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METHODS AND APPARATUS FOR DETERMINING FIBRE
ORIENTATION

Technical Field

[0001] The invention relates to methods for determining the orientations
of fibres and/or the degree of anisotropy in the orientations of fibres in products

made from fibrous materials.

[(0002] The invention has application, for example, in determining the

orientations of wood fibres in materials made from wood.

Background

[0003] Engineered wood products such as oriented strand board (OSB)
and particle board are made by adhering together fragments of wood. The
properties of the resulting materials depend significantly upon the way in which

the fragments are aligned with one another as well as the orientations of fibres

within the fragments of wood.

[0004] The strength properties of many composite fibrous materials are
sub-optimal in cases where fibres in the materials are arranged so that the fibres

are preferentially aligned in one direction. For example, in OSB, if adjacent
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layers of wood chips are not aligned with grain extending perpendicularly to
one another then the mechanical strength of the OSB will be reduced. Similarly,
the orientation of fibres in paper can affect mechanical charactenstics of the
paper. In making composite fibrous products such as OSB or paper it would be
> desirable to have a way to evaluate whether fibres in the products are arranged

optimally or not.

[0005] There are various ways to measure fibre orientations. Some of

these are as follows:

10 One can dissect samples of a material under a microscope. This is not a
practical method for process control.

. One can measure DC or low-frequency AC dielectric constants of the
material. The dielectric constant perpendicular to the wood grain is
known to be different from the dielectric constant parallel to the wood

15 grain. It i1s not practical to use measurements of dielectric constant for
process control because measuring the dielectric constant of a material is

typically too slow and also requires contact with the material in most

cases.
. Optical methods can be used to determine fibre orientation but these
20 methods can only determine the orientation of fibres at the surface of the
material.
. X-ray analysis may be performed, however the equipment required for

X-ray analysis 1s expensive and there are safety issues with X-rays. P.H.
Friedlander “The measurement of fibre orientation in newsprint with

25 respect to the machine direction by X-ray diffraction” Pulp and Paper
Magazine of Canada, June 1958, pp. 102-103 and H. Ruck et al., “The
determination of the fibre orientation in paper” Pulp and Paper
Magazine of Canada, June 1958, pp. 183-190 disclose the use of X-ray

diffraction to monitor fibre orientation in paper.
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. US 4,654,529 entitled “Method for measuring the fiber orientation
anisotropy 1n a fibrous structure” discloses a method for evaluating the
fiber alignment anisotropy in a fibrous structure by measuring

attenuation as a function of polarization

[0006] There 1s a need for technology that can be used to determine fibre
orientation and/or the degree of anisotropy in fibre orientation in composite
fibrous materials. There is a particular need for such technology that can be

applied in industral settings.

Summary of the Invention

[0007] This invention provides methods and apparatus for characterizing
the arrangement of fibres in a composite fibrous material. Some non-limiting
examples of composite fibrous materials are OSB, particle board, paper,

cardboard, fibreglass, carbon fibre composites and solid wood.

[0008] One aspect of the invention provides methods for measuring
average orientations of fibres in a composite fibrous material. The methods
comprise passing first electromagnetic radiation through the material, the first
electromagnetic radiation having a first polarization state and passing second
electromagnetic radiation through the material, the second electromagnetic
radiation having a second polarization state. The first and second
electromagnetic radiation have one or more wavelengths at which the material
is not opaque. The first and second radiation may comprise electromagnetic
pulses having terahertz frequencies. The methods comprise detecting the first
and second electromagnetic radiation that has passed though the material and,
obtaining a measure of birefringence of the sample at the wavelengths of the
electromagnetic radiation. The measure of birefringence is based at least in part

on the detected first and second electromagnetic radiation.
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[0009] Another aspect of the invention provides a method for
determining the degree to which the fibres in a composite fibrous material are
oriented in a preferred direction. The method comprises measuring an angular
dependance of a speed of propagation of polarized electromagnetic radiation 1n
the material by passing the electromagnetic radiation through the material. The
electromagnetic radiation is polarized along a polarization axis. The
polarization axis is parallel to a plane of the material and makes an angle with a
reference axis in the plane of the material. The electromagnetic radiation has
one or more wavelengths at which the material is not opaque and at which the
material exhibits birefringence. The electromagnetic radiation may comprise
terahertz (THz) radiation. In some embodiments the method comprises
changing the angle and repeating measuring the speed of propagation of the
electromagnetic radiation in the material, and monitoring variation of the speed
of propagation as a function of the angle. In some embodiments, a volume-
averaged fibre orientation is determined based on the variation of the speed of

propagation as a function of the angle.

[0010] The speed of propagation of the electromagnetic radiation may be
measured directly at different angles. In the alternative, variations in the speed
of propagation with polarization angle may be measured indirectly, for
example, by observing a change in polarization caused by interaction between

the electromagnetic radiation and the material.

[0011] Another aspect of the invention provides apparatus for quality
control in the manufacture of a composite fibrous material. The apparatus
comprises a source of THz radiation, a detector of THz radiation and a
controller. The source of THz radiation is located to direct polarized THz

radiation at a first face of a moving web of the composite fibrous material. The
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THz radiation has a selected polarization state. Where the THz radiation 1s
linearly polarized, a polarization axis of the THz radiation makes an angle with
a direction of motion of the web. The detector of THz radiation 1s located to
receive the THz radiation originating from the source and emerging on a
second face of the composite fibrous material. The controller is connected to
control the angle and is configured to operate the detector and to obtain a
measure of birefringence of the material at wavelengths of the THz radiation.
The birefringence measure may be based on speeds of the THz radiation in the

material (or, equivalently, a measure of the index of refraction of the material at

THz frequencies) for each of a plurality of polarization states.

[0012] Further aspects of the invention and features of specific

embodiments of the invention are described below.

Brief Description of the Drawings

[0013) In drawings which 1llustrate nonQ-limiting embodiments of the
invention,

Figure 1 is a block diagram of apparatus for measuring the bulk average
fibre orientation in a sample of a material;

Figure 2 shows plots of received signal as a function of time for various
angles between the polarization axis of a THz signal and a wood sample;

Figure 3 shows results of measurements of index of refraction, ny, and
absorption coefficient, &y, as a function of frequency for a sample of spruce
wood;

Figure 4 illustrates variations in the time taken for a THz signal to
propagate through a sample as a function of angle, the sample is made up of 27
sheets of lens paper stacked so that the directions in which fibres in each sheet

are preferentially oriented are aligned,;
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Figure 5 is a set of plots illustrating the expected variation in the time
taken for a THz signal to propagate through samples in which fibres are
oriented with differing degrees of anisotropy;

Figures 6, 6A, 7, and 7A are schematic views showing alternative
apparatus for evaluating the degree to which the transmission time of a
polarized signal varies with the angle of the polarization axis of the signal
relative to a sample;

Figure 8 shows the time evolution of a THz waveform and indicates a
possible operating point for the apparatus of Figure 7;

Figure 9 shows schematically a plant for making a composite fibrous
material that includes apparatus for evaluating the anisotropy of fibres in the

fibrous matenal;

Figures 10A and 10B are schematic views of example mechanisms for
measuring characteristics of the distributions of fibres at points within a moving
web of material; and,

Figure 11 is a flow chart illustrating a method according to one example

embodiment of the invention.

Description
[0014] Throughout the following description, specific details are set

forth in order to provide a more thorough understanding of the invention.
However, the invention may be practiced without these particulars. In other
instances, well known elements have not been shown or described in detail to
avoid unnecessarily obscuring the invention. Accordingly, the specification
and drawings are to be regarded in an illustrative, rather than a restrictive,

SCINSC.

[0015] This invention will be described in the context of a stand-alone

instrument for use in the inspection and failure analysis of multi-layered wood
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structures and an on-line monitor for determining the orientation of wood fibres

in wood chips or boards in a plant for making particle board or OSB. The

invention i1s not limited to these applications. The apparatus and methods
disclosed herein may be extended to:

. the analysis of fibre orientations in materials made from fibres
originating from starting materials other than wood, such as fibreglass,
carbon fibre composites;

. the analysis of wood grain direction and structure in solid wood; and,

. process control in the manufacture of products other than boards (for

example, process control in making paper and other fibre-based

products).

[0016] Figure 1 shows a stand-alone apparatus 10 for determining bulk
average fibre orientation in a sample of material. In this example, the sample of
material 1s a piece of wood. Apparatus 10 exploits the fact that wood is
essentially transparent to electromagnetic radiation in a broad frequency range
extending up to the terahertz (THz) region of the spectrum and that wood is
birefringent in this frequency range (i.e. the propagation speed of a polarized
THz si1gnal through wood depends upon the direction of polarization of the
signal relative to the direction of the grain of the wood through which the signal
1s propagating). The term “THz radiation” as used herein means radiation
having frequencies 1n the range of 0.01 to 3 THz. Frequencies in the range of

0.2 to 1.4 THz are particularly useful for studying fibre orientation in wood

products.

[0017] Apparatus 10 comprises a source 12 of polarized THz radiation
on one side of a sample S and an analyser 14 on an opposite side of sample S.
Polarized THz radiation from source 12 passes through sample S and is

detected at analyser 14. Analyzer 14 detects directly or indirectly the average
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speed of propagation of the THz radiation as it passes through the sample (or,
equivalently, the degree to which the sample delays the THz radiation).

[0018] In the illustrated embodiment, source 12 comprises an emitter 16
and a polarizer 18. Emitter 16 emits very short pulses of radiation (for example,

pulses on the order of 0.5 ps 1n duration). Such pulses have a bandwidth on the

order of 1 THz.

[0019] Analyser 14 comprises a polanizer 19 and a detector 20.
Polarizers 18 and 19 can be set to a desired angle with respect to sample S.
When source 12 emits a THz pulse, the pulse 1s detected by detector 20. The
time elapsed between the emission and detection of the pulse can be

determined. This can be repeated at different angular settings of polarizers 18

and 19 relative to sample S.

[0020] Apparatus 10 may be used to evaluate the degree to which a

sample S consisting of a solid piece of wood exhibits birefringence. Apparatus
10 can also be applied to evaluate the degree to which the fibres are aligned in a
preferred direction in a sample of a material made of multiple smaller pieces or

wood or other fibrous birefringent material.

[0021] Apparatus 10 may be used by first transmitting a reference pulse
in the absence of sample S. The reference pulse provides an indication of
incident power. The transmission spectra of the sample S can be determined by

computing the ratio of transmitted power to incident power.

[0022] [f the ratio of the product of the thickness of sample S and the
birefringence of sample S to the speed of light in vacuum 1s at least as great as

the duration of the pulse emitted by source 12 then the birefringence of a
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sample S can be measured directly in the time domain. Figure 2 shows plots of
received signal as a function of time for various angles of polarizers 18 and 19
relative to the grain of a sample of poplar 6.54 mm thick. In Figure 2, zero
degrees corresponds to alignment of the axis of polarization with the grain of
the sample and ninety degrees corresponds to the axis of polarization being

perpendicular to the grain of the sample.

[0023] It can be seen 1n Figure 2 that, at some angles, two time-separated
pulses can be seen 1n the detected signal. For example, with the polarizers 18
and 19 set at an angle of 22 degrees to the grain of sample S, a first pulse 22A
1s detected at a time delay of approximately 15 ps and a second pulse 22B i1s

detected at a time delay of approximately 17 V2 ps.

[0024] An estimate of the frequency-averaged birefringence 4n of
sample S can be obtained directly from this time domain data. If A7 1s the

difference in time between pulses 22A and 22B then 4n 1s given by:

A CAT "
n=—"
L
where L is the thickness of sample §.
[0025] Another way to obtain a measure of the birefringence of sample S

1s to obtain a measure of the index of refraction of sample S. Where detection is
coherent, the frequency-resolved, complex, index of refraction can be
determined directly from the measured data. The ratio of the strength of the
transmitted signal to the incident signal as a function of frequency can be

approximated for a thick sample by:
E V) . . PP a)
LE@JPLE( ) =Lty °©

EREF(V)

= Re"” 2)
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where:

e

L irmrx (V) is the field strength of the component of the transmitted signal at

the frequency v;

q

E ..-(V) is the field strength of the component of the incident signal at the

5 frequency v;
c 1s the speed of light 1n vacuum;

L 1s the thickness of the sample;

Fal

t .., and £, are respectively the Fresnel transmission coefficients of an air-to-

sample and sample-to-air interface; and,

10 75, and 7 , are the complex indices of refraction in the sample and in air

respectivelyand 72, = 1.

[0026] Since:
Ny, = Ny — 1k, (3)

15  where k is the dielectric constant of the sample it can be shown that:

7.6
Ny, = — + 1 (4)
2mviL
and also that:
/ 2 )
&, = - —In R(nw-t 1—)-— 5)
y = -
L \ dn_ )

where o, 1s the absorption coetficient of the sample. Equations (4) and (5) are
20  based on the assumption that k<n. For more general values of k, the values of

n, and o, can be evaluated but the calculations are more complicated than these

simple expressions.



CA 02636495 2008-07-07

WO 2007/082371 PCT/CA2007/000062

10

15

20

25

-11 -

[0027] Figure 3 shows measurements of #n, and o, as a function of
frequency for a sample of spruce wood having a thickness of 3.025 mm. The
values for n,, and «,, presented in solid lines are based upon a reference signal
received with no wood sample present and signals transmitted through the
wood with the polarization parallel to the wood grain. The values for n,, and «,
presented in dashed lines are based upon the reference signal and signals
transmitted through the wood with the polarization perpendicular to the wood
grain. It can be seen that both n,, and o, differ significantly for signals
polarized parallel to the grain and for signals polarized perpendicular to the

grain of the wood sample.

[0028] Since n,, varies with the angle between the direction of the grain
of a sample and the direction of polarization of the signal, and n, 1s related to
the speed at which the signal propagates through the sample, one can obtain a
measure of the degree to which fibres in the sample extend preferentially in
some direction (1.e. the degree of anisotropy of the arrangement of fibres in the
sample) by monitoring the time taken for signals to propagate through the

sample as the angle of polarization of the signal relative to the sample 1s varied.

[0029] Figure 4 1llustrates variations in the time taken for a THz signal to
propagate through a sample made up of 27 sheets of lens paper stacked so that
the directions 1in which fibres are preferentially oriented in each sheet are
aligned. The signal was polarized in the horizontal direction (i.e. at an angle of
90 degrees) while the sample was rotated. It can be seen that there 1s a
significant variation in the signal as a function of angle. It can also be seen that
all of the information in the plot of Figure 4 can be obtained by scanning the

angle through 90 degrees.
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[0030] In the examples above, the samples for which data has been
presented have been samples of solid wood having the grain running 1n a
direction perpendicular to the direction of propagation of the signal. Consider
the case where the signal passes through different regions in which the grain
runs in different directions. In such cases the signal will propagate through the
sample in a time that depends upon the thicknesses of the different regions and
on the orientations of the grain in the different regions relative to a direction of
polarization of the signal. If there are a lot of different regions and the grain
directions of the different regions are random then there will be no preferred
grain direction and the time taken for the signals to propagate through the
sample will 'not vary significantly as the direction of polarization of the signals
1s rotated relative to the sample. On the other hand, if there 1s one preferred
grain direction then the signal propagation time will vary in the general manner
shown in curve 24A of Figure 5. If there are two or more preferred grain
directions (as, for example, in the case where, in some regions, the grain 1s
oriented 1n a first direction and in other regions the grain 1s oriented in a second
direction perpendicular to the first direction) but, on average, the fibres are still
oriented 1n a preterred direction then one would expect the signal propagation
time to vary by a smaller amount, as indicated by curves 24B, 24C and 24D of
Figure 5. If, 1n the volume through which the radiation passes, the same number
of fibres are oriented in each of the two directions then the signal propagation

time will not vary significantly with angle, as indicated by line 24E.

[0031] One can obtain an indication of the degree to which fibres in the
sample are aligned preferentially in one or more directions by obtaining a
measure of how the signal propagation time varies for different angles between
a direction of polarization of the signal and a sample. The speed of propagation

may be measured directly or indirectly.
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[0032] One way to make such measurements 1s through use of a THz
detector capable of making time-resolved measurements of the time taken for a

THz signal to pass through a sample.

[0033] Various other apparatus may be used to evaluate the degree to
which the transmission time of a polarized signal varies with angle. Figure 6
shows one example apparatus 30. Apparatus 30 has a source 32 of polarized
far-infrared radiation 33. In the illustrated example, source 32 comprises a
continuous wave (cw) far-infrared laser 34 and a polarizer 36. Polarizer 36 may
comprise a wire-grid polarizer, for example. Radiation 33 from source 32
passes through sample S to a detection system 38 comprising a qﬁarter-wave
plate 40, a polarizing beam splitter 42 and a pair of detectors 44A and 44B.
Quarter-wave plate 40 1s adjusted so that, in the absence of sample S, the

signals detected at detectors 44A and 44B are equal.

[0034] It sample S exhibits birefringence, the polarization state of
radiation 33 changes as radiation 33 passes through sample S. This change
results 1n the signals at detectors 44A and 44B being different. The angle
between the direction of polarization of incident radiation 33 and the grain
orientation 1in sample S can be determined, for example, from the relationship:

D444 = Suap J sin{2@)sin| I
P (6)
(844,4 +S44p ( ) [ ]

where:

S, and 8,z are the signals output by detectors 44A and 44B respectively;

O is the angle between the signal polarization direction and the grain of sample
S; and,

[ is the phase retardation introduced by sample S.
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I' depends both on the thickness of sample .§' and the magnitude of the

birefringence of sample § at the wavelength ot radiation 33.

[0035] Apparatus 30 may be used to determine the residual volume-
averaged fibre orientation within a composite sample. Since Equation (6) has
two unknowns (0 and I') it is necessary to obtain values of S, and S, for

cach of at least two different polarization states of the input signal to solve for

both O and I".

[0036] Consider, for example, the case where a first THz input signal is
linearly polarized and has an axis of polarization that makes an unknown angle
O with a preferred axis of sample §. A second THz input signal is also linearly
polarized but has an axis of polarization that makes an angle 0+m/4 with the
preferred axis of sample §. If the value of the left-hand side of Equation (6) 1s
designated as a for the first THz input signal and as b for the second THz input

signal then 1t can be shown that:

6 = 1 tan”~ (—C-z-) (7)
2 b
and also that:
\
[ =sin”'| — 4 = sin” -—-—;—a—-—- (8)
sin(tan"1 (% )) J sm(26’)

or, equivalently,
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c:os(ta:n_1 (% )) cos(26)
[0037] Apparatus 30 of Figure 6 may be used to obtain values for a and

10

15

20

25

b. During the measurement of a, polarizer 36 and polarizing beam splitter 42
are oriented appropriately tor the first THz input signal. During the
measurement of b, polarizer 36 and polarizing beam splitter 42 are oriented
appropriately for the second THz input signal. This can be achieved, for
example, by rotating apparatus 30 relative to sample § about the optical axis of

radiation 33 between measurements of the first and second signals.

[0038] As noted above, a and b may be measured essentially
simultaneously. Figure 6 A shows an apparatus 30A that can be used for this
purpose. Apparatus 30A has a source 32A of polarized THz radiation 33A.
Source 32A may be controlled to selectively generate THz radiation in one of at
least two polarization states. For example, source 32A may generate THz
radiation 1n one of a first polarization state L1 and a second polarization state
L2. The first and second polarization states may be linear polarization states
although, 1n general this i1s not necessary. One or both of the first and second
polarization states could be a circular, elliptical, or other distinct polarization
state. LI and L2 are not necessarily orthogonal to one another. For example,
where L1 and L2 are linear polarization states, the polarization vectors of L1
and L2 may be rotated through an angle in the range of 30 degrees to 60

degrees(e.g. approximately 45 degrees) relative to one another.

[0039] The THz radiation passes through sample § and is then separated
into two parts, preferably equal parts. In apparatus 30A this 1s achieved by
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passing the radiation through a non-polarizing 50/50 beam splitter 35. Each part
of the radiation 1s delivered to a detection system 38. Detector systems 38-1 and
38-2 are substantially similar to one another. A first detection system 38-1
comprises a quarter-wave plate 40-1, a polarizing beam splitter 42-1 and a pair
of detectors 44A-1 and 44B-1. Polarizing beam splitter 42-1 1s oriented to pass
radiation of the first polarization state. A second detection system 38-2
comprises a quarter-wave plate 40-2, a polarizing beam splitter 42-2 and a pair
of detectors 44A-2 and 44B-2. Polarizing beam splitter 42-2 1s oriented to pass
radiation of the second polarization state. Quarter-wave plate 40-1 1s adjusted
so that, in the absence of sample S the signals detected at detectors 44A-1 and
44B-1 are equal for the first polarization state. Quarter-wave plate 40-2 is
adjusted so that, in the absence of sample S the signals detected at detectors

44A-2 and 44B-2 are equal for the second polarization state.

[0040] Apparatus 30A can be operated by causing radiation source 32A
to 1ssue radiation 1n the first polarization state during a first time interval ¢/. In
interval ¢1 the outputs of detectors 44A-1 and 44B-1 are captured. A value for a
can be determined tfrom the captured values as described above. Radiation
source 32B 1s then caused to 1ssue radiation in the second polarization state
during a second time interval £2. In interval £2 the outputs of detectors 44A-2
and 44B-2 are captured. A value for b can be determined from the captured

values as described above.

[0041] One way to exploit the invention is to pass THz radiation of two
polarization states through sample §, essentially simultaneously (i.e. within a
time period short enough that the sample does not move significantly between
passing the radiation of the different polarization states through the sample).
After transmission, for each of the input polarization states, two orthogonal

polarization states may be measured differentially. This may be done, for
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example, as outlined above 1n the discussion of Figure 6, with polarizing beam
splitter 42 oriented differently for each of the input polarizations. The
information so obtained may be used to extract information about both the
preterred fibre-orientation direction and the magnitude of the birefringence of

the sample.

[0042] To illustrate this, consider the case where the two input

polarizations are linear and are not perpendicular to one another. For simplicity,

consider the case where:

. the first input polarization makes an arbitrary angle, 0, with a preferred
axis along which fibres in the sample are preferentially oriented; and,

. the second input polarization makes an angle (6+m/4) with the preferred

axis.

[0043] Consider the case where the differential output of apparatus 30
(1.e. the left-hand side of Equation (6) above) has a value a for the first input

polarization and has a value b for the second input polarization. It can be shown

that:

ltan'1 (ﬁ) =@ (10)
2 b

and also that the birefringence, I, is given by:

d

['=sin” sin(tan"l(a /.Z;—)-j

(11)

and also by:
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| b )
I — Q1N _ —
- cos(tem""’1 (a / b)) ) .

[0044] In an 1industnal setting where 1t 1s desired to make measurements
quickly, 1t may be desirable to make measurements essentially simultaneously
for both input polarizations. This may be done 1n a number of ways including
through use of an apparatus 30A as shown 1n Figure 6A. Controller 37 causes
source 32A to produce THz radiation having a first polarization state L1 for a
first time period ¢/ and a second polarization state L2 for a second time period
t2. L1 and L2 are not orthogonal to one another. The radiation is incident on

and passes through sample §.

[0045] During time interval ¢/ the output of detectors 44A-1 and 44B-1
of detector assembly 38-1 are monitored and used to provide a value for the
differential output a. During time interval £2 the output of detectors 44A-2 and
44B-2 of detector assembly 38-2 are monitored and used to provide a value for
the differential output b. These differential output values can then be used to
determine O and I' through the use of equation (7) and one of equations (8) and

(9), for example.

[0046] Figure 7 shows another apparatus 50 that can be used to directly
determine the variation in signal transit time through a sample with angle.
Apparatus 50 comprises a source 42 of far-infrared radiation. Source 42 may
comprise, for example, a Ti-sapphire laser. A beam 53 of radiation is split by a
beam-splitter 54 1nto a pump beam S3A and a probe beam 53B. Pump beam
S3A 1s focused onto a semi-large aperture photo-conductive switch 55 to

generate THz radiation 1n the manner described, for example, in G. Zhao et al.

Design and performance of THz emission and detection setup based on a semi-



CA 02636495 2008-07-07

WO 2007/082371 PCT/CA2007/000062

10

15

20

25

- 19 -

insulating GaAs emitter, Rev. Sci. Inst. v. 73, pp. 1715-1719, 2002, or Zhang et
al. US 5,420,595 entitled Microwave Radiation Source.

[0047] In a prototype embodiment of the invention, source 42 comprises
a T1:Sapphire oscillator providing 300 mW of output power 1n 100 fs pulses
delivered at 80 MHz. In the prototype, switch S5 comprised a S1-GaAs
substrate having electrodes formed with silver and having a minimum
separation of 470 um. Switch 55 was biased with a 250V peak 40 kHz sine

wave.

[0048] In the apparatus of Figure 7, pump beam 53 A passes through a
half-wave plate 58 and a polarizer 59 betore i1t 1s focused on switch 55 by lens
60. THz radiation 56 1s generated at switch 55. Parabolic mirrors 62A and 62B
direct THz radiation 56 from switch §5 onto an intermediate focal plane 64 on
which a sample S can be located. Parabolic mirrors 62C and 62D direct

radiation 56 arriving from focal plane 64 onto a detector 66.

[0049] Probe beam 53B passes through an optical delay line 70 and i1s

focused onto detector 66 by a lens 72.

[0050] In the prototype embodiment, detector 66 comprises a ZnTe
crystal 68 that detects incident radiation by way of the linear electro-optic
eftect. The THz radiation from switch 55 interacts with probe beam 53B at
crystal 68. Probe beam S3B initially has a known polarization, for example, it
may be linearly horizontally polarized. The electric fields of the THz radiation
alter the polarization of the probe beam. After interacting with the THz
radiation at crystal 68, radiation from the probe beam passes through a quarter-

wave plate 74 to a Wollaston prism 76.
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[0051] Wollaston prism 76 splits the light from probe beam 53B into
beams 53B-1 and 53B-2 that have mutually perpendicular polarization vectors.
Beams S3B-1 and S3B-2 are respectively detected by light detectors 78-1 and
78-2. Light detectors 78-1 and 78-2 may be matched photodiodes, for example.
The outputs from light detectors 78-1 and 78-2 are provided as inputs to a lock-

in amplifier 80.

[0052] When THz radiation 56 changes the polarization of probe beam
53B, the balance between beams S3B-1 and 53B-2 is altered and the output of

lock-1n amplifier 80 changes.

[00S3] Since the duration of each pulse of light In probe beam 33B 1s
much shorter than the period of THz radiation 56, the way in which THz
radiation 56 varies in time can be determined by sweeping optical delay line 70
to provide delays of different lengths. Optical delay line 70 may be computer-
controlled to facilitate this. The output of lock-1n amplifier 80 as a function of
the setting of optical delay-line 70 provides a trace that indicates the time-

variation of THz radiation 56.

[0054] As noted above, the degree of anisotropy of fibres in a sample can
be determined by monitoring the degree to which the sample delays the
propagation of THz signal 56 for different relative angles between the
polarization axis of signal 56 and the sample. The vaniation in this time delay
can be conveniently measured 1n relation to a portion of the waveform of THz
signal 56 that is rapidly varying. For example, where signal 56 exhibits a time
variation as shown in the wavetform 82 of Figure 8, an operating point 84 may
be selected on steeply-varying portion 86. Operating point 84 corresponds to a

selected output level of lock-in amplifier 80.



CA 02636495 2008-07-07

WO 2007/082371 PCT/CA2007/000062

10

15

20

25

221 -

[0055] As the sample 1s rotated relative to the polarization axis of signal
56, 1t 1s not necessary to scan optical delay line 70 to obtain a full time-domain
waveform. It 1s only necessary to 1dentify the delay that corresponds to the

point on the waveform where the output signal from lock-in amplifier is at the

operating point.

[0056] The way 1n which the delay at the operating point varies as the
angle of the sample 1s changed provides information regarding anisotropies in
the arrangements of fibres within the sample. The delay can be measured for
several different angles. Preferably, the delay is determined for a selection of
angles that spans approximately 90 degrees of rotation. In some embodiments,
the selection of angles includes, for example, 4 to 15 different angles that span

approximately 90 degrees.

[0057] The rate at which delays can be determined using the apparatus of
Figure 7 1s limited by the time constant of the lock-in amplifier. In a prototype
apparatus a lock-1n time constant of 100 us was used. This time constant
permits an angular range of 90 degrees to be scanned at a sufficient number of
angles to obtain a good indication of the degree of anisotropy of the fibres

within a sample 1n significantly less than one second.

[0058] Figure 7A 1s a schematic view of an alternative apparatus 88
useful for determining the degree of anisotropy of the fibres within a sample by
making direct measurements of variations in the propagation times of THz
radiation through the sample. Apparatus 88 has a source 90 of THz radiation

that 1s directed to pass through a sample S. Source 90 can be controlled to
selectively generate THz radiation of any of four polarization different states.
The four polarization states may be linear polarization states although this is not

mandatory. It 1s convenient for the four polarization states to include first and
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second pairs of orthogonal polarization states. For example, in some
embodiments, the four polarization states include first and second pairs of
orthogonal linear polarization states. In the example described in detail herein
the four polarization states are linear polarization states identified as L1, L2, L3
and L4 with L1 horizontally polarized, L2 vertically polarized, L3 polarized at
45° above the horizontal and L4 polarized at 45° below the horizontal. This is a

convenient choice for the four polarization states.

[0059] Apparatus 88 has a mechanism 92 that divides radiation that
passes through sample S into 4 equal parts. In the illustrated embodiment,
mechanism 92 comprises three non-polarizing beam splitters 93A, 93B, and
93C. Each of the four parts of radiation 1s detected at a coherent THz detector
94 (the detectors are 1dentified individually as 94A, 94B, 94C and 94D).
Associated with each detector 94 is a mechanism that permits determination of

a time delay caused by the presence of sample S. This mechanism may be, for

example, the mechanism 1llustrated 1n detail in Figure 7.

[0060] Source 90 1s controlled to generate THz radiation of each of the
plurality of polarization states during a corresponding time interval with LI
being generated 1n a time interval ¢7, L2 being generated in a time interval £2,
L3 being generated 1n a time interval £3 and L4 being generated in a time
interval #4. Detectors 94 are gated so that detector 94A is active during 1,
detector 94B 1s active during £2, detector 94C 1s active during ¢3, and detector
94D 1s active during #4. For each detector 94, an operating point is chosen on a
portion ot the corresponding THz waveform that is rapidly varying in the
absence of a sample. Any deviations in time delay caused by the presence of
sample S are manitested as changes in the amplitude of the signal detected at
the detector 94 as described in the discussion of Figure 7. Detectors 94 are

zeroed 1n the absence of sample S (equivalently the outputs of detectors 94 are
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measured 1n the absence of sample S and the measured values are saved for use

in determining the effect of sample S on the output signal).

[0061] Apparatus 88 may be operated to obtain information about the
bulk average angle of fibre orientation in sample S and the degree of anisotropy
in the arrangement of fibres within sample S by obtaining measurements 95
(1dentitied individually as 95A, 95B, 95C and 95D) corresponding to each of
detectors 94 during the time interval when the corresponding detector is active.
The information may be obtained by processing measurements 95 in a

processor 96.

[0062] A first value m1 may be obtained by subtracting measurements
9SA and 95B for the first pair of orthogonal polarization states. A second value
m_2 may be obtained by subtracting measurements 95C and 95D for the second
pair of orthogonal polarization states. Values indicating the degree of
anisotropy ot the fibres within sample S and the angle made by the preferred

fibre orientation (if there 1s one) can be obtained from m1 and m2.

[0063] [t can be seen that the absolute time delay At caused by sample
S on a THz pulse 1s given by:

AT= £(n cos(0) + n, sin(@)) (13)
e

where: L 1s the thickness of sample S, ¢ 1s the speed of light in a vacuum, 0 is

the angle between the preferred axis of sample S and the angle of polarization
of the THz radiation and #, and n, are the indices of refraction for the

birefringent sample S. It can be seen that:

ml oc An(siné’ + 0036’) (14)
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[0064] For the particular example being described herein, where the
polarization states are linear polarizations and the second pair of orthogonal
polarization states are rotated by 45 degrees relative to the first pair of

polarization states, 1t can be shown that:

0 = cot”l(l — \/5-—’?-1-1—) (15)

m2
and
(m2) 1
An=—- X — —
/ /
V2 sin| cot™!| 1- /2 mln 1o
\ \ m2

where: [3 is a constant calibration factor.

[0065] Any of the embodiments described above may be used to monitor
the fibre arrangements during the manufacture of products such as OSB,
particle board, papers or the like. Figure 9 shows schematically an example
application. In Figure 9, a moving web 102 of a material 104 emerges from a
manufacturing line 100. Material 104 is a fibrous composite material (meaning
that material 104 1s made by bonding together pieces of one or more starting
materials and that material 104 includes fibres of some kind). Material 104 may
be, tor example, a composite wood product, for example, particle board, press

board or OSB, a cardboard, or paper.

[0066] A source 110 of polarized THz radiation is located on a first side

of web 102 and a detector 112 of the polarized THz radiation is located on a
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second side of web 102. The THz radiation is polarized along a polarization
axis that 1s substantially in the plane of web 102. Source 110 and detector 112
are arranged so that the angle made by the polarization axis of the THz
radiation to the direction of motion of web 102 can be varied through a range
large enough to provide information regarding the degree of anisotropy in the

arrangement of fibres within web 102.

[0067] Source 110 and detector 112 operate to obtain a measure of how
the propagation speed of THz signals through web 102 varies with angle.
Source 110 and detector 112 could, for example, be the source and detector in a
system as shown in any one of Figures 1, 6, 6A, 7 or 7A. Apparatus for quality
control in the manutacture of a composite fibrous material may comprise a
controller connected to control the angle of polarization of the radiation emitted

by the source.

[0068] The controller may comprise a data processor connected to
rece1ve output signals from detector 112 and to control the operation of source
110 and detector 112. For example, the controller may comprise a suitable
industrial programmable controller, a programmed personal computer equipped
with interfaces that allow it to read data from detector 112 and to write control
signals to source 110 and detector 112 or the like. The controller is configured
to operate the detector to obtain a measure of the degree of birefringence of the
sample at THz wavelengths. This may be done directly by measuring a
propagation speed of THz radiation in the material for each of a plurality of
angles or indirectly, tor example, by monitoring changes caused by the sample

1n the polarization states of two or more THz signals.

[0069] The controller may process the data from detector 110 to obtain

information characterizing a distribution of fibres in the sample. A controller
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114 is indicated schematically in Figure 9. Similar controllers may be present in

the apparatus shown in Figures 1, 6, 6A, 7 and 7A but are not shown in those

Figures.

[0070] In some embodiments controller 114 may automatically control
an orientation of fibres in one or more layers of the composite material and/or
control a thickness of a layer of a component ot the composite material in
response to the processed information. The control may be maintained by
delivering control signals 115 to manufacturing line 100. For those composite
fibrous products 1n which it 1s desirable to have fibres distributed equally in
orthogonal directions or for composite fibrous products in which it 1s desirable
to have fibres randomly arranged with no bulk average preferred fibre
orientation the controller may monitor deviations from zero birefringence and
may optionally automatically control one or more process conditions to
maintain the measured biretringence of the composite product to be zero or

near to zZero.

[0071] In some alternative embodiments, a THz radiation source and
detector are mounted on an assembly that moves at, or approximately at, the
speed of web 102 while measurements are being made so that variations in the
propagation speed of the THz signals (or, equivalently, variations in the degree
to which passage through the sample delays the THz signals) can be made at
the same location on web 102 for a range of different polarization states while
web 102 1s moving. Figure 10A shows an example embodiment wherein a

source 110 and detector 112 are each mounted on a reciprocating shuttle 119.

[0072] In some other alternative embodiments, two or more pairs 120 of
source 110 and detector 112 are arranged at locations that are aligned with one

another and spaced apart 1n a direction of motion of web 102. Ditferent pairs
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120 of source 110 and detector 112 are controlled to take measurements at
times that coincide with a sample location 122 on web 102 being present
adjacent the pair 120. Successive source-detector pairs 120 can measure
propagation speed of THz radiation through the sample at the same sample
location 122 for different polarization angles relative to web 102. An example

of such an embodiment 1s shown schematically in Figure 10B.

[0073] As described above, the arrangements of fibres in a sample of a
composite product can be studied by observing how the speed of propagation of
a polarized THz signal varies with the angle between the polarization axis of
the signal and the sample. Figure 11 1s a flow chart illustrating a method 200
according to an example embodiment of the invention. The execution of
method 200 may be coordinated by a programmed data processor. All
calculations performed in method 200 may be executed automatically in a
programmed data processor. Method 200 begins 1n block 204 by providing a
sample of a composite product. The sample 1s preferably in the form of a sheet
having substantially parallel faces. The composite product includes fibres that

are distributed 1n some way 1n the plane of the sheet.

[0074] In block 206 method 200 obtains a measure of a speed of
propagation of polarized THz radiation through the sheet for a given angle
between a polarization axis of the THz radiation and an arbitrary reference
direction 1n the plane of the sheet. The measure does not necessarily provide a
numerical value for the speed. It 1s sufficient i1f the measure results in a value
that varies as a tunction of the propagation speed of THz radiation through the

sample.

[0075] Loop 208 indicates that block 206 1s performed for a plurality of

different polarization states (e.g. a plurality of different angles of the
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polarization axis of the THz radiation to the reference direction). For example,
block 206 may be performed for a sequence of 4 to 25 angles. In some
embodiments the angles are equally-spaced, for example by an angular step in
the range of 1 to 13 degrees. The angles for which block 206 is performed
preterably span at least 90 degrees. However, in some embodiments the angles

span 45 degrees or even less.

[0076] In block 210 the data from block 206 is analyzed to detect

patterns 1n the data. For example, the data from block 206 may be analyzed to

obtain one or more of:

. a bulk volume-averaged fibre orientation;

. an angle between two axes along which fibres in the sample tend to be
aligned;

¢ a relative amount of fibres in a sample which are generally aligned with

each of two non-parallel axes in the sample;
. a measure of the degree to which fibres of the sample are arranged

anisotropically in the plane of the sample; and/or

. the like.

[0077] Where a component (e.g. a software module, processor, assembly,
device, circuit, etc.) 1s referred to above, unless otherwise indicated, reference
to that component (including a reference to a "means") should be interpreted as
including as equivalents of that component any component which performs the
function of the described component (i.e., that is functionally equivalent),
including components which are not structurally equivalent to the disclosed
structure which pertorms the function in the illustrated exemplary embodiments

of the invention.
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[0078] As will be apparent to those skilled in the art in the light of the
foregoing disclosure, many alterations and modifications are possible in the

practice of this invention.
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WHAT IS CLAIMED IS:

1. A method for measuring average orientations of fibres in a composite fibrous

material, the method comprising:

passing first electromagnetic radiation through the material, the first
electromagnetic radiation being terahertz radiation having a first polarization state
and passing second electromagnetic radiation through the material, the second
electromagnetic radiation being terahertz radiation having a second polarization
state, the first and second electromagnetic radiation having one or more
wavelengths at which the material 1s not opaque;

detecting the first and second electromagnetic radiation that has passed
though the material; and,

obtaining a measure of birefringence of a sample at the wavelengths of the
electromagnetic radiation based at least in part on the detected first and second

electromagnetic radiation.

2. A method according to claim 1 comprising measuring propagation speeds of the

first and second electromagnetic radiation in the material.

3. A method according to claim 2 wherein measuring propagation speeds comprises
measuring delays in the detection of the first and second electromagnetic radiation

resulting from the presence of the sample.

4, A method according to claim 3 comprising detecting features of wavefohns of the
first and second electromagnetic radiation wherein measuring the propagation
speeds of the electromagnetic radiation in the material comprises monitoring time
intervals between reference times and times at which the features ot the wavetorms

of the electromagnetic radiation are detected.

5. A method according to claim 4 wherein detecting the features ot the waveforms
comprises allowing each waveform to interact with a pulse of radiation in a probe

beam and detecting a change in the probe beam caused by the feature of the

waveform.
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A method according to claim 5 comprising altering a point on the waveform that
the pulse of radiation interacts with by passing the probe beam through an optical

delay line and varying a delay provided by the optical delay line.

A method according to any one of claims 2 to 6 wherein the first and second
polarization states are linear polarization states wherein the first and second
electromagnetic radiation are each polarized along a different polarization axis and
wherein the polarization axes of the first and second electromagnetic radiation each

make a different angle with a reference axis 1n the plane of the material.

A method according to claim 7 wherein the polarization axes of the first and
second electromagnetic radiation are substantially parallel to a plane of the

material.

A method according to claim 7 or 8 comprising monitoring a variation of the speed
of propagation of the electromagnetic radiation as a function of the angle between
the polarization axis of the electromagnetic radiation and the reterence axis for 4 or

more angles.

A method according to claim 7 or 8 wherein monitoring a variation of the speed of
propagation of the electromagnetic radiation as a function of the angle is

performed for a range of angles spanning at least 80 degrees.

A method according to claim 9 or 10 wherein monitoring the variation of the speed
of propagation of the electromagnetic radiation as a function ot the angle
comprises measuring the speed of propagation of the electromagnetic radiation in
the material for a set of angles between the polarization axis of the electromagnetic

radiation and the reference axis wherein the angles are separated from one another

by 15 degrees or less and collectively span at least 80 degrees.

A method according to claim 1 comprising measuring changes in the polarization

states of the first and second electromagnetic radiation and obtaining the measure
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of birefringence based at least in part on the changes in the polarization states of

the first and second electromagnetic radiation.

A method according to claim 12 wherein the first and second polarization states are

not orthogonal to one another.

A method according to claim 12 or 13 wherein the first and second polarization
states are linear polarization states wherein the first and second electromagnetic
radiation are each polarized along a different polarization axis and wherein the

polarization axes of the first and second electromagnetic radiation each make a

different angle with a reference axis in the plane of the material.

A method according to claim 14 wherein the polarization axes of the first and
second electromagnetic radiation are substantially parallel to a plane of the

material.

A method according to any one of claims 1 to 15 wherein the one or more

wavelengths are in the range of 0.01 THz to 1.5 THz.

A method according to any one of claims 1 to 15 wherein the THz radiation has a

broad band spectrum that extends from at least .2 THz to .9 THz.

A method according to any one of claims 1 to 17 wherein the fibres comprise

cellulose tibres.

A method according to claim 18 wherein the matenial 1s a composite material

comprising pieces of wood.

A method according to claim 19 wherein the material is oriented strand board.

A method according to claim 19 wherein the material 1s particle board.
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A method according to any one of claims 1 to 17 wherein the fibres comprise

carbon fibres.

A method according to any one of claims 1 to 21 wherein the material forms a web
of material moving in a plane of the material and the method 1s performed while

the material 1s moving.

A method according to claim 23 wherein passing the electromagnetic radiation
through the material comprises passing the electromagnetic radiation from a source
to a detector and the method comprises moving the source and detector to follow a

location on the web of material.

A method according to any one of claims 1 to 24 comprising computing a bulk
average fibre orientation at a location in the material based at least in part on the

detected first and second electromagnetic radiation.

Apparatus for quality control in the manufacture of a composite fibrous material,
the apparatus comprising:

a source of THz radiation located to direct polarized THz radiation at a first
face of a moving web of the composite fibrous material with a selected one of a
plurality of polarization states;

a detector of THz radiation located to receive the THz radiation originating
from the source and emerging on a second face of the composite fibrous material;
and,

a controller connected to select a polarization state of the source and
configured to operate the detector and obtain a measure of birefringence of the

material at wavelengths of the THz radiation.

Apparatus according to claim 26 wherein the plurality of polarization states
comprise linear polarization states and the controller is connected to set an axis of

polarization of the THz radiation to have a desired angle relative to a direction of

motion of the web.
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