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Measurement of Weight Fraction in HDPE Bales
Using a Capacitive Sensor and a Weighing Device

Dayang Wang , Lijuan Wang , Senior Member, IEEE, and Yong Yan , Fellow, IEEE

Abstract—Weight fraction is a key indicator to classify high-
density polyethylene (HDPE) bales with or without contamination
into different quality categories, which determine the values of the
bales for reuse purpose. However, the main existing technique,
sampling and testing, is still not able to achieve accurate and
efficient measurement of weight fraction in HDPE bales. In
this study, a new method combining a capacitive sensor and
a weighing device is proposed for the first time to measure
the weight fractions of HDPE and a single-known contaminant
in HDPE bales, independent of packing density. The purpose-
built capacitive sensor, consisting of two pairs of transceiver
units, senses the mixture permittivity of the bale from different
directions, while the weighing device provides the information
of the mixture density of the bale. A mathematical model is
established to derive the weight fractions of HDPE and the
contaminant based on the mixture permittivity and density
obtained from the capacitive sensor and the weighing device.
To verify the proposed measurement method, experimental tests
were conducted in the laboratory with small-scale model bales.
The HDPE bales were mixed with the contaminant, polyvinyl
chloride (PVC), and produced with the HDPE weight fraction
ranging from 18.0% to 100% and PVC weight fraction ranging
from 33.6% to 100%. Experimental results demonstrate that the
relative errors of the measured weight fractions of HDPE and
the contaminant are within ±5% under laboratory conditions.

Index Terms—Capacitive sensor, high-density polyethylene
(HDPE) bale, polyvinyl chloride (PVC), weighing method, weight
fraction.

I. INTRODUCTION

H IGH-DENSITY polyethylene (HDPE) is a type of com-
monly used plastic and also a relatively sustainable

material due to the fact that it is widely recycled and usually
undergoes closed-loop recycling. However, its sustainability
is significantly affected by the quality of HDPE bales during
the recycling process. The total HDPE fraction by weight
is a key indicator to define the grade of a bale [1]. Due
to a series of sorting processes in material recovery facility
before baling, HDPE bales usually don’t contain a large
variety of contaminants, and an HDPE bale containing a single
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contaminant is one of the encountered scenarios. The presence
of the contaminant would lower the bale’s grade, making it
difficult to recycle and resulting in low-value products. In gen-
eral, the industry-developed guidelines for recycling market
require that the total contamination should not exceed 15%
by weight, and the individual allowable contaminants should
not exceed 5% [2]. Exceeding the specified limit may reduce
bale value. Therefore, accurate and efficient measurement of
weight fraction in HDPE bales is important not only for quality
control of recycled HDPE but also to improve the efficiency of
the recycling process and enhance the sustainability of HDPE.

Currently, the recycling industry primarily relies on sam-
pling and testing to assess the composition of recyclates and
detect the presence of contaminants in bales. In addition,
each bale is required to be visually inspected on five sides
for contamination and odors that may indicate contamination
[3]. Even though the guidance for sampling and testing has
been developed for material facilities to ensure an appropriate
sampling [4], it is still time-consuming and the measurement
accuracy is uncertain due to many manual operations involved.
Development of an accurate, efficient, and low-cost measure-
ment system for automatically quantifying weight fraction in
HDPE bales is highly demanded. However, there is currently
a lack of research in this area.

A number of methods have been investigated for material
sorting, including ultrasound method [5], microwave method
[6], X-ray method [7], near-infrared spectroscopy [8], [9],
hyperspectral imaging [10], [11], and capacitive method [12],
[13], [14]. However, these methods are only designed for sort-
ing separated materials rather than baled materials, let alone
measuring the weight fraction. Furthermore, these methods
exhibit various limitations if they are applied to measuring the
fractions of baled materials. The ultrasound method is affected
by various factors that influence its acoustic characteristics and
reflection properties. The microwave method often involves
high costs and poses difficulties in hardware development. The
X-ray method is regarded as environmentally hazardous due to
radiation safety concerns, high-energy consumption, substan-
tial capital costs, and administrative challenges. Although the
near-infrared spectroscopy and hyperspectral imaging offer an
accurate way for identification of different types of plastics
by analyzing the spectral information across near-infrared
range, both of them typically require costly equipment and
have difficulties to detect the materials inside the bale due to
their limited penetration depth. Capacitive sensing offers the
advantages of rapid response, low cost, and design flexibility,
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Fig. 1. Principle of weight fraction measurement.

enabling the design of sensor structures suitable for various
applications, such as mass flow measurement [15], concentra-
tion measurement [16], [17], [18], water fraction measurement
[19], water film measurement [20], and tomographic imaging
[21], [22], [23], [24], [25]. Our previous study has demon-
strated the capability of the newly designed capacitive sensor
with two measurement channels incorporating a support vec-
tor machine to identify the baled materials [26]. However,
the composition of materials in each bale is not quantified.
Considering the fact that the packing density may vary in the
baling process, it is more challenging to determine the weigh
fraction.

This article addresses the scenario of HDPE bales contain-
ing a single-known contaminant with varying packing density,
and presents a new method for measuring the weight fraction
in HDPE bales by combining a purpose-built capacitive sensor
with a weighing device, which is independent of packing
density. The design of the capacitive sensor and correspond-
ing ac-based capacitance measuring circuit is specifically
described. A mathematical model is proposed to determine the
weight fractions of HDPE and the contaminant in the HDPE
bale from the outputs of the capacitive sensor and the weighing
device. In addition, experimental work was undertaken in
laboratory to measure the weight fraction of the model HDPE
bales. The measurement methodology is explained step by
step, and the measurement results including sensor outputs
and measured weight fractions are analyzed and discussed as
well.

II. METHODOLOGY

A. Measurement Principle

The principle of weight fraction measurement using a
capacitive sensor and a weighing device is shown in Fig. 1. In
this study, the proposed method focuses on measuring HDPE
bales containing a known contaminant while addressing the
impact of uncertainty in packing density on weight fraction
measurements. An HDPE bale can thus be considered as
consisting of three components: HDPE, the contaminant, and
air. The volume fraction of air reflects the packing density. Our
goal is to predict the weight fraction wp of the HDPE and the
weight fraction w f of the contaminant. The weight fractions
are related to the information of density, permittivity, and
volume fraction. Therefore, the sensing unit and the modeling
part are designed to obtain these parameters and establish
their mathematical relationships. The sensing unit includes a
weighing device and a capacitive sensor. The weighing device
measures the total mass M of the HDPE bale which directly

Fig. 2. (a) Structure of the capacitive sensor. (b) Details of the front of the
receiver unit.

reflects its mixture density ρm. The output Vo of capacitive
sensor closely relates to the mixture permittivity εm of the bale.
To determine the mixture density and permittivity from the
outputs of the weighing device and the capacitive sensor, the
relationships between mixture density and total mass, as well
as between mixture permittivity and voltage output, should be
experimentally quantified and established as prior knowledge.
Given a bale to be tested, this prior knowledge will be used to
calculate its mixture density and mixture permittivity, which
are needed in the following mathematical model. The purpose
of the modeling part is to establish the mathematical model
that utilizes the mixture density and permittivity information
obtained from the sensing unit to derive the volume fractions
φp, φair, and φ f of HDPE, air, and the contaminant in the bale.
A detailed introduction will be provided in the mathematical
modeling section. Then based on the measured mixture density
and the volume fractions, the weight fraction wp of the
HDPE and the weight fraction w f of the contaminant can be
calculated.

B. Capacitive Sensor Design

In this study, a commercial electronic scale is used as the
weighing device. The capacitive sensor and the associated
hardware circuit are specifically designed and optimized. The
structure of the capacitive sensor is shown in Fig. 2(a). The
capacitive sensor has four square units including two identical
transmitter units (T1 and T2) and two identical receiver units
(R1 and R2). A transmitter unit and a receiver unit opposite
to each other and form a measurement channel; therefore,
the sensor has two measurement channels which measure
the bale from two different directions. The transmitter and
the receiver units have a length of A and a thickness of
t, with the ground planes located on their backside. The
excitation electrode, the guard electrode, and the measurement
electrode are located on the front side of the units. For the
transmitter unit, the excitation electrode with the length A
is positioned on the front side of the transmitter unit. For
the receiver unit, the measurement electrode with length of
B and a guard electrode with wide of W are positioned on
the front of the receiver unit. The details of the front of
the receiver unit are shown in Fig. 2(b). The guard electrode
arranged around the measurement electrode is used to reduce
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Fig. 3. Circuit diagram of capacitive sensor system.

the fringe field effect. The length between the measurement
electrode and the guard electrode is L. The optimal values
of A, B,W, and L are determined by considering the size
the bale under test and achieving higher sensitivity and more
uniform sensitivity distribution through finite element method.
The detailed optimization process has been explained in our
previous study [26].

An ac-based capacitance measuring circuit with the char-
acteristics of high-resolution and high signal-to-noise ratio
[23], [27], [28] is designed for the capacitive sensor. Fig. 3
shows the circuit diagram of the capacitive sensor system.
A sinusoidal signal, Vs, with a peak-to-peak voltage of 8
V and a frequency of 200 kHz, is applied to the excitation
electrodes, while the measurement electrodes are connected to
the capacitance-to-voltage (C/V) modules. In the C/V module,
C f and R f are set to 2 pF and 51 kΩ, respectively, to
ensure effective conversion of the capacitance signal into a
voltage signal. The output voltage Vc after the C/V module is
amplified by the amplifier, and the output signal Va is fed into
a multiplier. The signal Vs is applied to a phase shifter to adjust
its phase to align with the phase of Va, producing the signal
Vp. The multiplier multiplies the two signals to obtain Vm, and
a low-pass filter is designed to eliminate high-frequency part
of the Vm, and the remain part Vo is related to the measured
capacitance Cm. Since Cm depends on the mixture permittivity
εm of the bale, the voltage output Vo of the capacitive sensor
has a relationship with the mixture permittivity εm. Finally,
the designed capacitive sensor system is used together with
a commercial weighing device to form a combined sensor
system for measuring the HDPE bales.

C. Mathematical Modeling

For an HDPE bale consisting of three components: HDPE,
the contaminant and air, the weight fraction of an individual
component is defined as the mass of the component divided
by the total mass of the bale M. Hence, for the HDPE with a
mass of Mp, its weight fraction wp is defined as

wp =
Mp

M
=
φpρp

ρm
(1)

where φp and ρp are volume fraction and density of HDPE,
respectively, and ρm is the mixture density of the bale.

The weight fraction w f of the contaminant is defined as

w f =
M f

M
=
φ fρ f

ρm
(2)

where φ f and ρ f are volume fraction and density of the
contaminant, respectively.

As the sum of volume fractions of HDPE φp, the contami-
nant φ f , and air φair is equal to 1

φp + φ f + φair = 1. (3)

The weight fraction w f in (2) can be expressed as

w f =

�
1 − φp − φair

�
ρ f

ρm
. (4)

The density of HDPE ρp and density of the contaminant ρ f

are usually known constants, and the mixture density ρm can
be determined from the total M by the weigthing device in
practice. In this case, the HDPE weight fraction wp is purley
dependent on its volume fraction φp, and the weight fraction
w f is determined by the volume franction φp and φair. The
problem of determination of weight fractions wp and w f is
now converted to exploring the volume fractions φp and φair.

The mixture density ρm of a bale can be represented by using
the density and volume fraction of individual components
within the bale and defined as

ρm = ρpφp + ρ fφ f + ρairφair (5)

where ρair is the density of the air.
According to (3), (5) can be rewritten as

ρm = ρpφp + ρ f
�
1 − φp − φair

�
+ ρairφair. (6)

Rearrange (6), φp is a function of ρm, ρp, ρ f , ρair, and φair

φp =
−ρm −

�
ρ f − ρair

�
φair + ρ f

ρ f − ρp
= f (φair) . (7)

In (7), the ρ f , ρp, and ρair are known constants, and φp is a
function of mixture density ρm and φair. The mixture density
ρm can be deduced from the weighing device in practice, but
φp still cannot be obtained if φair is unknown.

The mixture permittivity εm of a bale can be represented
with the permittivity and volume fraction of individual com-
ponents and defined as

εm = εpφp + ε fφ f + εairφair (8)

where εp, ε f , εair, are permittivity of HDPE, the contaminant
and air, respectively.

According to (3), (8) can be rewritten as

εm = εpφp + ε f
�
1 − φp − φair

�
+ εairφair. (9)

Rearrange (9), φp can be represented as a function of
εm, εp, ε f , εair, and φair

φp =
−εm −

�
ε f − εair

�
φair + ε f

ε f − εp
= g (φair) . (10)

In (10), the εp, ε f , and εair are known constants, and φp

is a function of mixture permittivity εm and φair. The mixture
permittivity εm can be deduced from the capacitive sensor in
practice, but φp still cannot be obtained if φair is unknown.

By using both (7) and (10) and solving them, the two
unknowns φair and φp can be obtained. Since the weighing
device and the capacitive sensor measure the same bale, if the
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Fig. 4. (a) HDPE sheets and PVC sheets. (b) Bales formed by different plastic
sheets with different volume fractions.

TABLE I
DENSITY AND PERMITTIVITY OF THE EXPERIMENTAL MATERIALS

φair is truly determined, the φp calculated using (7) and (10)
should be the same, and their difference should be minimal.
Based on this, this study proposes an effective and universal
solution method, which minimizes the difference between the
two functions f (φair) and g(φair) in (7) and (10) by finding
optimal φair

min
ˇ̌
f (φair) − g (φair)

ˇ̌
s.t. 0 % ≤ φair ≤ 100%. (11)

Compared with directly solving the equations, this method
reduces the uncertainties introduced during the determination
of ρm and εm through experimental study and data fitting. Once
the optimal φair is determined, the true φair is determined, and
the φp can be calculated by using (7). The corresponding
weight fractions wp and w f can be determined by using
(1)–(4), respectively.

III. EXPERIMENT TESTS

In this study, polyvinyl chloride (PVC), a common plastic,
is introduced as a contaminant in HDPE bales to evaluate
the ability of the proposed method to determine the weight
fractions when the packing density is unknown. During exper-
imental tests, the density and permittivity values of HDPE
sheet, PVC sheet, and air used in this study are summarized
in Table I. As shown in Fig. 4(a), each HDPE or PVC plastic
sheet has dimensions of 80 mm in length, 80 mm in width,
and 20 mm in height. By filling different plastic sheets with
different numbers into a thin-walled plastic boxes with side
length of 80 mm, the bales with different volume fractions and

TABLE II
BALES USED TO INVESTIGATE SENSOR OUTPUTS AND

ESTABLISH PRIOR KNOWLEDGE

TABLE III
BALES USED FOR EVALUATING THE PERFORMANCE

OF THE PROPOSED METHOD

hence, different weight fractions are made for experiments.
As shown in Fig. 4(b), for the model bale produced with
just two HDPE sheets, the volume fractions of HDPE φp,
PVC φ f and air φair are 50%, 0%, and 50%, respectively.
By adding an additional PVC sheet into model bale, the
volume fractions of PVC φ f and air φair changes to 25%.
In this study, seven different bales are made for investigating
the relationships between mixture density and total mass, as
well as between mixture permittivity and voltage output. Their
volume fractions, mixture densities, and mixture permittivity
are shown in Table II. These relationships are established as
prior knowledge for the measurement. Fourteen different bales
are prepared to evaluate the performance of the proposed
method, and the volume fractions of HDPE, PVC, and air,
along with the weight fractions of HDPE and PVC, are shown
in Table III.

The sensor structure can be optimized and adjusted to
accommodate the size of the HDPE bales. In this study,
bales with a side length of 80 mm are used as experimental
samples. After optimization, the parameters A, B,W, and L in
the transmitter and receiver units are set to 93, 85, 3, and
1 mm, respectively, as these values provide the sensor with
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Fig. 5. (a) Weighing device. (b) Capacitive sensor.

Fig. 6. Sensor outputs under different average environmental humidity.

high sensitivity and a satisfactory sensitivity distribution [26].
The transmitter units and the receiver units are fabricated on
printed circuit boards (PCBs) with thickness t of 1.6 mm,
and the capacitive sensor is formed. The sensing system
comprising a weighing device and a capacitive sensor is shown
in Fig. 5. The weighing device as shown in Fig. 5(a) obtains
the mass information of the bales, which are directly related
to the mixture density. The capacitive sensor as shown in
Fig. 5(b) measures the bales using two measurement channels.
Channel 1 is the capacitive sensor output from the bottom
and top transceiver units, while channel 2 from left and right
transceiver units. The voltage outputs of the sensor reflect the
capacitance of the bale measured from two different directions,
which closely related to the mixture permittivity. A data
acquisition device is applied to sample the two-channel outputs
of the sensor.

IV. RESULTS AND DISCUSSION

A. Sensor Outputs

The output characteristics of the weighing device and the
capacitive sensor under different conditions were investigated.
Considering that HDPE bales may be exposed to environments

Fig. 7. Relationship between calculated mixture density and measured mass
by the weighing device.

with varying humidity, we studied the effect of environmental
humidity on sensor outputs. The HDPE bale was tested over
five different days under different humidity conditions. Each
day, the bale was exposed to the environment for eight hours.
During this period, nine humidity values were collected at
one-hour intervals, and the average humidity was subsequently
calculated. The outputs of the weighing device and the
capacitive sensor for the bale were then recorded providing
the sensor outputs and corresponding average humidity for
each day. The outputs M of the weighing device and the
averaged two-channel outputs Va of the capacitive sensor
corresponding to different average environmental humidity are
shown in Fig. 6. The outputs of the weighing device were
similar under different humidity conditions, with normalized
standard deviation (STD) of 0.01%. Similarly, the capacitive
sensor also showed small normalized STD (0.26%) under
different humidity conditions. This can be attributed to the
bale having an extremely low water absorption rate. The results
indicate that the influence of environmental humidity on the
measurements can be considered negligible.

The output characteristics of the weighing device and the
capacitive sensor under different bale types and material
distributions were also investigated. The bales used are listed
in Table II. Since the bale has three pairs of opposite faces,
we define them as follows: bottom face, top face, left face,
right face, front face, and back face. We aligned the bottom
face, left face, and back face with the surface of the weighing
device and the T1 electrode of capacitive sensor, resulting
in three typical relative positions between the bale and the
sensor. These relative positions lead to different nonuniform
distributions of material. For each relative position, the output
of weighing device and two-channel outputs of the capacitive
sensor were measured.

Fig. 7 shows the relationship between the average of
measured mass at three different relative positions and the
corresponding mixture density ρm, which is calculated using
(5). The error bars represent the STD calculated from these
three measurements. This linear relationship indicates that the
sensor output exhibits a high and consistent sensitivity to
changes in the mixture density of bale. The variations in M
are very small, indicating good measurement repeatability and
low measurement uncertainty.
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Fig. 8. (a) Two-channel voltage outputs of the capacitive sensor for bales
with different mixture permittivity. (b) Relationships between the mixture
permittivity and averaged voltage output of the capacitive sensor.

For the capacitive sensor, the corresponding sensor out-
puts from channels 1 and 2 for bales with different mixture
permittivity are shown in Fig. 8(a). It can be seen that the
voltage outputs of channels 1 and 2 are different because of
the nonuniform distribution of materials between the two pairs
of transceiver units. The output of a single channel is not able
to represent the mixture permittivity due to the nonuniform
distribution of materials in bales. Therefore, the average of the
outputs from two channels is used to reduce the effect caused
by material distribution. For each relative position, the voltage
values from the two channels were averaged, and the average
voltage output Va was then obtained by averaging the results
from the three measurements. The error bars represent the
STD calculated from these three measurements. The averaged
voltage output Va along with the calculated mixture permit-
tivity and the error bars are presented in Fig. 8(b). It can be
seen that the average voltage output Va exhibits a nearly linear
relationship with the mixture permittivity εm, which indicates
that the sensor output exhibits a high and consistent sensitivity
to changes in the mixture permittivity of bale. The variations
in Va is also small, which indicates that the averaged voltage
output is relatively insensitive to the nonuniform distribution
of the material, while also exhibiting good measurement
repeatability and low measurement uncertainty.

B. Establishment of Prior Knowledge

The bales in Table II were not only used to investigate the
output characteristics of the sensors, but also provided data

Fig. 9. Relationships between mixture density and volume fraction of HDPE
when φair are 0%, 10%, 20%, 30%, and 40%.

for establishing the prior knowledge of the weighing device
and the capacitive sensor. To establish the prior knowledge
about how the mixture density ρm depends on the measured
mass M from the weighing device, a relationship between
the calculated mixture density and the measured mass was
fit based on Fig. 7. The corresponding equation is given as
follows:

M = 498.107ρm + 4.935. (12)

This prior knowledge will be used to determine the mixture
density ρm, given the measured mass M of a bale to be tested.

To establish the prior knowledge about how the mixture
permittivity εm relates to the voltage output of the capacitive
sensor, a relationship between the mixture permittivity and
average voltage output of the capacitive sensor was fit based
on Fig. 8(b). The corresponding equation is given as follows:

Va = 0.197εm + 1.017. (13)

Based on (13), the mixture permittivity of the bale to be
tested can be obtain from the voltage outputs.

C. Development of Mathematical Model

In mathematical modeling, the specific expression for the
volume fraction of HDPE needs to be determined based on (7)
and (10). The densities and permittivity values of HDPE sheet,
PVC sheet, and air are constant as summarized in Table I.
By substituting these constants into (7) and (10), the volume
fraction of HDPE can be expressed as follows:

φp =
−ρm − 1.449 × φair + 1.45

0.5
(14)

φp =
−εm − 2 × φair + 3

0.6
. (15)

The volume fraction of air φair is set to 0%, 10%, 20%, 30%,
and 40% and the relationships between the mixture density ρm

and the volume fraction φp of HDPE under different values of
φair are plotted as shown in Fig. 9. For a given φair, the mixture
density decreases with the increase of the volume fraction of
HDPE. This can be attributed to the fact that as the volume
fraction of low-density HDPE increases, the volume fraction
of high-density PVC decreases, resulting in a reduction in the
overall mixture density. For a given φp, the mixture density



WANG et al.: MEASUREMENT OF WEIGHT FRACTION IN HDPE BALES USING A CAPACITIVE SENSOR 9543909

Fig. 10. Relationships between mixture permittivity and volume fraction of
HDPE when φair are 0%, 10%, 20%, 30%, and 40%.

decreases with the increase of the φair. This can be attributed to
the fact that the volume fraction of low-density air increases,
the volume fraction of high-density PVC decreases, resulting
in a reduction in the overall mixture density. When the φair
is unknown, it is difficult to determine the volume fraction of
HDPE based on the mixture density.

Similarly, the relationships between the mixture permittivity
εm and the volume fraction φp of HDPE under different air
volume fraction conditions (φair = 0%, 10%, 20%, 30%, and
40%) are depicted in Fig. 10. For a given φair, with the increase
of the volume fraction of HDPE, the mixture permittivity
decreases. This occurs because as the volume fraction of
low-permittivity HDPE increases, the volume fraction of high-
permittivity PVC decreases, resulting in a reduction in the
overall mixture permittivity. For a given φp, with the increase
of the φair, the mixture permittivity decreases. This is because
as the volume fraction of low-permittivity air increases, the
volume fraction of high-permittivity PVC decreases, leading
to a reduction in the overall mixture permittivity. When the φair
is unknown, it is difficult to determine the volume fraction of
HDPE based on the mixture density.

To obtain the φair, (11) was defined, whose specific expres-
sion can be determined from (14) and (15)

min
ˇ̌̌̌
−ρm − 1.449 × φair + 1.45

0.5
−
−εm − 2 × φair + 3

0.6

ˇ̌̌̌
s.t. 0% ≤ φair ≤ 100%. (16)

By processing (16), the optimal φair is determined and the
HDPE volume fraction is subsequently calculated using (14).

D. Performance Evaluation

To evaluate the proposed method, the bales as shown in
Table III are measured using the sensing system, respec-
tively, to quantify the weight fractions of HDPE and PVC
in these bales. By substituting the measured mass and the
capacitive sensor outputs into (12) and (13), the mixture
density, and permittivity of the bales are obtained. The derived
mixture density and permittivity, along with possible values of
φair(0% ≤ φair ≤ 100%), are then applied to (16) to determine
the minimum difference, as illustrated in Fig. 11. It can be
seen that when the true value of φair is 0%, the calculated

Fig. 11. N values with varying possible volume fractions of air when the
true volume fraction of air is 0%, 25%, 50%, and 75%.

Fig. 12. Measured weight fractions of HDPE and PVC in comparison with
their true values.

difference N reaches its minimum when the possible value of
φair is determined as 0%. As the possible values move further
from the true value of 0%, the calculated N value increases.
Therefore, by finding the minimum N value, the corresponding
optimal value of φair can be identified as the true value of φair.
For true values of φair 25%, 50%, and 75%, the same pattern
is observed. When the possible values match the true values,
N reaches its minimum. Thus, by searching for the minimum
N value, the corresponding φair value can be identified.

Once the true φair is obtained, HDPE volume fraction φp can
be determined using (14) or (15). Equation (14) is adopted
in this study because the weighing device provides more
reliable and accurate measurements; then the weight fractions
of HDPE and the contaminant PVC are calculated using
(1)–(4). The measured weight fractions of HDPE and PVC
in comparison with their true values are shown in Fig. 12. It
can be seen that the measured values are very close to the
true values. To quantify the measurement error, the relative
errors of the measured weight fractions of HDPE and PVC
are calculated and shown in Fig. 13. The calculated relative
errors are small and are concentrated within a range of ±5%.
The results show that the proposed method can accurately
measure the weight fractions of HDPE and PVC without being
affected by the varying and unknown air volume fraction (i.e.,
uncertainty in packing density).
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Fig. 13. Relative errors of the HDPE weight fraction and PVC weight fraction.

V. CONCLUSION

In this study, a novel method combining a capacitive sensor
system, a weighing device, and mathematical modeling is
proposed for the first time to measure the weight fractions
of an HDPE bale containing a single-known contaminant,
independent of packing density. Experiments were carried out
to evaluate the proposed method and the conclusions are as
follows.

Relying solely on a traditional single-sensor approach, such
as a weighing device or a capacitive sensor, is insufficient
for measuring the weight fraction in HDPE bales with a
contaminant under varying packing density conditions. This
study utilizes a purpose-built capacitive sensor and a weighing
device to simultaneously measure the bales. The experimental
tests in this study found that the output of the capacitive sensor
has a nearly linear relationship with the mixture permittivity,
while the weighing device has a linear relationship with the
mixture density. Based on their outputs, the mixture permit-
tivity and the mixture density of the bale are acquired.

Through mathematical modeling, the relationships between
the mixture permittivity, mixture density, and the volume
fractions of individual components are established. It was
found that variations in air volume fraction caused by pack-
ing density affect the measurement of the HDPE volume
fraction, which in turn influences the measurement of the
weight fraction. The novel mathematical model proposed in
this study simultaneously incorporates both permittivity and
density modeling, ultimately deriving the air volume fraction.
Finally, the accurate measurement of the weight fractions in
the HDPE bale is achieved. The relative errors of the measured
weight fraction are within a range of ±5%.

The proposed method can be extended to HDPE bales con-
taining an unknown contaminant by employing identification
approaches to determine the contaminant first. Our previous
work [26] presented identification of baled materials using
a two-channel capacitive sensor. Combining the capacitive
sensor with a weighing device is expected to enhance the
accuracy of material identification, even in scenarios where
the bales exhibit the same permittivity but different HDPE-
to-contaminant fractions, as the weighing device provides the
additional density information of the bales. In the case of

HDPE bales containing multiple contaminants, determining
the mixture permittivity and mixture density of the contami-
nants is crucial for applying the proposed method. In addition,
the use of multisensor fusion technology along with machine
learning techniques shows great potential to achieve both
material identification and weight fraction measurement in
more complex scenarios. Related work will be a focus of our
future research.
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