Measuring moisture content in cookies using dielectric spectroscopy
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Abstract: Real-time non-invasive moisture content
sensing techniques are needed for online moisture
measurement and control in food products. In this
investigation, a dielectric spectroscopy based system is
used for moisture determination in cookie dough.
Experiments were conducted with a concentric ring
dielectric sensor in the frequency range from 10 Hz to
10 kHz. The system is calibrated based on a linear
model, where the functional dependence of capacitance
on moisture content is determined. The calibrated
system allows for both online moisture content sensing
and moisture distribution profile imaging.

Introduction

Dielectrometry is widely used for non-invasive
determination  of  material moisture  content.
Applications include agricultural products [1], food
products, paper, transformer board [2], and hydrophilic
polymers [3].

Under circumstances where direct determination of
material dielectric permittivity is difficult, indirect
parameter estimation approach based on quantitative
mapping between moisture content and electrical
measurements can be used. The major challenge for
such an approach lies in minimizing the effect of
variables other than moisture concentration, such as
ambient temperature and sample density, which are
considered here as disturbance factors. The effects of
these factors should either be eliminated or accounted
for in the calibration algorithm [4].

Most of the sensors used in dielectrometry are
capacitive in nature. Capacitive sensors have the
advantage of high measurement accuracy and non-
invasiveness. The simplest example of a capacitive
sensor is a parallel-plate capacitor. More complicated
examples include fringing field sensors, which can
assume various geometries [5,6]. As is indicated in
Figure 1, the penetration depth of fringing field sensors
is proportional to the distance between coplanar
electrodes. By varying this distance, multiple
penetration depths are achievable, thus providing
fringing field sensors access to different layers of the
material. This characteristic, combined with their one-
sided access capability, makes fringing field sensors
more flexible in use than their parallel-plate
counterparts.
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Figure 1. The penetration depth of a fringing field sensor is

proportional to the distance between coplanar electrodes.

Definition of the Problem

In this investigation, moisture content is determined
from the impedance measurements of the material of
interest. Moisture concentration is defined as follows:

Moy, =—2 L 100% M
M 1+ M 2

where M, is the mass of the moisture contained in the
unit volume, and M, is the mass of the dry portion of the
material.

Impedance measurements are functions of many
variables as illustrated in (2), where Mo, is the moisture
concentration in the material, 7 is the ambient
temperature, D is the sample density, and o is the input
signal frequency.

ZSZFz(M%,T,D,CO) (2)

System calibration involves solving the inverse
problem of determining the following function:

M%ZFM(ZS,T,D,Q)) (3)
or
Moy, = Fys(Zy) (4)
where the functional dependence between moisture
concentration and the impedance is to be determined.
The effects from variables other than moisture content
are either eliminated or accounted for.

Experimental Setup
The Concentric Sensor Head

Figure 2 shows a concentric sensor head, designed for
localized measurements. It has three electrically
separated sensing electrodes, each shielded by a
guarding plane on the back of the substrate. The
guarding planes are kept at the same electrical potential
as their respective sensing electrodes to avoid stray
capacitances.
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Figure 2. Top and bottom view of the concentric sensor head. The
center plate is 10 mm in diameter. The outer two rings are 5 mm wide.
The spacing between adjacent sensing plates is also 5 mm. The guard
planes on the back are slightly wider than respective sensing
electrodes.

The sensor head can be used as a fringing field
sensor or, when combined with a driving plate, as a
parallel-plate sensor. Fringing field sensors are more
flexible, but are also more susceptible to disturbances
from the contact quality between the samples and the
surface of the sensors. To account for these disturbances,
a non-linear model is needed. The solution of the
Laplace equation of the fringing field concentric sensor
geometry is:

#(r.2) = Jo(Briee P +epe™P?)  (5)
where ¢ denotes electric potential, r refers to the radial
coordinate on the horizontal plane, z cooresponds to the
vertical coordinate, J, is the zero order Bessel function

of the first kind and f is a scaling constant such that Sr
is one of the zeros of J, [6].
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Figure 3. Side view of the sensor in a voltage divider setup. A cookie
is placed between the sensing and driving plates.

This paper presents experimental data obtained
with the parallel plate arrangment of Figure 3. The
parallel-plate capacitor can be modeled as Maxwell
capacitor with three different dielectrics in series: air,
Kapton, and the material under test. For a Maxwell
capacitor like this, terminal impedance measurements
are not sensitive to vertical displacements of the Kapton
and the material under test [7]. This property makes

parallel-plate sensors more robust to surface contact
disturbances.

A Voltage Divider Circuit

Figure 3 shows a voltage divider circuit, where V; is the
input voltage signal, V is the sensing voltage signal, Z,
is the reference impedance, and Z; is the sensing
impedance. The effective impedance of the parallel-
plate capacitor is calculated from the voltage divider
relationship (6).

o2 ©)

7i - ZI" + ZS
To maximize circuit sensitivity, Z, is chosen to be
close to Z;. In this investigation, Z. = 8 pF. A barrier
made of 300 um thick Kapton is used to avoid the
Debye layer effect [8].

Experimental Procedure

1. Test specimen is placed between the sensor plates
so that the center of the specimen is aligned with
the channel 1 of the sensing plate.

A 6 volt, 10 Hz to 10 kHz frequency sweep signal

is applied to the circuit in Figure 3 and V| is

measured.

3. The moisture content of the sample is increased by
adding increments of 0.2 grams of water to the
center point.

Measurements are taken at each moisture content
level.

N

Experimental Results and Data Analysis

Figure 4 and Figure 5 show respectively the capacitance
and phase variations due to moisture content increase as
is measured by the center sensing electrode. Change in
moisture content leads to an increase in the capacitance
and phase maxima and a shift of the curves toward
higher frequencies.
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Figure 4. Capacitances measured at different moisture content levels.
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Figure 5. Phase measurements at different moisture content levels.

For capacitance measurements, the higher the
signal frequency, the greater the measurement
sensitivity to moisture content. To achieve maximum
sensitivity, capacitance data at 10 kHz is used to
calibrate the system.

Compensation for Moisture Diffusion

The triangles in Figure 6 show the averaged channel 1
capacitance data at 10 kHz. At higher moisture content
level, moisture diffusion to outer channels reduces the
capacitance increase between neighboring samples.

The higher the moisture content gradient between
the center channel and the outer rings, the more
intensive is the moisture diffusion process. This is
reflected in the increasing discrepancy between the
uncompensated and compensated capacitance data as
water is being added to the center of the sample.
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Figure 6. Capacitance measurements against the mass of added water
at 10 kHz for channel 1. Saturation occurs at high water level.

To compensate for the effect of diffusion, the
capacitance increase from channels 2 and 3 is measured
and mapped to effective increase in channel 1. This
increase, added to the original capacitance change from
channel 1 gives the new channel 1 capacitance data after
compensation, as is shown in (7), where AC is the
capacitance increase for each channel, C,. is the
capacitance measurement of the original sample for
each channel , and AC," is the channel 1 capacitance
increase after compensation.

AC| = AC; + Con AC, + Cort AC; (D)
Cor2 or3
As is indicated by the solid line in Figure 6, a
much better linear approximation is achieved after
compensation.

Linear Regression
Assuming a linear functional dependence, the following
calibration equation is determined for channel 1 by
performing linear regression on the compensated data:
AM, =6.44xAC, +2.8x107 ®)
In this configuration, all sensor pixels are parallel-plate
capacitors of different area. Ideally, the functional
dependence for channels 2 and 3 can be obtained by
scaling (8) with the respective area ratio. However, the
existence of a non-uniform air gap has to be taken into
account.

Compensation for Non-Uniform Air Gap

The air gap between the material and the top plate of the
sensor is non-uniform due to uneven shape of cookie
samples. To compensate for this, uniform water
distribution in the original sample is assumed and the
ratios of capacitance measurements from channels 2 and
channel 3 with respect to channel 1 are measured. This
difference in capacitance measurements from the three
channels are caused partly by the difference in sensing
plate area and partly by the non-uniformity in air gap
thickness. Taking the ratios obtained above and using
them as scaling factors, the functional dependence of
capacitance measurements on water content from
channels 2 and 3 can be obtained from (8).

AM, =1.43xAC, +6.22x10™* )
AM, =0.91xAC, +3.95x10™* (10)

Moisture Content Distribution

Based on the calibration equations (8), (9), and (10), the
absolute mass of moisture contained in the portion of
the sample above each ring is calculated from the
capacitance measurements. The mass of the dry portion
of the sample above each ring is determined from the
ratio of the respective sensing electrode area to the area
of the whole sample. Given the absolute mass of



moisture and the dry portion of the sample, moisture
content levels for all three channels can be calculated
according to (1), thus enabling real-time imaging of
moisture content distribution.

Figure 7 shows the moisture content distribution
profile of a sample at various moisture content levels,
which is obtained from fitting the moisture content data
from the three channels to Gaussian curves.
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Figure 7. Moisture content distribution across the radius of the
sample when different amount of water is added to the center.

Evaluation of the Calibration Model

To evaluate the effectiveness of the model obtained
through system calibration, the absolute mass of the
moisture measured from all three channels are summed
up and compared with the mass of the moisture added to
the sample. As is indicated in Table 1, measurement
error decreases with increasing moisture content.
Further processing of experimental data is needed to
reduce the error at low moisture content levels.

Table 1. Comparison between the actual mass of the moisture added
to the sample and the mass of the moisture measured by the sensor.

Moisture Added (g) | Moisture Measured (g) Error
0.2 0.130 35%
0.4 0.312 22%
0.6 0.570 5%
0.8 0.776 3%
1.0 0.980 2%

Conclusions and Future Work

Due to the strong correlation between material moisture
concentration  and  its  dielectric  properties,
dielectrometry measurements were used for sensing
cookie moisture content. The optimized concentric
sensor head enables measurement at different locations
of the sample. Impedance data shows a nearly linear
dependence on moisture content. The sensor is

calibrated based on a linear model and real-time
moisture content imaging is achieved.

In this investigation, moisture content is
determined from the impedance measurements of the
material of interest, without calculating the distribution
of the complex dielectric permittivity &*. Impedance
spectroscopy is shown to be adequate for a controlled
experiment. Future work is likely to involve
implementation of inverse problem solution methods to
determine the spatial distribution of &*. Efforts are
underway to integrate fringing sensors into the current
setup, which involves new sensor design and modeling.
The effect of temperature variation is being investigated
so that it could be incorporated into the current
calibration algorithm.
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