
Moisture Content Measurement in Paper Pulp Using Fringing 
Field Dielectrometry 

 
K. Sundara-Rajan 

kishore@ee.washington.edu 
 
 

X. Li 
lixiaobei@ee.washington.edu  

 
 

N.S. Semenyuk 
ns@ee.washington.edu 

 
 

A.V. Mamishev 
mamishev@ee.washington.edu 

 
Department of Electrical Engineering,  

University of Washington,  
Seattle, WA, USA. 

 

Abstract 
Currently used methods for estimation of moisture content 
in paper pulp are restricted to levels of moisture 
concentration under 90%. Some of the existing methods 
require less practical double-sided contact measurements. 
A few other methods make restrictive assumptions, such as 
the constituents of the pulp that determine its conductance. 
This paper presents a technique that uses fringing field 
interdigital sensors to measure moisture concentration in 
paper pulp at levels as high as 96%. The method proposed 
in this paper uses single-sided measurements, offers high 
sensitivity, and does not require special operating 
conditions. The accuracy of the proposed method is also 
demonstrated. 
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Introduction 
Paper manufacturers are looking for non-invasive, non-
contact sensing technologies that can accurately measure 
the moisture content of paper pulp at the wet end of the 
paper machine. The moisture content of paper pulp at the 
wet end ranges from 99% to 80%. This low concentration 
of fiber in the pulp makes it hard to detect concentration 
fluctuations with adequate resolution. Fringing field 
dielectric spectroscopy is a potential sensing technology 
that could be used to estimate the moisture content of the 
paper pulp at the wet end of a paper machine. In this 
technique, fringing electric field penetrates through the 
paper pulp, and the exiting electric field lines are sensed. 
The phase and the magnitude of these field lines change 
depending on the dielectric properties of the paper pulp. 
These changes in the fields are studied over a frequency 
range of 200 Hz to 100 kHz. Based on these changes, the 
fiber content of the paper pulp is estimated. 
 

The currently used methods are mostly intrusive [1-3] or 
require certain special operating conditions such as double-
sided measurements [2,3] and restrictions on the 
components of the pulp that determine its electrical 
properties [4,5]. Several patents [4,5] have proposed using 
an electromagnetic field perturbation sensor for measuring 
the water concentration in the wet end of the paper 
machine. In these patents it is assumed that all the water in 
the pulp is held by paper fibers and that all of electrical 
conductivity is due to water molecules alone. The 
concentration of paper fibers in the pulp is indirectly 
determined by measuring the conductivity of the pulp. The 
first assumption limits the measurements to high 
concentrations of fiber content. At higher moisture levels, 
the fiber is in suspension in water and hence the 
assumption is no longer valid. The conductivity of the pulp 
is altered by the presence of additives such as titanium 
dioxide, alkalis, and clay. Hence, this method cannot be 
adapted for measuring moisture content in the pulp under 
realistic operating conditions. 
 
Numerous microwave techniques have been proposed for 
moisture measurements [1,6-8]. The method suggested in 
[1] comes closest to determining moisture content in the 
regime of 90% to 99%. Published laboratory results report 
measuring 2% to 30% moisture concentration with a 
standard error of 2.1% [8]. 
 

Experimental Setup 
The experiments reported in this paper emulate the 
operational conditions in a paper machine. The pulp in the 
wet end of the paper machine is primarily a suspension. 
This pulp suspension is spread on to a semi-permeable 
membrane made of nylon or similar polymer, and is hence 
unavailable for contact measurements. To emulate this 
setup in the laboratory, the pulp is blended to a consistency 
of a suspension and is placed on a tray. The tray wall 
prevents contact with the pulp, and hence is equivalent to 
the wire on the paper machine. 
 



The sensor used for these measurements is an interdigital 
sensor tray with a spatial periodicity of 40 mm, finger 
length of 160 mm, and penetration depth of 7 mm. The 
sensor electrodes are not in direct contact with paper pulp. 
Instead, the sensor is attached to the outer side of the base 
of an acrylic tray with a wall thickness of 5 mm. Figure 1 
shows a photograph of the experimental setup. A guard 
plane is placed underneath the sensor electrodes to provide 
shielding from external electric fields. The geometry of the 
sensor is shown in Figure 2. 
 
Measurements reported here were taken using the Fluke 
manufactured RCL meter (model PM 6304). It generates a 
one-volt sinusoidal AC voltage in the frequency range from 
50 Hz to 100 kHz.  A custom designed circuit is also 
available for making measurements. The circuit is capable 
of making measurements from three sensors 
simultaneously. A data acquisition system for the circuit 
has been written using LabVIEW. Advanced data analysis 
can be potentially integrated into the software. 
 

 
Figure 1. A photograph of the experimental setup. 
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Figure 2. The top-down view of the interdigital sensor 
tray with the spatial periodicity of 40 mm, finger length 
of 160 mm, and a penetration depth of about 13 mm. 
 
The sensor tray filled with paper pulp is connected to the 
two channels of the RCL meter. The effective impedance 
between the two channels is calculated by computing the 

magnitude attenuation and phase shift between the input 
voltage and loop current.  
 
The measurements are made at frequencies in the range of 
200 Hz to 100 kHz. The measurements made at the lower 
end of the frequency spectrum (below 200 Hz) have noise 
due to the AC power supply. The instrumentation limits the 
highest viable frequency to 100 kHz. Ten sets of 
measurements were taken at each frequency, and then 
averaged to reduce the noise. It is assumed that all sources 
of noise have zero mean distribution. 
 

Experimental Procedure 
Known quantities of dried pulp sheets and water are mixed 
in a blender to obtain the paper pulp. The blending process 
increases the temperature of the pulp. To negate the effect 
of the increase in temperature, the pulp is then cooled to 
ambient temperature of 25°C. The moisture loss due to 
evaporation can be neglected, as the loss is small compared 
to the total water content in the pulp. The prepared pulp is 
then deposited in the sensor tray. The homogeneity of 
spatial distribution of the pulp and reduction in the number 
of air pockets in the bulk of the pulp are achieved 
manually. 
 

Experimental Results 
Figure 3 shows the results of impendence spectroscopy of 
the paper pulp with moisture content in the range of 91% to 
96%. 
 
Figure 3(a) shows the dependence of admittance on the 
moisture content and frequency. The variation in 
admittance with moisture content is not well pronounced.  
 
Figure 3(b) shows the dependence of phase on the moisture 
content and frequency. There are crossovers in the phase 
plots at various frequencies and moisture levels. This is 
partly due to instrumentation errors. Hence the phase shifts 
at two frequencies cannot be used with the frequency range 
under consideration to estimate the moisture content of the 
pulp as suggested in [8]. 
 
Figure 3(c) shows the dependence of capacitance on the 
moisture content and excitation frequency. The variation is 
monotonous and strictly decreasing with frequency and 
moisture content. As seen from Figure 4, the obtained 
curves were found to be displaced by at least twice the 
standard deviation. Hence inaccuracies in measurement 
introduce relatively smaller errors in the concentration 
estimates. 
 
Figure 3(d) shows the dependence of conductance on the 
moisture content and excitation frequency. The spatial 
separation of the curves is not adequate to mitigate the 



effect of any small inaccuracies in the measurement of 
conductance. This may explain the high error percentages 

reported in [3,9,10].  
 

 

 
Figure 3. Measurements of paper pulp samples with 91% to 96% moisture concentration at 
frequencies from 200 Hz to 100 kHz. 

 
 
 

 
Figure 4. The capacitance measured at 5 kHz shows 
separation between measurements to be much greater 
than twice the standard deviation. This indicates 
towards the possibility of achieving higher resolution 
using the sensor. 

 

Data Analysis 
Figure 3(c) and Figure 3(d) show that the measured 
capacitance and conductance decrease with an increase in 
the excitation frequency until 20 kHz. Beyond 20 kHz, the 
measured conductance increases with an increase in 
frequency. The rate at which the capacitance or 
conductance decreases is unique to the relaxation processes 
of the fiber and water molecules. This can be exploited to 
estimate the moisture content in the pulp in the presence of 
other fillers, which too can influence the electrical 
parameters. However, it has to be first established that no 
other constituent of the pulp undergoes the same relaxation 
processes. 
 
Figure 5 shows the moisture content as a function of 
conductance at different frequencies. It can be seen that the 
rate of change of conductance with moisture content is 
small. Hence, it is not advisable to estimate the moisture 
content based on the conductance and the excitation 
frequency. This may be the main reason the methods 



suggested in [3-5,9] did not perform adequately for lower 
fiber concentrations. The slopes of the curves are better 
defined at higher concentrations of paper fiber, and hence 
these methods can be used to estimate the moisture content 
in those regions. 
 

 
Figure 5.  Conductance plots from measurements of 
paper pulp samples with 91% to 96% moisture 
concentration at frequencies from 200 Hz to 100 kHz. 
 
Figure 6 shows the moisture concentration as a function of 
capacitance at different frequencies. It can be seen that 
slopes of the curves are higher than those of the 
conductance plots in Figure 5. Hence we estimate the 
moisture content of the pulp based on the measured 
capacitance measured and the frequency used. 
 

 
Figure 6.  Capacitance plots from measurements of 
paper pulp samples with 91% to 96% moisture 
concentration at frequencies from 200 Hz to 100 kHz. 
 
The curves in Figure 6 can be linearized and the 
relationship between moisture concentration, P and the 
capacitance, C can be expressed as: 
  (1) P m C k= ⋅ +

where m is the slope of the line and k is the offset constant. 
It can be seen that both m and k are related to the frequency 
of excitation. 
 
Figure 7 and Figure 8 respectively show the variation m 
and k with the excitation frequency. It can be observed that 
the magnitude of the slope, m, and hence the resolution of 
this method is noticeably higher at frequencies between 1 
kHz and 10 kHz. 
 
 

 
Figure 7. Variation of the slope, m, in (1) depicting the 
relationship between moisture content and capacitance 
with respect to frequency of excitation. 
 

 
Figure 8. Variation of the offset, k, in (1) depicting the 
relationship between moisture content and capacitance 
with respect to frequency of excitation. 
 
Figure 9 shows the conformity of the curve formulated in 
(1) to the data obtained experimentally. The curve 
formulated in (1) will be always valid for estimation of 
moisture content for all similar pulp samples if adequate 
reproducibility is ensured.  
 

 



The accuracy of this method relies on the ability to measure 
capacitance accurately and the sensitivity of the method. It 
can be seen from Figure 7 that the maximum standard 
deviation of the estimated moisture content would be 
approximately 0.2379 %. 
 

 
Figure 9. The data obtained experimentally at 5 kHz is in 
agreement with the curve formulated in (1). 
 

Conclusion 
The experimental results presented in this paper show a 
linear dependence of capacitance on the moisture content 
of the pulp. The moisture content of the paper pulp was 
estimated using a linear mapping technique. Further studies 
on the effect of temperature variation and additives are to 
be conducted as the immediate next step. 
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