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TITLE: Methods and Apparatus for Identifying and Sorting Materials Using
Terahertz Waves

Priority
[0001]

This application

claims the benefit of U.S. Provisional

Patent

Application Serial No. 61/569,264 filed on December 11, 201 1, by the present
inventor, and entitled "TERAHERTZ SENSORS

FOR MATERIAL

SORTING

APPLICATIONS", the entire contents of which are hereby incorporated by reference
herein for all purposes.

FIELD
[0002]

The embodiments disclosed herein relate to techniques for identifying,

sorting, and separating materials, and in particular to such methods and apparatus

for sorting plastic materials for recycling purposes.

BACKGROUND
[0003]

Material sensing, identification, and classification can be a challenge in

many industries, such as electronic-waste and municipal waste recycling, chemical
supplying, and pharmaceutical manufacturing, to name a few.
[0004]

Existing sensor technologies, such as short-wave infrared sensors and

X-Ray sensors, can be used to identify and separate a range of materials including
plastic polymers, pharmaceutical compounds, and the like. However, there are
material identification and classification requirements in some industries that cannot
be addressed by the existing sensor technologies.

[0005]

As an example, plastic sorting in the electronic-waste recycling

industry requires a sensing technology that can separate both dark and light colored
plastics. One problem in the electronic-waste recycling industry is sorting of black or

dark plastics. It is currently estimated that around 10 million tons of electronic-waste
plastic is being disposed every year, almost half of it is black plastics.

.

[0006]

-

Current methods of sorting plastic objects (e.g. plastic flakes) have

significant drawbacks when trying to identify black and other dark plastics.

One

method uses short wave infrared (SWIR) cameras to identify the plastic. This
technique involves irradiating the unidentified plastic with infrared waves having a
wavelength of between about 600- nanometers to about 2500-nanometers. The
amount of infrared light transmitted or reflected by the plastic is measured and
compared to known polymer spectra in order to identify the type of plastic. However,
a problem arises when black and other dark plastics need to be sorted since dark
colored plastics absorb infrared radiation and the SWIR cameras cannot detect the
dark colored plastics. Instead, the SWIR camera detects a null reading. To date,
there is no effective technology solution that satisfactorily addresses the problem of
sorting dark plastics in the electronic-waste recycling industry.

[0007]

In view of the above, there is a need of new systems and methods of

identifying, sorting, and separating materials such as light and dark colored plastics
and other polymers.

SUMMARY
[0008]

According to some embodiments, there are provided methods and

apparatus for identification and classification of polymers such as plastics and other
materials using terahertz sensing techniques. A terahertz wave generated by
terahertz sources interacts with materials under test and the transmitted and/or
reflected terahertz waves through/off the materials are detected by terahertz
detectors. The detected terahertz waves may contain some unique signatures or
"fingerprints" associated with the materials under test, such as their absorption
resonance frequencies and physical and/or chemical properties like density,
dimensions, refractive index, absorption coefficient, and the like. The materials
under test can then be identified and classified based on their properties and unique
signatures or fingerprints detected at terahertz frequencies.

[0009]

In some cases, the detected terahertz waves are analyzed and

processed to extract the properties and fingerprints of the materials under test and to

.

_

compare the results with a database or library to identify the materials under test.
The results may be used to send one or more commands to a mechanical sorting
device for separating the materials under test, for example, according to their
individual responses to the terahertz sensor.
According to some embodiments, there is a terahertz-based material

[0010]

identification system comprising at least one terahertz source for transmitting a

terahertz wave for interaction with an object. The interaction results in a resulting
terahertz wave that is influenced by the object. The material identification system
also comprises at least one terahertz detector for receiving the resulting terahertz
wave.

The

terahertz

detector

is

configured

to output

measurement

data

corresponding to the resulting terahertz wave. The material identification system
further comprises a processor in communication with the terahertz detector for
receiving the measurement data. The processor is configured to calculate an object

response signature based on the measurement data, and compare the object
response signature to a set of known response signatures so as to identify the
object.
[001 1]

The resulting terahertz wave may comprise one of: a transmitted

terahertz wave that is transmitted through the object; or a reflected terahertz wave
that is reflected from the object or from surroundings around the object.
[0012]

In some examples, the resulting terahertz wave may be the transmitted

terahertz wave, and the terahertz source and the terahertz detector may be
configured to operate in transmission mode. In such cases, the terahertz detector is
arranged to detect the transmitted terahertz wave.
[0013]

In some examples, the resulting terahertz wave is the reflected

terahertz wave, and the terahertz source and the terahertz detector are configured to
operate in reflection mode. In such cases, the terahertz detector is arranged to
detect the reflected terahertz wave.
[0014]

The known response signatures may correspond to a plurality of

polymer materials. In some examples, the polymer materials may include at least
one dark colored plastic.

.

[0015]

.

The material identification system may further comprise a database for

storing the known response signatures.

[0016]

The processor may be in communication with the terahertz source for

operating the terahertz source over a range of terahertz frequencies. Furthermore,
the object response signature may be calculated over the range of terahertz
frequencies.
[0017]

In some examples, the terahertz wave may have a frequency of less

than about 0-terahertz. More particularly, the terahertz wave may have a frequency
of between about 20-GHz and about 4-THz.

[0018]

The material identification system may further comprise a conveyor for

conveying a mixture of objects through the terahertz wave transmitted by the
terahertz source.
[0019]

According to some embodiments, there is a terahertz-based sorting

system comprising a conveyor for conveying a mixture of objects, and at least one

terahertz source for transmitting a terahertz wave for interaction with at least one of
the objects within the mixture. The interaction results in a resulting terahertz wave
that is influenced by the object. The sorting system also comprises at least one
terahertz detector for receiving the resulting terahertz wave. The terahertz detector
is configured to output measurement data corresponding to the resulting terahertz

wave. The sorting system further comprises a processor in communication with the
terahertz detector for receiving the measurement data. The processor is configured
to calculate an object response signature based on the measurement data, and
compare the object response signature to a set of known response signatures so as
to identify the object. Furthermore, the sorting system comprises a sorting device in

communication with the processor for selectively separating the object from the
mixture based on the identity of the object.
[0020]

In some examples, the mixture of objects conveyed by the conveyor

may comprise dark colored plastics.

[0021]

According to some embodiments, there is a method of identifying

materials. The method comprises transmitting a terahertz wave for interaction with
an object. The interaction results in a resulting terahertz wave that is influenced by

the object. The method also comprises receiving the resulting terahertz wave,
generating measurement data based on the resulting terahertz wave received,
calculating an object response signature based on the measurement data, and
comparing the object response signature to a set of known response signatures so
as to identify the object.

[0022]

The known response signatures may correspond to a plurality of

polymer materials. In some examples, the polymer materials may include at least
one dark colored plastic.

[0023]

The terahertz wave may be transmitted over a range of terahertz

frequencies and the object response signature may be calculated over the range of
terahertz frequencies.
[0024]

The terahertz wave may have a frequency of less than about 10-

terahertz. More particularly, the terahertz wave may have a frequency of between

about 20-GHz and about 4-THz.
[0025]

According to some embodiments, there is a method of sorting

materials. The method comprises conveying a mixture of objects, and transmitting a

terahertz wave for interaction with at least one of the objects within the mixture. The
interaction results in a resulting terahertz wave that is influenced by the object. The

method also comprises

receiving the

resulting terahertz

wave, generating

measurement data based on the resulting terahertz wave received, calculating an
object response signature based on the measurement data, comparing the object
response signature to a set of known response signatures so as to identify the
object, and selectively separating the object from the mixture based on the identity of

the object.
[0026]

In some examples, the mixture of objects conveyed may comprise dark

colored plastics.

-

[0027]

-

Other aspects and features will become apparent, to those ordinarily

skilled in the art, upon review of the following description of some exemplary
embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0028]

The drawings included herewith are for illustrating various examples of

the present specification. In the drawings:

[0029]

FIG.

1 is a schematic

diagram

of a terahertz-based

material

identification system made in accordance with an exemplary embodiment of the
present invention, in which the sensor system is operating in transmission mode;

[0030]

FIG.

2 is a schematic

diagram

of a terahertz-based

material

identification system operating in reflection mode so that a terahertz beam reflects
off an outer surface of a material sample passing thereunder;

[0031]

FIG.

3 is a schematic

diagram

of a terahertz-based

material

identification system operating in reflection mode so that a terahertz beam
penetrates through a material sample passing thereunder and reflects off a conveyor
belt;

[0032]

FIG. 4 is a schematic

identification system that includes

diagram

of a terahertz-based

material

multiple sensor heads, in which the sensor

system is operating in transmission mode;

[0033]

FIG.

5 is a schematic

identification system that includes

diagram

of a terahertz-based

material

multiple sensor heads, in which the sensor

system is operating in reflection mode so that a terahertz beam reflects off an outer
surface of a material sample passing thereunder;

[0034]

FIG.

6 is a schematic

diagram

of a terahertz-based

material

identification system that includes multiple sensor heads, in which the sensor system
is operating in reflection mode so that a terahertz beam penetrates through a

material sample passing thereunder and reflects off a conveyor belt;

.

[0035]

.

FIGS. 7(a)-(e) are graphs showing exemplary measurement data for

plastic samples tested using a terahertz-based material identification system made
in accordance with an embodiment of the present invention;

[0036]

FIG. 8(a)-8(c) are graphs showing absorption coefficients calculated

from measurement data for plastic samples tested using a terahertz-based material
identification system made in accordance with an embodiment of the present
invention;

[0037]

FIG. 9 is a schematic diagram of a material sorting system made in

accordance with another embodiment of the present invention;

[0038]

FIG. 10 is a flow chart illustrating a method of identifying materials

according to another embodiment of the present invention; and

[0039]

FIG. 11 is a flow chart illustrating a method of measuring, classifying,

and sorting materials such as plastic samples according to another embodiment of
the present invention.

DETAILED DESCRIPTION
[0040]

Some materials including polymers, plastics, organic and inorganic

materials, ceramics, papers and cupboards, and glasses are transparent or semitransparent to terahertz waves. Furthermore, some of these materials exhibit unique
transmission and reflection properties at terahertz frequencies that can be used as a
signature or fingerprint for identifying each material. This makes the use of terahertz
waves an effective tool to identify and classify these materials based on their
properties detected at terahertz frequencies.

[0041]

Referring now to FIG. 1 illustrated therein is a schematic diagram of a

terahertz-based material identification system 10 made in accordance with an
exemplary embodiment of the present invention. The system 0 includes a terahertz
sensor assembly 12 comprising a terahertz source 20 (also referred to as a
transmitter) for transmitting a terahertz wave 22 toward an object 24 for interaction
therewith, and a terahertz detector 30 (also referred to as a receiver) for receiving a

.

.

resulting terahertz wave 26 after the terahertz wave 22 interacts with the object 24.
The terahertz detector 30 outputs measurement data corresponding to the resulting
terahertz wave 26.

[0042]

The terahertz sensor assembly 12 generally operates within the

terahertz frequency spectrum. For example, the terahertz wave 22 may have a
frequency of less than about 10-THz. More particularly, the frequency may be
between about 10-GHz and about 10-THz, or between about 20-GHz and about 4THz.

[0043]

The system 10 also includes a processor 40 in communication with the

terahertz source 20 and the terahertz detector 30 for controlling the operation
thereof. Specifically the processor 40 may control the terahertz source 20 to transmit
the terahertz wave at a particular frequency or range of frequencies. Furthermore,
the processor 40 is configured to receive the measurement data from the terahertz
detector 30 and calculates an object response signature based on the measurement
data. Afterwards, the processor 40 compares the object response signature to a

database of known response signatures so as to identify the object.

[0044]

In some embodiments the processor 40 may be a computer, a

dedicated microprocessor, a microcontroller, a PLC controller, an electronic circuit,
or another type of computing device. In some examples, the processor 40 could be a
personal computer running a proprietary program such as a LabView™ program.

[0045]

As shown in FIG. 1, the material identification system 10 may also

include a conveyor 50 for conveying one or more objects through the sensor
assembly 12. The conveyor 50 may include a conveyor belt 52 looped around two or
more rollers, which may include a driven roller 54 and an idler roller 56.
[0046]

While not shown, there may also be a sorting device for separating the

materials identified by the material identification system 10 . For example, the sorting
device may include one or more pressurized air nozzles that can be actuated in
order to release an air jet that pushes and diverts certain identified materials away
from the mixture of objects (e.g. to a separate container or hopper). The sorting

_

.

device could also include mechanical arms, secondary conveyors, drop chutes, and
the like.

[0047]

The system 10 may also include a database 60 for storing one or more

known response signatures. The known response signatures may be compiled by
individually testing known materials and recording the object response signature
associated with each particular material. In some embodiments, the database 60
may be pre-loaded with a number of known response signatures for particular
compounds such as dark colored plastics and other polymer materials. In some
embodiments, the processor 40 may be configured to add or update the database
60 with new entries of known response signatures.

[0048]

In use, a mixture of materials to be identified and sorted (also referred

to as samples or objects) move along the conveyor belt 52 and pass in front of the

terahertz source 20. The terahertz wave 22 interacts with the sample. The
interaction results in resulting terahertz wave 26, which is subsequently received and
detected by the terahertz detector 30.

[0049]

As shown, the detector 30 is located on the other side of the object 24

and the conveyor belt 52 as the terahertz source 20. Accordingly, the terahertz wave
22 is generally transmitted through the object 24, and the resulting terahertz wave

26 is a transmitted terahertz wave. In other words, the transmitted terahertz wave

that is received by the terahertz detector 30 is a transmitted portion of the terahertz
wave 22. This configuration of the terahertz sensor assembly 12 may be generally
referred to as transmission mode.

[0050]

The measured terahertz waves are processed to extract one or more

physical or chemical properties of the materials such as refractive index, absorption
coefficient, absorption signature, thickness, dimensions, and the like. The resulting
properties may be used to calculate an object response signature, which can then
be compared against a database or library of known response signatures to identify

and classify the materials under test.

[0051]

In some examples, the terahertz wave 22 transmitted by the terahertz

source 20 can be a narrow band terahertz signal, for example, generated by a

_

_

terahertz photo-mixer, a terahertz transistor, a backward wave oscillator, a quantum
cascade laser, or any other narrow band terahertz sources. In other examples, the
terahertz wave 22 transmitted by the terahertz source 20 can be a wide band
terahertz pulse, for example, generated by a terahertz photoconductive antenna or
any other wide band terahertz sources.
[0052]

The terahertz detector 30 generally receives the resulting terahertz

wave 26, which may be a transmitted portion of the terahertz wave 22. In some
examples, the terahertz detector 30 may be a photoconductive receiver, an electrooptical receiver, or another type of terahertz receiver. The terahertz detector 30
could also be a terahertz camera having a field of view selected to record one or
more terahertz waves passing through the materials under test.

[0053]

In some cases, reference measurement data may be recorded when

there is no material under test at the path of the terahertz wave. This can be used to
further process the measurement data as will be described later below.

[0054]

Referring now to FIG. 2 illustrated therein is a schematic diagram of a

material identification system 110 made in accordance with another exemplary
embodiment of the present invention. The material identification system 110 is
similar in some respects to the material identification system 10 and where
appropriate similar elements are given similar reference numerals incremented by
one hundred. For example, the system 110 includes a terahertz sensor assembly
12 comprising a terahertz source 120 and a terahertz detector 130, a processor

140, and a conveyor 150.

[0055]

One difference is that the terahertz sensor assembly 1 12 is configured

to operate in reflection mode. Specifically, the terahertz detector 130 is located on
the same side of the object

4 and the conveyor 150 as the terahertz source 120.

Accordingly, the terahertz wave 122 is generally reflected off the object 124 or other
surroundings around the object 124, and the resulting terahertz wave 26 is a
reflected terahertz wave. In other words, the reflected terahertz wave that is received
by the terahertz detector 130 is a reflected portion of the terahertz wave 122.

-

[0056]

-

Referring now to FIG. 3 , the sensor assembly 112 may also be

configured to transmit terahertz waves 122 that penetrate through the object 124
and reflect off the conveyor 150 (or other surroundings around the object 124) back

towards the terahertz detector 130. In this configuration, the terahertz wave 122
interacts with the bulk of the material under test (i.e. the object 124), and not just the
surface thereof as with the embodiment shown in FIG. 2 . This can improve accuracy
of the measurement data and classification. For example, it may allow an absorption

coefficient to be measured over the entire thickness of the sample.

[0057]

Referring now to FIG. 4 illustrated therein is schematic diagram of

another material identification system 210 made in accordance with another
exemplary embodiment of the present invention. The material identification system
210 is similar in some respects to the material identification system 10 and where
appropriate similar elements are given similar reference numerals incremented by
two hundred. For example, the system 210 includes a terahertz sensor assembly
2 12 , a processor 240, and a conveyor 250.

[0058]

One difference is that the terahertz sensor assembly 212 includes a

plurality of terahertz sources 220A, 220B, and 220C and a plurality of terahertz
detectors 230A, 230B, and 230C in communication with the processor 240.
Specifically, there are three terahertz sources and three terahertz detectors. In other
embodiments, there may be a greater or lesser number of sources and detectors.

[0059]

The terahertz sources and detectors can be arranged in series and/or

in parallel to identify and classify objects 224 or materials under test passing through

terahertz waves. For example, in the illustrated embodiment, the sensors and
detectors are arranged in series so that each terahertz source is paired with a
respective terahertz detector. Thus, a terahertz wave transmitted from a particular
source

is

received

by the

corresponding

detector.

This

allows

multistage

identification and sorting of materials (e.g. to progressively identify and separate
certain materials from the mixture of objects). Alternatively, the sensor and detector
pairings may be arranged in parallel. This may allow identification of materials and
objects that are spread out along the width of the conveyor 250.

-

[0060]

-

In some examples, the terahertz sources 220A, 220B, and 220C may

be in the form of an array of individual transmitter modules with separate

housing/packaging units, or alternatively, the terahertz sources 220A, 220B, and
220C can be in the form of an array of transmitters in a single housing/packaging
unit.

[0061]

The terahertz detectors 230A, 230B, and 230C can also be in the form

of an array of individual receiver modules with separate housing/packaging units, or

alternatively, the terahertz detectors 230A, 230B, and 230C can be in the form of an
array of receivers all in a single housing/packaging unit.

[0062]

Referring now to FIG. 5 illustrated therein is schematic diagram of

another material identification system 310 made in accordance with another
exemplary embodiment of the present invention. The material identification system
3 1 0 is similar in some respects to the material identification system 210 and where

appropriate similar elements are given similar reference numerals incremented by
one hundred. For example, the system 310 includes a terahertz sensor assembly

312 comprising a plurality of terahertz sources 320A, 320B and a plurality of
terahertz detectors 330A, 330B, a processor 340, and a conveyor 350.

[0063]

One difference is that the terahertz sensor assembly 312 is configured

to operate in reflection mode, similar to the embodiment shown in FIG. 2 .
Specifically, each terahertz detector 330A, 330B is located on the same side of the
object 324 and the conveyor 350 as the respective terahertz source 320A, 320B.
Thus, terahertz waves 322A, 322B impinging objects 324A, 324B interact with the
objects 324A, 324B. The interaction results in resulting terahertz waves 326A, 326B
that reflect off surfaces of the objects 324A, 324B and are subsequently received by
the respective terahertz detectors 330A, 330B. In other words, the resulting terahertz
waves 326A, 326B are reflected terahertz waves that are reflected portions of the
terahertz waves 322A, 322B.

[0064]

In some embodiments,

the terahertz detectors 330A, 330B may

include a terahertz camera with a field of view selected to record the terahertz waves
reflecting off the materials under test.

_

[0065]

_

Referring now to FIG. 6 , the sensor assembly 312 may also be

configured to transmit terahertz waves that penetrate through the objects 324A,
324B and reflect off the conveyor 350 (or other surroundings around the objects
324A, 324B) back towards the terahertz detectors 330A, 330B, as similar to the

embodiment shown in FIG. 3 .

[0066]

Referring now to FIGS. 7(a)-(7(e) illustrated therein are measurement

results collected from a terahertz-based material identification system made in

accordance with an embodiment of the present invention. The measurement results
correspond to a set of plastic samples, some of which may be produced in the
electronic-waste recycling industry. The plastic samples include white polycarbonate
acrylonitrile butadiene styrene (PC-ABS White), black polycarbonate acrylonitrile
butadiene

styrene

(PC-ABS

Black),

clear

polycarbonate

(PC

Clear),

gray

polystyrene (PS Gray), black acrylonitrile butadiene styrene (ABS Black), white
acrylonitrile butadiene styrene (ABS White), and black polystyrene (PS Black).

[0067]

For each sample, terahertz waves were transmitted from a terahertz

source over a range of frequencies, namely from about 0-THz to about 4-THz. A
portion of each terahertz wave was detected by a terahertz detector and

measurement data was recorded by a processor. The graphs in FIGS. 7(a)-(7(e)
show the power spectrums for each sample, and in some cases along with a
reference measurement without having a sample located between the source and
detector.

[0068]

As shown, the terahertz power spectrum responses of plastic samples

are distinguishable, even for black and other dark colored plastics, making it

possible to separate and classify plastic samples under test using the terahertzbased material identification system. Each frequency point on the recorded spectrum
can be used to identify and classify a particular plastic sample in a mixture. For

example, if the measure point is near a particular known data point for a material, it
may indicate that the measured sample corresponds to the known sample (e.g.
representing a figure of merit). In some examples, the response over the entire

-

-

spectrum can be used as a unique signature or fingerprint to identify and classify the
materials with greater accuracy than using single data points.

[0069]

Referring now to FIGS. 8(a)-8(c) illustrated therein are graphs showing

absorption coefficients at terahertz frequencies for a set of plastic samples produced
in electronic-waste recycling industry including white high-impact polystyrene (White

HIPS), black high-impact polystyrene (Black HIPS), clear polycarbonate (Clear PC),

black polycarbonate (Black PC), gray polystyrene (Gray PS), black polystyrene
(Black PS), white acrylonitrile butadiene styrene (White ABS), black acrylonitrile
butadiene styrene (Black ABS), white polycarbonate acrylonitrile butadiene styrene
(White PC-ABS), black polycarbonate acrylonitrile butadiene styrene (Black PCABS), black polystyrene (Black PS), black acrylic, black ACETAL, and silicon rubber.

[0070]

Each data point on the graphs shown in FIGS. 8(a) and 8(b)

represents the absorption coefficient of a material sample tested at terahertz
frequencies.

More specifically, the absorption coefficients were calculated by

measuring the time-averaged intensity of terahertz pulses received by the terahertz
detector, and comparing the measured value to the initial intensity of each pulse.
Each terahertz pulse included a spectrum of terahertz frequencies from about 0-THz

to about 4-THz. The calculated absorption coefficients can be stored in a database
and can be subsequently compared with absorption coefficients for unknown
materials being tested in order to identify and separate different materials.

[0071]

The absorption coefficients can be calculated using a terahertz-based

material identification system made in accordance with an embodiment of the
present invention. For example, one or more of the processors 40, 140, 240, 340,
described above may be configured or programmed to calculate the absorption
coefficients based on the following methodology.

[0072]

In operation, when a terahertz wave passes through a material such as

a piece of plastic, its amplitude exponentially reduces with an exponential coefficient
called the absorption coefficient " " given by the following formula:

-

-

where "E" is the initial amplitude of the electromagnetic field, "d" is the sample
thickness, and "Et" is the amplitude of the electromagnetic field at that thickness. By
measuring the terahertz electric field with, and without the sample, and knowing
sample thickness, d , the processor 40 can be configured or programmed to calculate
the absorption coefficient using the following formula:

= — In—
d
E
[0073]

The absorption coefficient is a parameter independent of the sample

thickness, and represents the absorption characteristics of the material that the
sample is made of.
[0074]

It is possible to calculate the sample thickness "d". Specifically, a

terahertz wave passing through a sample having a thickness "d" and refractive index
"n" experiences a delay of " ∆ " compared to a wave with no sample between the

source and detector. The delay "At" is related to the thickness "d" and the refractive
index "n" by the following formula:

=

d(n - \ )
c

where "c" is the speed of light in the surrounding medium (e.g. the speed of light in
air). By measuring the time delay At and knowing the refractive index of the sample

under test, the processor 40 can be configured or programmed to calculate the
thickness of the sample using the above formula. In some cases, the refractive index
may be known or estimated. For example, a number of plastics have a refractive
index of about 1.6 and this value can be used as an estimate. The refractive index
could also be measured directly using one or more known measurement techniques.

-

[0075]

-

In some examples, the absorption coefficients may be calculated at

specific terahertz frequencies in the frequency domain. For example, as shown in
FIG. 8(c), the frequency-dependent absorption coefficient is shown over a range of

frequencies from 0.2-THz to about 1.7-THz. Using the frequency-dependent
absorption coefficient to identify materials can be more accurate than using the timeaveraged absorption coefficients shown in FIGS. 8(a) and 8(b). However, the timeaveraged absorption coefficients can be calculated easier and faster.

[0076]

Referring now to FIG. 9 , illustrated therein is schematic diagram of a

terahertz-based sorting system 400 made in accordance with another exemplary
embodiment of the present invention. The sorting system 400 includes a terahertzbased material identification system 410, which is similar in some respects to the
material identification system

0 and where appropriate similar elements are given

similar reference numerals incremented by four hundred. For example, the material
identification system 410 includes a terahertz sensor assembly 4

comprising a

terahertz source 420 and a terahertz detector 430, a processor 440, and a conveyor
450.

[0077]

The sorting system 400 also includes a source of objects or materials,

such as an input hopper 470, for supplying a mixture of objects to the conveyor 450.

The mixture may include dark-colored plastics and other polymer materials. The
conveyor 450 then conveys the mixture of objects towards the sensor assembly 4 1 2
where one or more objects are identified based on the measurement data collected
by the terahertz detector 430.

[0078]

In some examples, the input hopper 470 may supply the mixture of

objects onto the conveyor 450 in a mono-layer. This may allow more accurate
identification of each piece of material passing through the sensor assembly 412.

[0079]

Furthermore, the conveyor 450 may have a width of about 1-foot and

may have a speed of about 3m/s. In other examples, the conveyor width smaller or
larger, and the conveyor speed may be faster or slower.

[0080]

The sorting system 400 may also include a vibratory screen 472 and a

collection bin 474 adjacent to the input hopper 470. The vibratory screen may initially

-

-

receive the mixture of objects and remove small objects that cannot be readily
identified using the terahertz sensor assembly 412. In other examples, there may be
another type of pre-sorting device for initially removing some objects from the
mixture. For example, a magnetic separator may be used to remove some metals.

[0081]

Downstream of the terahertz sensor assembly 412, the sorting system

400 includes a post-identification sorting device 480 in communication with the
processor 440 for selectively separating objects from the mixture based on the
identity of the object determined by the material identification system 410. For
example, as shown, the sorting device 480 may include one or more pressurized air
nozzles 482 for selectively discharging an air jet towards an object in order to
redirect and separate that object from the mixture. More specifically, the air jet may
push and lift a selected object off the conveyor 450 and direct or divert the selected

object toward a first output hopper 484, while the remainder of the mixture is
conveyed into a second output hopper 486.

[0082]

A baffle 488 may be used to help direct the selected object into the first

output hopper 484. More specifically, the baffle 488 may be placed over the second
output hopper 486 and may be sloped downward toward the first output hopper 484.
[0083]

In

other examples, the sorting

device 480 could

have other

configurations, such as a mechanical arm, a secondary conveyor, a drop chute, and
the like.

[0084]

Referring now to FIG. 10, illustrated therein is a method 500 of

identifying materials using terahertz waves according to another embodiment of the
present invention. The method 500 includes steps 510, 520, 530, 540 and 550.

[0085]

Step 510 includes transmitting a terahertz wave towards an object for

interaction therewith. For example, the terahertz wave may be transmitted from one
of the terahertz sources described above. The terahertz wave generally interacts
with the object and results in a resulting terahertz wave, which may be a transmitted

terahertz wave or a reflected terahertz wave.

[0086]

Step 520 includes receiving the resulting terahertz wave. For example,

the resulting terahertz wave may be received or detected by one of the terahertz
detectors described above.

[0087]

In some examples, the method 500 may be performed in a way that

allows for operation in a transmission mode such that the resulting terahertz wave is
a transmitted portion of the terahertz wave (e.g. such as with the systems shown in
FIGS. 1 and 4). In other examples, method 500 may be performed in a way that

allows for operation in a reflection mode such that the resulting terahertz wave is a
reflected portion of the terahertz wave (e.g. such as with the systems shown in
FIGS. 2-3 and 5-6).

[0088]

Step 530 includes generating measurement data based on the

resulting terahertz wave received. For example, the measurement data may be
generated by one of the terahertz detectors described above.

[0089]

Step 540 includes calculating an object response signature based on

the measurement data. For example, the object response signature may be
calculated using a processor programed to use one or more of the formulas and
methodologies described above.

[0090]

Step 550 includes comparing the object response signature to a set of

known response signatures so as to identify the object. For example, a processor
may compare the calculated response signature to one or more known response
signatures stored in a database such as the database 60.

[0091]

In some examples, the terahertz wave may be transmitted over a

range of terahertz frequencies, and the object response signature may be calculated
over the range of terahertz frequencies. This may help to provide more accurate
identification of materials.

[0092]

Referring now to FIG. 11, illustrated therein is a method 600 of sorting

materials using terahertz waves according to another embodiment of the present
invention. The method 600 includes steps 610, 620, 630, 640, 650, 660, and 670.

[0093]

-

Step 610 includes transmitting a terahertz wave, for example, using

one of the terahertz sources described above.

[0094]

Step 620 includes irradiating a sample or object with the terahertz

wave. For example, the terahertz wave may interact with the object and result in a
resulting terahertz wave. The resulting terahertz wave may be a transmitted or

reflected portion of the terahertz wave.

[0095]

Step 630 includes receiving the resulting terahertz wave. For example,

the resulting terahertz wave may be received or detected by one of the terahertz
detectors described above.

[0096]

Step 640 includes sending a signal or other measurement data to a

processor such as a central processing unit (CPU).
[0097]

Step 650 includes comparing the measurement data to known

response signatures, which may be stored in and internal reference database. Prior

to completing the comparison, the measurement data may be processed to calculate
an object response signature that is in a similar format as the known response

signatures.
[0098]

Step 660 includes making a material classification based on the

comparison performed at step 650. For example, step 660 may identify the particular
material or the type of material being tested.

[0099]

Step 670 includes selectively outputting a control signal to a sorting

device or machine for separating the tested sample from the mixture of objects. For
example, the control signal may be sent to the air nozzles 482 or another type of
sorting device.

[00100]

After step 650, the method 600 may repeat steps 610-650. For

example, as shown at step 655, a processor or CPU may control the terahertz
source or otherwise generate one or more additional terahertz waves to provide
further measurement data prior to making the classification at step 660. In some
examples, the additional terahertz waves may be the same as the previous terahertz
waves. Recording two or more measurements for each sample may enhance the

-

-

accuracy of the measurement data. In some examples, the additional terahertz
waves could be different from the previous terahertz waves. This may help to
provide more data for classifying the material being tested. For example, step 655
may be carried out so that the terahertz waves are transmitted over a range of
frequencies, and multiple comparisons are completed at step 650 over the range of
frequencies.

[00101]

Generally, one or more methods and apparatus described herein may

be used to identify or sort materials such as plastic materials. More particularly, the

use of terahertz waves can be useful in identifying and sorting black and other dark

plastics found in the electronic waste recycling industry because the terahertz waves
tend to interact with these dark plastics and result in resulting terahertz waves that
can be detected. For example, it is possible to detect reflected or transmitted

portions of the terahertz waves, which can then be used as a signature or fingerprint
for identifying each material. In contrast, this was not possible with previous methods
that utilized short wave infrared (SWIR) because black and other dark colored
plastics typically absorb infrared radiation and no response could be recorded in
either transmission or reflection. Accordingly, the use of terahertz waves can provide
one or more benefits over these previous SWIR techniques.

[00102]

While

the above

description

includes

a number

of exemplary

embodiments, many modifications, substitutions, changes and equivalents will be
obvious to persons having ordinary skill in the art.

Claims:

.

A terahertz-based material identification system comprising:
a)

at least one terahertz source for transmitting a terahertz wave for

interaction with an object, the interaction resulting in a resulting
terahertz wave that is influenced by the object;
b)

at least one terahertz detector for receiving the resulting terahertz

wave, the terahertz detector being configured to output measurement
data corresponding to the resulting terahertz wave; and
c)

a processor in communication with the terahertz detector for receiving
the measurement data, the processor being configured to:
i)

calculate

an

object

response

signature

based

on

the

measurement data; and
ii)

compare the object response signature to a set of known
response signatures so as to identify the object.

2.

The material identification system of claim

, wherein the resulting terahertz

wave comprises one of:
a)

a transmitted terahertz wave that is transmitted through the object; or

b)

a reflected terahertz wave that is reflected from the object or from
surroundings around the object.

3.

The material identification system of claim 2 , wherein the resulting terahertz

wave is the transmitted terahertz wave, and the terahertz source and the terahertz
detector are configured to operate in transmission mode, and wherein the terahertz
detector is arranged to detect the transmitted terahertz wave.

4.

The material identification system of claim 2 , wherein the resulting terahertz

wave is the reflected terahertz wave, and the terahertz source and the terahertz

detector are configured to operate in reflection mode, and wherein the terahertz
detector is arranged to detect the reflected terahertz wave.

The material identification system of claim 1, wherein the known response

5.

signatures correspond to a plurality of polymer materials.

The material identification system of claim 5 , wherein the polymer materials

6.

includes at least one dark colored plastic.

The material identification system of claim 1, further comprising a database

7.

for storing the known response signatures.

The material identification system of claim 1, wherein the processor is in

8.

communication with the terahertz source for operating the terahertz source over a
range of terahertz frequencies and the object response signature is calculated over

the range of terahertz frequencies.

The material identification system of claim

9.

, wherein the terahertz wave has

a frequency of less than about 10-terahertz.

0.

The material identification system of claim 6 , wherein the terahertz wave has

a frequency of between about 20-GHz and about 4-THz.

.

The material identification system of claim

, further comprising a conveyor

for conveying a mixture of objects through the terahertz wave transmitted by the
terahertz source.

2.

A terahertz-based sorting system comprising:
a)

a conveyor for conveying a mixture of objects;

b)

at least one terahertz source for transmitting a terahertz wave for
interaction with at least one of the objects within the mixture, the

interaction resulting in a resulting terahertz wave that is influenced by
the object;
c)

at least one terahertz detector for receiving the resulting terahertz
wave, the terahertz detector being configured to output measurement
data corresponding to the resulting terahertz wave;

d)

a processor in communication with the terahertz detector for receiving
the measurement data, the processor being configured to:
i)

calculate

an

object

response

signature

based

on

the

measurement data; and
ii)

compare the object response signature to a set of known
response signatures so as to identify the object; and

e)

a sorting device in communication with the processor for selectively
separating the object from the mixture based on the identity of the
object.

13.

The sorting system of claim 12, wherein the known response signatures

correspond to a plurality of polymer materials.

14.

The sorting system of claim 13, wherein the polymer materials includes at

least one dark colored plastic.

15.

The sorting system of claim 12, wherein the mixture of objects conveyed by

the conveyor comprises dark colored plastics.

6.

A method of identifying materials, the method comprising:

a)

transmitting a terahertz wave for interaction with an object, the
interaction resulting in a resulting terahertz wave that is influenced by

the object;
b)

receiving the resulting terahertz wave;

c)

generating measurement data based on the resulting terahertz wave
received;

d)

calculating an object response signature based on the measurement
data; and

e)

comparing the object response signature to a set of known response
signatures so as to identify the object.

17.

The method of claim 16, wherein the known response signatures correspond

to a plurality of polymer materials.

18.

The method of claim 17, wherein the polymer materials includes at least one

dark colored plastic.

19.

The method of claim 16, wherein the terahertz wave is transmitted over a

range of terahertz frequencies and the object response signature is calculated over

the range of terahertz frequencies.

20.

The method of claim 16, wherein the terahertz wave has a frequency of less

than about 10-terahertz.

2 1.

The method of claim 20, wherein the terahertz wave has a frequency of

between about 20-GHz and about 4-THz.

22.

A method of sorting materials, the method comprising:
a)

conveying a mixture of objects;

b)

transmitting a terahertz wave for interaction with at least one of the
objects within the mixture, the interaction resulting in a resulting
terahertz wave that is influenced by the object;

c)

d)

receiving the resulting terahertz wave;

generating measurement data based on the resulting terahertz wave
received;

e)

calculating an object response signature based on the measurement
data;

f)

comparing the object response signature to a set of known response
signatures so as to identify the object; and

g)

selectively separating the object from the mixture based on the identity
of the object.

23.

The method of claim 22, wherein the known response signatures correspond

to a plurality of polymer materials.

24.

The method of claim 23, wherein the polymer materials includes at least one

dark colored plastic.

25.

The method of claim 22, wherein the mixture of objects conveyed comprises

dark colored plastics.

.
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