci-
tance change will create a change in the voltage output of the amplifier proportional to the dielectric thickness. Once a sen-
sitivity factor is determined based upon the specific material being measured it is important that subsequent measurement
samples have the same dielectric properties for accurate results. Several methods can be used to determine dielectric thick-
ness as follows:

Method A
When dielectric constant of material to be measured is known:

If an Accumeasure amplifier and capacitance probe are set up at any air gap within the operating range of the system the
Thickness Sensitivity Factor for a material having a particular dielectric constant can be calculated as follows:
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Thickness Sensitivity Factor = Operating gap/ (V_Air- (V_Air + K))

Example

If the fixed operating gap is 0.020" and the V_(AIR) is 10.00 volts, and the dielectric constant K of the material to be measured
is known to be 3.00, then:

Calculated Thickness Sensitivity Factor = 0.020”/(10.00-(10.00-3.00)) = 0.003"/ Volt

Therefore, if a new sample of unknown thickness and same dielectric constant were introduced into the gap the thickness
can be calculated as follows:

Test sample thickness = Thickness Sensitivity Factor x (V_ Air-V_Sample)

For example, if the output voltage with the test sample in place reads 6.50 volts, then:

Test sample thickness = (0.003"/Volts) x (10.00 - 6.50) = 0.01050"

Method B
When the dielectric constant is unknown and a sample of known thickness is unavailable

If the dielectric constant is unknown or uncertain it can be measured with a capacitance system by placing a sample of the
material in the operating gap and adjusting the probe until it just touches the sample. This will fill the gap between the ca-
pacitance probe and ground plane with only the material being measured. A reading of the output voltage is taken and the
material carefully removed without changing the gap setting. The reading of the output voltage is taken again without the
material in the gap. The dielectric constant can be calculated as follows:

K=V_AIR/V_Sample
After the dielectric constant is known Method A can be used to measure additional samples of the same material.

Dielectric materials are those materials which behave more like insulators than conductors. The following is a list of dielectric
constant for some common plastics, rubber, glasses and liquids:

vIaterial Temperatmr e ” C||Frequency (Hz)| Dhelectiic Constant
P olyamide 25 1xz10° 3.3

[P clyethylene | -12 | 1:10° | 2.3 |
P clywinyl Thlon de 25 1=10° 323

F olyesters 25 1:210° 3. 1to<0
[Epoxy Resins | 25 | 1x10° | 5.5 |
Meopren e 25 1= 10° 6.2

Zilicone rubber 25 13 10° =1
l&lumina | || | 4 Sto 84 |
Silica glass (clear) 28

W ater 20

Bdotor Cil (SAE 30 | | | 2.50 to 3.0 |
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6) Capacitance probes

MTII manufactures a variety of standard and custom designed capacitance probes. The most common types are defined as
follows:
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CTA Capacitance Sensor

CTA Connector Type Axial: The cable is connected to the capacitive sensor with a connector and it exits
the probe axially

CTR Capacitance Sensor

CTR Connector Type Radial: The cable is connected to the capacitive sensor with a connector and it
exits the probe radially

ILA Capacitance Sensor

ILA Integral Lead Axial: The cable is integral to the probe and exits the probe axially

ILR Capacitance Sensor

ILR Integral Lead Radial: The cable is integral to the probe and exits the probe radially

PCA Capacitance Sensor

PCA Pancake Axial: The probe is thin, the cable is integral and it exits the probe axially

PCR Capacitance Sensor

PCR Pancake Radial: The probe is thin, the cable is integral and it exits the probe radially

MTII appnote: capacitancesensingtheory.pdf - Page 13 of 13

m sales@mtiinstruments.com « www.mtiinstruments.com



