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ABSTRACT The recycling of disposed PET plastic bottles has significant meaning for environmental
pollution control and resource recycling. The reuse value heavily depends on the purity of the recycled PET.
In order to improve the purity of PET recycling, a new means of material identification of PET plastic bottle
based on polarization vision is proposed. To identify PET plastic bottles on conveyor belt, an effective region
segmentation method for plastic bottle location and feature extraction has been put forward. The polarization
of the scattered light on the surface of the object contains the information of its material. To obtain robust
material characteristics of the PET plastic bottle, an approximate refractive index calculation method based
on the degree of polarization and phase angle is introduced. The mean, standard deviation and coefficient
of variation of the approximate refractive index and intensity distribution are used to construct the feature
vector. The support vector machine (SVM) algorithm was used for PET identification. The experimental
results show that the mean accuracy of PET plastic bottles material identification of recycled bottles is up to
92.06%.

INDEX TERMS Plastic recycling, polarization vision, refractive index.

I. INTRODUCTION
Due to the strong barrier property, PET has become one of
the most important packaging material for almost all kinds of
beverages, including juice, milk and its products, tea, mineral
water and some foods. At present, the majority of PET plastic
bottles are made of raw pet materials extracted from fossil
oil [1]. The annual production of PET plastic bottles, of 3 mil-
lion tons consumes more than 18 million tons of petroleum,
which causes great environmental pressure. The recycling of
PET not only conserves resources, but also creates wealth for
the society [2]. The recycled PET can be reused to produce
staple fiber, filament, packing belt, sheet and food grade slice
according to different quality grades [3], [4]. The quality of
the recycling highly depends on the purity of the sorted raw
materials.

The associate editor coordinating the review of this manuscript and

approving it for publication was Feng Shao .

The methods for PET separation are divided into gravity,
electrostatic, and magnetic density separation, flotation, and
sensor-based sorting [5]. Common plastic bottles are mainly
made of PET, polyvinyl chloride (PVC), polyethylene (PE),
polypropylene (PP) and polystyrene (PS). The purity of the
recycled PET depends on the identification rate of PET bot-
tles out of many different plastic products. A wet shaking
table was used to separate PET from cleaned PVC and PS [6].
Three stage sink–float method and selective flotation, were
used for separation PET from PVC [7]. For the cleaning
packaging plastics, the 97.2% PET purity can be attained by
the combination of alkaline treatment and froth flotation [8].

Although the magnitude and polarity of the generated
charge depends on the contacted polymers material can be
used sorting plastics into PP, PET/PS, PVC and HDPE, it is
difficult to distinguish PET from PS [9]. The triboelectro-
static separation of PVC, PET, and ABS has been performed
successfully in the two-stage process [10].
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A 200-800nm spectral window was generated by using
laser-induced plasma spectroscopy (LIPS) to act on the con-
sumer plastics. The collected plasma emission spectral data
compared with reference spectral libraries stored in com-
puter. The linear and rank correlations statistical correlation
methods were used to distinguish plastic materials [11], [12].
Laser-Induced Breakdown Spectroscopy (LIBS) was applied
for the identification six kinds recyclable polymers by focus-
ing a Nd:YAG laser radiation at wavelength 1064nm having
laser energy = 40 mJ [13]. Using LIBS together with dis-
criminant function analysis (DFA) has the ability to correctly
classify 99% of the polymers [14]. The best conditions were
proposed with laser and the helium buffer gas, which can
efficiently identify the four groups of plastics PS, PP, ABS
and ABS/PC [15].

Near infrared (NIR) reflectance measurements are used
to identify bottle composition class. The classification accu-
racy reached 94.14% by the dipwavelength and average
values of the reflective NIR spectrum [16]. For identifica-
tion and separation among containers and bottles made of
PET, HDPE, PVC, PP and PS, a ‘‘Two-Filter’’ identifica-
tion method was proposed based on NIR reflectance spec-
troscopy [17]. An approach combining mid infrared (MIR)
spectroscopy with independent components analysis (ICA),
which gave 100% discrimination rates in the separation
of all studied plastics: PET, PE, PP, PS and PLA [18].
However, the discrimination rates decreased to the surface
contaminations of plastics wastes. Two near-infrared wave-
length operator and hyperspectral images has been used
for achieving 100% identification accuracy of PET and
PVC [19].

Hyperspectral imaging (HSI) in the near infrared (NIR)
range (1000 − 1700 nm) was evaluated to discriminate
PET from PLA provided a prediction efficiency higher
than 98% [20]. Raman spectroscopy was used to identifi-
cation of common household plastics PET, high-density PE,
low-density PE, PC, PP and PS for recycling purposes [21].
The identification of black polymers and recognition of
biopolymers in plastic recycling can be solved by HSI,
as separation of polyolefins, in conventional plastic recycled
streams [22].

Combining euclidean distance, neural network and self-
organized mapping techniques together, the success rate
reached almost 100% for the plastic type [23]. The accuracy
of color recognition of recycled bottles reach 94.7% by the
improvement of SVM [24]. However, its recognition rate was
greatly affected by the light. Polarization vision takes the
degree of polarization and the angle of polarization of the
reflected light on the surface of the object as the research
object, which is little affected by the light thus the data is
stable.

Most of the lights in nature, create partially polarized
light that may be regarded as a mixture of unpolarized and
linearly polarized light [25]. Analogous to color vision sys-
tem, the polarization can be characterized by the parameters

the intensity, angle and degree of polarization [26], [27].
Polarization-based methods have been used to segment
material surfaces according to varying levels of relative elec-
trical conductivity, in particular distinguishing dielectrics,
which are non-conducting and metals [28], [29]. However,
few studies have been conducted on the application of polar-
ization vision to PET identification.

In order to obtain a higher identification accuracy of recy-
cling PET plastic bottles, a method combining polarization
vision and support vector machine (SVM) algorithm is pro-
posed. In this paper, the segmentation method of effective
area of recycled plastic bottle is given. Then, a method to
calculate the approximate refractive index of recycled plastic
bottle based on the degree of polarization and azimuth is
introduced. Afterwards, the feature vector is constructed by
the mean, standard deviation and coefficient of variation of
the approximate refractive index and intensity distribution.
Finally, SVM is used to train and learn the feature vector,
and the recognition model is obtained, which is verified by
experiments.

II. SCHEMATIC OF PET IDENTIFICATION FOR PLASTIC
BOTTLES
Common recycling plastic bottles can be divided into four
categories: PET, PE, PP and PS. In terms of the market share
of all beverages in the world, PET plastic bottles account
for more than 70%. In this paper, a new method of recog-
nition of recyclable PET in pipeline by using polarization
vision technology is proposed. The PET plastic bottles iden-
tification system is based on polarization vision, as shown
in Fig.1.

FIGURE 1. The whole PET bottles sorting system.

Flow chart of PET plastic bottles identification using
polarization is shown in Fig.2. Firstly, the polariza-
tion intensity images were collected, the polarization
degree and phase angle were obtained. Then the refrac-
tive index was approximately calculated by mirror reflec-
tion refractive index equation [28]. Finally, SVM is used
to train the extracted features and set the judgment
criteria.
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FIGURE 2. The identification process of recycled plastic bottles.

III. CALCULATION OF THE APPROXIMATE VALUE OF
REFRACTIVE INDEX
According to Fresnel reflection theory, polarized reflected
light can be parameterized by three values: the inten-
sity I , phase angle φ and degree of polarization ρ.
Using the Stoke’s parameters, I , φ and ρ can be cal-
culated from the intensity images I0, I45, I90 and I135
in four polarization directions of 0◦, 45◦, 90◦ and 135◦

degrees.

I = (I0 + I45 + I90 + I135)
/
2 (1)

φ =
1
2
arctan2(I45 − I135, I0 − I90) (2)

ρ =

√
(I0 − I90)2 + (I45 − I135)2

I
(3)

The degree of polarization of specular reflected light can
be expressed by refractive index:

ρ =
2 sin2 θ cos θ

√
n2 − sin2 θ

n2 − sin2 θ − n2 sin2 θ + 2 sin4 θ
(4)

According to formula (3), the refractive index n can be
expressed by zenith angle θ and degree of polarization ρ [30]:

n =

√
−b+

√
b2 − 4ac
2a

(5)

where

a = ρ2 cos4 θ (6)

b = 2ρ2 cos2 θ(2 sin4 θ − sin2 θ)− 4 sin4 θ cos2 θ (7)

c = ρ2(2 sin4 θ − sin2 θ)2 + 4 sin6 θ cos2 θ (8)

27512 VOLUME 9, 2021



Z. Tan et al.: Identification for Recycling PET Plastic Bottles by Polarization Vision

FIGURE 3. The segmentation process of recycling plastic bottles.

IV. IDENTIFICATION OF PET PLASTIC BOTTLES BASED
ON SVM
A. SEGMENTATION OF PLASTIC BOTTLES
Intensity image I was binarized by global fixed threshold
segmentation. In this experiment, the threshold value 51 is
used to segment the plastic bottles from images. The noise
in the binary image is filtered by morphological corrosion
operation and area restriction, which mainly includes foreign
matters and water stains on the conveyor belt. Then, convex
hull of the whole region obtained by merging the remaining
regions in the binary image was calculated, as shown in Fig.3,
where the inner region of the convex hull is denoted as �.

B. EXTRACTION OF FEATURES
To some extent, the approximate refractive index represents
the material of plastic bottle. However, influenced by the
ambient light and the noise introduced by the sensor, there
is some noise in the calculated approximate refractive index
of the plastic bottle.

Therefore, the mean, standard deviation, coefficient of
variation of the approximate refractive index and intensity
distribution are used to construct the feature vector.

The feature vector used to identify PET plastic bottles is
defined as:

F =
[
RD, StdR,

StdR
RD

, ID, StdI ,
StdI
ID

]
(9)

where RD and StdR are the mean and standard deviation of
dataset D, respectively, and ID and StdI are the mean and
standard deviation of dataset I, respectively.

The dataset D and I are defined as

D = {Rij, (i, j) ∈ �} (10)

I = {Iij, (i, j) ∈ �} (11)

where Rij is the approximate refractive index at the position
(i, j). Although there is no linear relationship between zenith
angle and phase angle, its value has obvious effect on dis-
tinguishing the material of plastic bottle. In this paper, the
phase angle φ is used instead of zenith angle θ to obtain the

approximate refractive index Rij. I is the light intensity at the
position (i, j), which is characterized by the gray value.

C. TRAINING AND EVALUATION OF THE MATERIAL
IDENTIFICATION MODEL
Support vector machine (SVM) has significant advantages
in solving two kinds of supervised classification prob-
lems [31]–[35]. In this paper, combined with SVM algorithm,
20 groups of randomly selected training sets of the same
size were used for model learning and testing to verify the
influence of the training set on the learning results.

In the process of training and learning, the labels of PET,
PE, PP and PS were set as 1, 2, 3 and 4 respectively. Three
binary models PET-PE, PET-PP and PET-PS were trained by
SVM. Using the training models to classify the test sample,
three labels L1, L2 and L3 were obtained. When all the three
labels were 1, it was determined as PET, otherwise it was
determined as non-PET.

In this paper, considering the fact that PET plastic bottles
account for a large proportion of the market, the numbers
of the training and the testing PET bottles account for a
large proportion. The total number of plastic bottles used for
training and testing is 507, including 240 PET, 48 PE, 179 PP
and 40 PS. The training set samples are randomly selected
from the data set. The training set was randomly selected
from 507 plastic samples, which consisted of 100 pet, 30 PE,
80 PP and 20 PS.

V. EXPERIMENTAL RESULTS AND DISCUSSION
The method of identifying material of plastic bottle described
was verified by experimentally. In order to verify the prac-
tical application ability of this method, the field of view
of the camera is 500mm ∗ 418mm. Since the features used
to identify plastic bottle material contain noise, polarizing
camera MER-502-79U3M POL with resolution of 2048 ×
2448 fitted with an industrial lens MVL-MF1220M-5MP is
selected for polarization images acquisition. The camera uses
a globally exposed Sony IMX250MZR CMOS polarization
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FIGURE 4. Different forms of plastic bottles in sample collection.

FIGURE 5. The mean and standard deviation of the approximate
refractive index.

photosensitive chip, which can simultaneously collect images
at four angles of 45◦, 90◦, 135◦ and 0◦.
In order to test the practicability of the proposed method,

the shapes and the positions of the samples in the tests are
different. In Fig.4 shows a part of the attitudes of the samples
in the experiment.

Fig.5 shows the statistical characteristic distribution of a
plastic bottle after different positions and different forms of
compression. A plastic bottle was extruded into 24 shapes and
placed in the camera field of view for detection. The standard
deviation and mean value of each posture are calculated. The
x-coordinate indicates the serial number of the 24 postures of
the plastic bottle. The results shows that the proposed feature
extraction method is less affected by the shape of plastic
bottle and the algorithm is stable and accurate.

Figs.6 − 9 show the approximate refractive index of pet,
PE, PP and PS. The mean values of approximate refrac-
tive indices of PET, PE, PP and PS bottles were 0.3363,
0.0757, 0.2062 and 0.1989 respectively, and the variances
were 1.7398, 0.2880, 1.0045 and 1.2820, respectively. It can
be found that the mean value and standard deviation of the
approximate refractive index of the four materials are quite
different.

In order to verify the effectiveness of the method, samples
are randomly selected from the data set to form the train-
ing set, then features are obtained by image segmentation
and approximate index statistics. SVM is used for model

FIGURE 6. Approximate refractive index distribution of PET.

FIGURE 7. Approximate refractive index distribution of PE.

FIGURE 8. Approximate refractive index distribution of PP.

training, and the data set is identified and tested. The results
of 20 random training tests are shown in Table 1, it can be
seen that although different training sets have some impacts
on the results, most recognition rates are more than 90%.
So practically, a merely one simple sample selection can
achieve high accuracy.
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FIGURE 9. Approximate refractive index distribution of PS.

FIGURE 10. Approximate refractive index distribution.

FIGURE 11. Comparison of eigenvalues with and without water.

Efficiency and accuracy of the system are the two
main performances that need to be continuously improved.
There are various affecting factors. In addition to hardware
improvements, such as illumination conditions and the pro-
cessor, the choice of algorithm is also important [34].

TABLE 1. Plastic bottle recognition success rate.

In the actual sorting of recycled plastic bottles, after the
front-end cleaning and de labeling process, there will be some
water stains on the inner and outer surfaces of plastic bottles
and on the conveyor belt. In order to analyze the influence
of water on sorting results, a comparative experiment was
carried out.

Fig.10 shows the approximate refractive index of conveyor
belt and PET plastic bottle with and without water. From
the distribution results, the influence of water logging on
the approximate refractive index distribution was small. The
approximate refractive index characteristics of PET, PE and
PP with and without water were extracted. The numerical
results were shown in Fig.11. From the extraction results
of water and no water eigenvalues, the proposed material
recognition algorithm was less affected by water stains, and
can be used in the actual recycling environment.

The data and code involved in this experiment can
be downloaded from the web page https://github.com/
zytanhhu/vision.

VI. CONCLUSION
This study proposed a new method to identification the PET
plastic bottles from three kinds of plastic bottles with different
materials of PE, PP and PS for the purpose of the recy-
cling. The image segmentation method is used to calculate
a convex hull in the area where the plastic bottle is located.
The polarization degree and polarization angle in the convex
hull of plastic bottle are used to calculate the approximate
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refractive index array. The SVM method is used to learn
the identification model for PET plastic bottle. The results
demonstrated that the recognition accuracy of PET could
reach 92.06%, missing rate of non-PET is 4.14% and mistake
sentencing rate of PET is 2.76%.

Although LIPS, LIBS, NIR, MIR, HSI and other methods
have achieved higher recognition rate in PET recognition,
they are severely affected by environmental light, and the cost
of sensor is high. The new method of PET plastic bottle iden-
tification based on polarization vision proposed in this paper
is hardly affected by the light environment. It only requires a
single polarization camera to satisfy the sorting demand for
the production line, which is promising in applications in the
recycling market.

In our future work, better material features and recognition
algorithms will be adopted to provide classification of PET,
PE, PP and PS plastic bottles with more accuracy. In addition,
the light source is another means for the improvement of the
system.
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