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Abstract—Most circuit boards operate in environments that have
the potential to be exposed to moisture, either in vapor or liquid
form. Because low-cost circuit boards can readily absorb moisture,
this can lead to performance issues, reliability issues, and even
catastrophic failure. However, it is difficult to detect if moisture
absorption has occurred before the circuit board suffers a complete
failure. To alleviate this issue, a fringing field capacitor was
implemented in printed circuit board (PCB) technology and used to
detect the absorption of moisture in the circuit board through the
accompanying increase in capacitance. Prototype sensors were
fabricated and immersed for 42 d, demonstrating an increase in
capacitance of between 14% and 29%. This sensor technology can
easily be added to circuit board designs because they use the
standard materials and fabrication processes used in commercial
PCB construction.
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INTRODUCTION

T raditional laminated printed circuit board (PCB) technol-
ogies, such as FR-4, can absorb moisture from the oper-

ating environment [1]. Some operating environments are
particularly harsh and can expose the PCB to large amounts of
moisture. These harsh applications include vehicles [2], ships
[3], electrical power transmission and distribution systems [4],
and alternative energy systems [5]. Specific examples of ap-
plications where circuit boards may be exposed to excessive
amounts of moisture include vehicle engine controllers, hand-
held military electronics, and electronics associated with out-
door utility systems. Several deleterious effects can occur if
moisture is absorbed by a PCB, including PCB material deg-
radation, delamination, electrical shorting, ionic corrosion,
conductive filament formation, and even biofouling [6]. Al-
though various board coatings have been developed to insulate
PCBs from exposure to environmental moisture, it is difficult to
evaluate the effectiveness of these coatings during circuit op-
eration in the field. Furthermore, it is often difficult to determine
if moisture has been absorbed into a PCB before catastrophic
failure occurs. Presented here is a moisture detection sensor that
comprises the PCB materials themselves. This sensor detects
absorbed moisture by using the high dielectric constant of water
to affect a fringing field capacitor implemented under the solder

mask layer on the PCB. The remainder of this article presents
this work.

BACKGROUND

A. Moisture and Moisture Absorption

The vast majority of terrestrial operating environments afford
exposure to moisture. Most of these environments, however, are
rather benign. In harsh environments where moisture exposure
is an issue, the properties of water can have several effects on
electronic systems. Although pure water has a high resistivity
[7], water is a polar compound and has an affinity for dissolving
ionic compounds. The dissolved ions act as mobile charge
carriers, greatly reducing the resistivity of the resulting aqueous
solution, even to the point of being able to short conductors.
Water possesses a relatively high dielectric constant, 81 at room
temperature [8], which increases the capacitance between
conductors. The surface tension of water is high compared with
many other liquids [9]. As a result, the capillary action of water
can cause it to be drawn into cracks and small crevices.
Sometimes, it results in hygroswelling [10]. If the water freezes,
it will expand as ice forms, enlarging the cracks. Water also
facilitates chemical changes on surfaces in contact with it, such
as corrosion. In addition, water can facilitate biological or-
ganisms that can foul and otherwise affect surfaces and as-
semblies [11].

B. Moisture Absorption in FR-4 Printed Circuit Board
Laminate

Pecht et al. [6] modeled the absorption of moisture in various
PCB laminate materials, including FR-4, and developed an
approximate equation for the diffusivity of moisture into the
circuit board material. From empirical data, they were able to
model the equilibrium moisture content of FR-4 by

Minf 5 :006ðRHÞ2 3:59
�
102 3

�ðTÞ1 :071; (1)

where Minf is the equilibrium moisture content, RH is the
relative humidity (40% # RH # 85%), and T is temperature
(40°C # T # 85°C). The applicable ranges for RH and T
covered only the ranges of relative humidity and temperature
investigated in that study. The three coefficients in (1) were
averaged from the measurements from testing FR-4 from two
different suppliers. Observe that the amount of absorbed
moisture in FR-4 increases in a wetter environment, and slightly
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decreases as environmental temperature increases. Assuming
that the diffusion is Fickian such that the circuit board of
thickness, L, is exposed to the same moist environment on both
sides, the initial diffusivity, D, can be approximated using the
following equation:

Mt

Minf
5

4

L

�
Dt

p

�:5

; (2)

where t is time andMt is the percent moisture content at time t. If
Mt is plotted versus the square root of time, the initial slope of
that trace is k. Using k, (2) can be rewritten as follows:
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Using (3) with their test data from evaluating FR-4 laminates at
40°C and 85°C and at 50% RH and 85% RH, Pecht et al. [6]
reported observed diffusivities between .74 and 3.22 cm2/s. In
addition, other factors would likely affect how fast moisture
diffuses into an FR-4 PCB, including proximity to the edge of
the board, features of the circuit board design such as ground
planes and solder mask coatings, and processing history in-
cluding reflow cycles.

C. Printed Circuit Board Sensors

Commercial PCB technology is being used to realize a variety
of low-cost sensors. Consider the illustration of the two-layer
PCB sensor shown in Fig. 1. The nonconductive FR-4 substrate
forms a rigid backbone for the sensing electrodes on either side
of the PCB. The patterned Cu cladding is used for the sensing
electrodes and any required signal traces attached to interface
electronics. The polymeric solder mask is used as a thin in-
sulating layer. Four electrodes covered with solder mask are
shown on the top side, where the solder mask electrically in-
sulates them from the sensing environment outside of the circuit
board. These electrodes can be used to measure the electrical
permittivity or the electrical permeability of the surrounding

media. Two exposed electrodes are shown on the bottom side,
which can be used to measure the resistance and, therefore, the
electrical conductivity or resistivity of the surrounding media.
By measuring these electrical properties while in the sur-
rounding environment, useful information about the environ-
ment can be determined. Examples include the measurement of
salinity [12], soil moisture content [13], nitrate concentration
[14], pH [15], water supply contamination [16], and the mass of
a drop of water [17].

SENSOR THEORY

Consider the interdigitated electrode structure illustrated in
Fig. 2 consisting of n electrode pairs. “A” and “B” identify the
electrode connection points. Let L be the overlapping length
between any two adjacent electrode fingers, t be the electrode
thickness (perpendicular to the drawing), and d be the separation
distance between any two adjacent electrode fingers.

Assuming that L is much larger than either t or d, and if t is
much greater than d, then the capacitance between the two
electrodes can reasonably be approximated by the following
equation:

C5
e0erLtðn2 1Þ

d
; (4)

where e0 is the permittivity of free space, er is the relative
permittivity of the homogeneous dielectric material between the
electrodes, n is the total number of electrode fingers, and L, t,
and d are the structural dimensions illustrated in Fig. 2. For this
case, only a negligible amount of the capacitance is due to the
fringing fields outside of the volume of the electrode structure.
However, now consider the case where t is not significantly
greater than d. In this case, a sizable portion of the capacitance
between the electrodes is due to the fringing fields outside of the
volume of the electrode structure. This results in an increase in
the capacitance predicted by (4). To account for this increased
capacitance, a fringing factor correction coefficient, g, is added
to (4), resulting in

C5
e0erLtgðn2 1Þ

d
; (5)

Fig. 1. An illustration of the side view of a PCB sensor.
Fig. 2. Cross-sectional illustration of a PCB implemented interdigitated
electrode structure.
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where g is greater than or equal to 1. If the default material
through which the fringing fields pass through has a relative
permittivity of approximately 1, and a material with a much
greater relative permittivity enters this volume, the measured
capacitance increases accordingly. Because water has a relative
permittivity of approximately 81 at room temperature, if water
enters this volume, a large increase in capacitance can be
achieved [8]. Depending on the geometry of the interdigitated
electrode structure, g can be large. For example, a similar in-
terdigitated electrode structure used as a humidity sensor had a g
of approximately 230 [18]. Because of the difficulty in calcu-
lating g from electromagnetic modeling, it is often easier to
determine its value experimentally.

A cross-sectional drawing of an interdigitated electrode
configuration depicted in Fig. 2 implemented in PCB tech-
nology is presented in Fig. 3. The interdigitated electrodes, “A”
and “B,” are realized in the patterned Cu cladding on the top side
of the PCB. A layer of solder mask completely covers the
electrodes and the volume between them. The electric flux lines
between the electrodes are shown in Fig. 3 as black dashed lines,
illustrating how some of them extend out of the volume of the
electrode structure, into the PCB below and into the external
region above the PCB. The electric flux lines above the PCB
have been used for external sensing applications [8]. In this
application, however, the desired sensing environment is the
region inside the PCB itself, as illustrated by the electric flux
lines extending into the PCB below the electrodes. Moisture
absorbed by the PCB in the vicinity of the electric flux lines will
result in a measurable increase in the capacitance between the
electrodes proportional to the amount of moisture absorbed. The
other side of the PCB is available for other circuitry, such as
additional interdigitated electrodes, a Cu ground plane, or for the
attachment of electronic components. Implementing the mois-
ture absorption sensor in the PCB materials is very convenient
for integrating the sensor with its interface circuitry. More
complicated PCB sensor configurations could be realized in
multilayer PCBs using the inner Cu cladding layers.

At a fixed temperature, this type of sensor produces a linear
change in capacitance in proportion to a change in the amount of
liquid water present within the sensing volume [13]. PCB-
interdigitated electrode capacitive sensors are sensitive to tem-
perature. A similar PCB sensor with a temperature sensitivity in

air of .1144% increase in capacitance per degree Celsius rel-
ative to 20°C was reported [19]. Also, the relative permittivity
of water decreases by approximately .427% for every degree
Celsius increase in temperature above 0°C [20]. Therefore,
PCB-interdigitated electrode capacitive sensor readings must
be referenced to a specific temperature to determine the exact
amount of absorbed moisture.

SENOR DESIGN AND FABRICATION

Prototype sensors were designed to be 2.54 cm in length and
width with a thickness of approximately 2.5 mm. There were 72
electrode fingers in each sensor on a circuit board resulting in 36
capacitive fringing pairs, with 152.4 mm (6 mils) spacing be-
tween each of the adjacent electrode fingers of the sensor. This
resulted in a sensing area on the PCB of approximately 22 mm
by 11.4 mm, or 250 mm2. This area is evident in Fig. 4 by the
white silkscreen outline. Below the sensing area were two gold-
plated tabs that allowed for electrical connection to the sensor.
The backside of the sensor circuit board was just exposed FR-4
material to facilitate moisture absorption for sensor evaluation
purposes. The sensor circuit board layout is presented in Fig. 5.
Here, blue represents the top patterned copper layer, green
represents the top layer silkscreen surrounding the sensing area,
and red represents the outline of the board. The solder mask, not
shown in the figure, was only applied to the top side and ev-
erywhere on that side except over the gold-plated electrical

Fig. 3. Illustration of an interdigitated electrode structure.

Fig. 4. Photograph of three identical sensor circuit boards.

Fig. 5. Layout of the sensor circuit board.
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contact pads. The fabrication of the sensors was performed by
Osh Park using their standard commercial two-layer FR-4
circuit board fabrication service. Although this prototype
only had the sensing structure implemented on it, a PCB that had
this sensor with other circuitry would be the intended appli-
cation. In such an implementation, other features on the circuit
board and the sensor’s location on the circuit board could affect
the sensor’s operation and, therefore, must be taken into
consideration.

SENSOR TESTING AND DATA ANALYSIS

A. Moisture Ingress Testing

The testing of the devices consisted of immersing seven
sensors in a glass beaker filled with local tap water for 42 d at
room temperature while keeping one PCB outside of the water
so as to have a reference to base all measurements on. The
complete immersion in water allowed for the quickest water
absorption for the boards and to represent an environment where
moisture would be at the absolute highest possible value. On a
daily basis, each devices’ capacitance and conductance were
measured in a parallel circuit mode at 100 kHz, 500 kHz, and 1
MHz. The sensors were electrically evaluated using the Agilent
4192A LF Impedance Analyzer, as shown in Fig. 6. Once the
sensor capacitance and conductance were measured, the sensors
were immediately returned to the water for full immersion until
the next day for measurements. For each of the measurements, it
can be considered that the temperature for each device was that
of room temperature, or approximately 22°C. It should be noted
that the devices were not dehydrated before testing, but rather
they were dehydrated posttesting instead. This was performed to
replicate real world initial conditions of PCBs. Although lab-
oratory instrumentation was used in this investigation to mea-
sure sensor capacitance, simple instrumentation techniques,
such as integrating the sensor into a Complementary Metal
Oxide Semiconductor (CMOS) relaxation oscillator [1, 21], can
readily be used.

B. Post Test Dehydration

To remove the moisture located within each of the PCBs after
immersion testing concluded, each sensor, including the ref-
erence, was placed inside a box oven for approximately 2 h at a
temperature of 60°C. This unusually low dehydration temper-
ature ensured that moisture located within the boards was re-
moved without damaging the boards from boiling off the

relatively large amounts of absorbed moisture. Once the PCBs
had been permitted to cool for approximately 1 h, they were
once again tested with the Agilent 4192A at room temperature to
measure their capacitance and conductance values.

C. Results

In each case for the measurement of the capacitance and
conductance, an increase in the measured values was noticed
almost immediately after 1 d of immersion. In general, the rate
of increase for these values persisted for the first 5 d before
slowing down to a substantially lower rate of absorption in the
following days. The collected data for the 42-d testing period
can be found in Figs. 7-12. The data for each of the three
frequencies evaluated, 100 kHz, 500 kHz, 1 MHz, as well as
conductance and capacitance, are graphed separately for the
devices and are labeled appropriately. For each graph, the data
for each device are shown and a dashed black line representing
the device used as a control, in addition to three separate, black
dotted lines. The lowest of these dotted lines indicates the lower
limit of the standard deviation of the boards. The middle line
indicates the grand average for all of the boards. The highest line
indicates the upper limit of the standard deviation. For the upper
and lower limits, a bound of 3s and23swas used, respectively.
These bounds represented what the expected maximum and
minimum values that the collected data should have fallen
within.

For the statistical analysis, all of the tested devices fell within
the 63s deviation. This implied that all values for the boards
were within the expected, statistical range for the measurements.
In addition, the devices all demonstrated a consistent level of
increase and leveling off for the same increments of time tested.
This increase is substantial in the very early stages of the im-
mersion, but after 5 d of immersion, this increase starts to
decrease until a small, linear rate of increase is achieved. This
pattern of rapid increase and then leveling off indicates that the
devices quickly absorb water, but then absorb water less rapidly,
as the circuit boards are approaching complete saturation. The

Fig. 6. Photograph of a sensor situated within the testing device. Fig. 7. Graph of the capacitance of the sensors at 100 kHz versus time.
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small increases measured during the leveling off are likely due
to pockets in the circuit boards absorbing smaller amounts of
water that did not initially absorb any water. Across all three
frequencies, the values for the capacitance of each device were
approximately the same. This is expected because the relative
permittivity of water does not change substantially over the
frequency range tested. For the conductance, at 100 kHz, the
values typically peaked below 10 mS/m, whereas for the 500
kHz and 1 MHz measurements, the values were up to 20 mS/m.
The boards also demonstrated a return to the original measured
values after the posttest dehydration. The results of this de-
hydration can be seen as a sharp spike toward the originally
measured values for each device at the end of each graph.

All of the sensors had an initial capacitance of approximately
140 pF. At the end of 42 d, the seven sensors that were immersed

had capacitances between 160 and 180 pF, an increase of be-
tween 14% and 29%. Because the FR-4 and the solder mask had
a relative permittivity of approximately 4, (1) yielded a ca-
pacitance of 5.97 pF.With the measured dry capacitance in air of
140 pF, (2) was used to determine a value for g of 23.4. The
reference sensor also experienced a slight increase in capaci-
tance during this time, which was likely due to absorbing
moisture directly from the air. The exposed sensors all expe-
rienced a substantial increase in electrical conductance during
the 42 d of immersion. Because local tap water was used for
these tests and not deionized(DI) water, to simulate a more
realistic operating environment, the dissolved ions in the local
tap water resulted in the large increase in electrical conductance
observed. Once the immersed sensors were dehydrated, their
capacitance and conductance values returned to approximately

Fig. 9. Graph of the capacitance of the sensors at 1 MHz versus time.

Fig. 10. Graph of the conductance of the sensors at 100 kHz versus time.

Fig. 11. Graph of the conductance of the sensors at 500 kHz versus time.

Fig. 8. Graph of the capacitance of the sensors at 500 kHz versus time.
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the same values as were measured initially. The rather large
variation in capacitance measurements during the immersion
testing is primarily attributed to variations in how the different
circuit boards responded to the same immersion process, al-
though all of the boards were from the same lot of commercially
manufactured two-layer PCBs.

CONCLUSION

PCBs absorb moisture in moist operating environments,
which can be detrimental to their performance. However, it is
often difficult to determine that moisture absorption is occurring
until a catastrophic failure occurs. To alleviate this issue, a
moisture absorption sensor has been developed consisting ex-
clusively of the standard materials and fabrication processes
used to realize commercial PCBs. Seven sensors were evaluated
through a prolonged immersion in water and demonstrated an
increase in sensor capacitance of between 14% and 29%. These
low-cost sensors could easily be added to most PCBs, only
requiring a small amount of circuit board area and simple in-
terface circuitry [1, 17].
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