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METHOD OF WOOD STRENGTH AND STIFFNESS PREDICTION

Cross Reference to Related Application

This application claims priority from United States Provisional Patent Application
No. 60/473,385 filed May 27, 2003 entitled Method of Wood Strength and Stiffness
Prediction.

Field of the Invention

The present invention relates generally to wood strength and stiffness prediction.

Background of the Invention

It can be appreciated that wood strength grading has been in use for many years.
This has traditionally been accomplished by using visual grading rules to predict strength.
Other technologies such as mechanical bending and X-ray, to sense density, have been
used to estimate the strength of wood.

The main problem with conventional visual wood grading is that is does not predict
strength or stiffness accurately. The use of the mechanical bending improved the ability to
predict stiffness of the lumber but the correlation to strength is poor. X-ray based systems
predict strength and stiffness based on density only.

While these devices have been suitable for the particular purpose to which they
addressed, they are not as suitable for highly accurate strength and stiffness prediction of

today’s variable and often low-quality wood resource.

Summary of the Invention

The present invention provides a new prediction method of wood strength and
stiffness.
The general purpose of the present invention, which will be described subsequently

in greater detail, is to provide a new prediction method that has many of the advantages of

the board strength prediction methods mentioned above and in addition, novel features that

result in a greater prediction accuracy.

To attain this, the present invention includes generally the use of streams of sensor
information integrating into a physical model providing for strength and stiffness
prediction. It is to be understood however that the invention is not limited in its application
to the details of the method and to any arrangements of the components set forth in the

following description or illustrated in the drawings, or to the details of the algorithm
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Cross Reference to Related Application

This application claims priority from United States Provisional Patent Application
No. 60/473,385 filed May 27, 2003 entitled Method of Wood Strength and Stiffness
Prediction.

Field of the Invention

The present invention relates generally to wood strength and stiffness prediction.

Background of the Invention

It can be appreciated that wood strength grading has been in use for many years.
This has traditionally been accomplished by using visual grading rules to predict strength.
Other technologies such as mechanical bending and X-ray, to sense density, have been
used to estimate the strength of wood. |

The main problem with conventional visual wood grading is that is does not predict
strength or stiffness accurately. The use of the mechanical bending improved the ability to |
predict stiffness of the lumber but the correlation to strength is poor. X-ray based systems
predict strength and stiffness based on density only.

While these devices have been suitable for the particular purpose to which they
addressed, they are not as suitable for highly accurate strength and stiffness prediction of

today’s variable and often low-quality wood resource.

Summary of the Invention

The present invention provides a new prediction method of wood strength and
stiffness.

The general purpose of the present invention, which will be described subsequently
in greater detail, is to provide a new prediction method that has many of the advantages of
the board strength prediction methods mentioned above and in addition, novel features that
result in a greater prediction accuracy.

To attain this, the present invention includes generally the use of streams of sensor
information integrating into a physical model providing for strength and stiffness
prediction. It is to be understood however that the invention is not limited in its application
to the details of the method and to any arrangements of the components set forth in the

following description or illustrated in the drawings, or to the details of the algorithm
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employed. The invention is capable of other embodiments and of being practiced and
carried out in various ways. Also, it is to be understood that the phraseology and
terminology employed herein are for the purpose of the description and should not be
regarded as limiting.

One object of the present invention is to provide a prediction of wood strength that
will predict the strength and stiffness in the lumber based on a physical model using several
sensing technologies. Physical model, in this context, refers generally to an algorithm that
utilizes the material mechanical behavior and impact of various wood characteristics on
strength and stiffness.

Another object is to provide a prediction of wood strength and stiffness that can
integrate many technologies into a single model thereby providing differing accuracy
prediction based on the sensors used.

Another object is to provide a prediction of wood strength and stiffness that with
sensor technologies added together improves the ability of any one sensor to predict
strength and stiffness.

To the accomplishment of the above and related objects, this invention may be
embodied in the form illustrated in the accompanying drawings, attention being called to
the fact, however, that the drawings are illustrative only, and that changes may be made in
the specific construction illustrated.

In one aspect, the method of the present invention may be characterized as a
method of, and corresponding computer program means for accomplishing, non-destructive
testing of a wood piece using a multiplicity of sensors. The method may include the steps
of, and the program the computer readable program code means for causing the controlling

and processing of, the following:

a) sensing the wood piece,
b) collecting information from the sensors, and
c) integrating the information into a physical model providing for

strength and  stiffness prediction.

The step of collecting information may include collecting information relating to
material characteristics of the wood piece and relating to fiber quality characteristics of the
wood piece. The material characteristics may include one or more of the following
material characteristics of the wood piece: growth ring thickness; grain angle deviation;

clear wood density; knot location; knot density; knot type; knot size; location in the tree



10

15

20

25

30

WO 2004/106918 PCT/US2004/016589

from which the wood piece was cut. The fiber quality characteristics may include one or
more of the following fiber quality characteristics: microfibril angle, juvenile wood,
biodeterioration; reaction wood species; and manufacturing or drying defects including one
or more of the following defects: sawcuts, checks, shake; size of actual cross-section, and
species.

In one embodiment the method further includes the steps of providing one or more
of the following sensor types: X-ray, microwave, camera vision, laser triangulation three-
dimensional geometry, material vibration measurements, laser based tracheid effect
measurement.

The method and software (alternatively referred to as a computer program product)
for implementing same may also be characterized as including, respectively, the following
steps or program code means for causing the implementation of the following steps:

a) Measuring of the piece with a multiplicity of sensors;

b) Estimating wood volume characteristics, including one or more of the
following: clear wood density, grain angle, moisture content, growth ring angle, location in
the tree from which the wood was cut, fiber quality including mirofibril angle, and three
dimensional geometry of a scanned object;

c) Detecting size, location and classification of wood defects, including one or
more of the following: knots, biodeterioration, reaction wood, juvenile wood,
manufacturing and drying defects, pith, pitch, wet pockets;

d) Subsequently inputting corresponding measured, estimated or detected
information from the measuring, estimating or detecting steps into a physical model of the
wood piece;

e) Predicting strength and stiffness based on the effect of the estimated
information from the step of estimating the volume characteristics and the detected
information from the step of detecting size, location and classification of wood defects on

mechanical behavior of the wood piece.

The further step of constructing clear wood density equivalent as a first step in
strength and stiffness prediction may also include; comprising:
a) Measuring of material density in a plurality of dimensions, for example

using x-ray sensors,
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b) Estimating other wood volume characteristics, including grain angle, growth
ring angle, location in the tree from which the wood piece was cut, fiber quality including
microfibril angle, and 3D geometry of the scanned piece,

c) Reducing clear wood equivalent density by the effect of the wood volume
characteristics using relationships of these characteristics on mechanical behavior of wood.

d) Detecting size, location and classification of wood defects, including but not
limited to, knots, biodeterioration, reaction wood, juvenile wood, manufacturing and drying
defects, pith, pitch, wet pockets,

e) Further reducing clear wood equivalent density by the effect of wood
defects in respective locations of occurrence and effect these characteristics on mechanical
behavior of wood;

f) Constructing strength and stiffness models using clear wood density.

equivalent.

The further step of constructing clear zero grain angle wood equivalent as a first
step in strength and stiffness prediction may also be included, comprising:

a) Measuring of material grain angle in a plurality of dimensions,

b) Constructing clear wood zero grain angle equivalent by assigning a nominal
density value which is an average for a wood species whenever grain angle relative to a
longitudinal axis of the piece is zero, and less wherever the grain angle deviates from zero
and accordingly to grain angle effect on mechanical behavior of the wood piece,

c) Reducing clear wood equivalent density by the effect of the wood volume
characteristics using theoretical and empirical relationships of these characteristics' on
mechanical behavior of wood,

d) Further reducing clear wood equivalent density by the effect of wood
defects in their respective locations of occurrence and the effect on mechanical behavior of
the wood piece, and

e) Constructing strength and stiffness models using clear wood density

equivalent.

The further step may be included of estimating clear wood equivalent in an area of
the wood piece occupied by a knot by virtually removing density occupied by a knot and

replacing it by a density of clear wood, mechanically equivalent to the removed knot.
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The sensors may include a sensor collecting pixel values from a corresponding
matrix of pixels in the sensor, and wherein for every pixel density, dj, the method and
software includes the step of computing clear wood equivalent, e;;, using adaptive threshold
clear wood density, a;;, in the equation:

ejj = RemaingClearWood + KnotEquivalent

wherein:

RemaingClearWood = a; — k; * K
1is virtual pixel index along the length of the wood piece
j is virtual pixel index traversely across the wood piece
K is knot density ratio, defined as a ratio of clear wood density to density of
knot
knot density is difference between wood density d;; and clear wood density
kij = dj; - a;

KnotEquivalent is defined as clear wood density equivalent residing in knot
volume,

KnotEquivalent = k; * K * M
wherein M is the material knot property ratio:

M = Knot Property / Clear Wood Property.

The step of computing e; may include substituting:
€ij = aj; + (dij - aij)*K*(M-l).

The step of predicting strength and stiffness may include the step of estimating
effect of the grain angle by decomposing the grain angle into running average and local
deviation components, wherein the running average component is a function (gaye (GA)) of
running average grain angle along a length of the wood piece excluding grain deviations
around knots, and wherein the local deviation component is a function (ggey (GA)) of the
grain angle defined as a difference between a local measured grain angle and the running
average grain angle. The method and software further includes the step of computing grain
angle effect functions gave (GA) and ggey (GA) for determining the. effect of grain angle on a
material property wherein both g (GA) and gy (GA) are computed according to the

following equation:



10

15

20

25

30

WO 2004/106918 PCT/US2004/016589

1
R -sin" (GA) + cos™ (GA)

§(GA) =

n and m are empirical constants, R is the ratio between the material property
measured parallel to the grain versus the material property measured perpendicular to the
grain. Optimizing constants R, n, and m are specific to the wood species corresponding to

the wood piece.

a) The method and software further include the steps of:
’ applying the running average modification function (g,vg(GA)) to the clear
wood equivalent density by multiplication according to:

€’j=€jj * Zavg (GAy)

b) modifying the grain deviation function (gq4.v(GA)) to derive a further grain
angle deviation modification function to avoid multiple density reduction due to knot
detected in density according to:

g’ dev(GAj, Kij) = 2aev(GAy) + (1 - 84ev(GAy)) kiy/T

wherein T is a constant threshold value density, and

c) applying the grain angle deviation modification function 2’ 4ev(GA;;,Kj) to
clear wood equivalent density by multiplication
€’ij=€ij * &’ aev(GAj;, ki)

The method and software may further include the step of estimating a moisture
content effect function, m(MC), in the clear wood density equivalent by computing m(MC)
with a reference to 12% moisture content wherein

m(MC) = either A - B * MC for MC < MCg,, or

m(MC) = Mg  for MC = MCgy
Where
B=(P-1)/(0.12 - MCg,— 0.12 * P)
A=1+012*B

Mgy = A — B * MCyy
P is the ratio of a material property of interest when the wood piece is saturated

with moisture to the same material property when the wood piece is oven-dry
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P = Se/So

MG, is fiber saturation point moisture content within the percentage range 25 to
30%.

The method and software may further include the step of estimating a modulus of
elasticity (MOE) profile of a section of the wood piece using estimation of modulus inertia
computed from a clear wood density equivalent by:

(a)computing an inertia profile along a longitudinal axis of the wood piece

according to:
K
L=ACY (¢, )P ey
—

wherein the longitudinal axis is in an x-axis direction, and wherein Ax is a pixel
increment in the x-axis direction, and wherein center of gravity is computed according to:
e.-J
2.€

and wherein e; is clear wood equivalent density;

(b) computing MOE within a longitudinal window on the wood piece,
wherein MOE, = f(I,,k),
and wherein f{I;,k) is a function that estimates the MOE in location k,
using the inertia profile I, whereby MOEy provides an estimate of the MOE along the
board main axis, to provide an MOE profile. The function f{I; k) may be estimated using
weights W; according to:

M
f.k)y= ZWJ Tisimrn

j=1

The function f{I,k) may also be calculated as a close-form solution modulus of
inertia profile according to:

1
E,, =D—
Est K

wherein
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K= MZ(ZZY{ _%Z yi]

Ax is a discrete increment in the direction of the x axis,

wi is discrete representation of w(x), and

Ji is Ii

The step of estimating modulus of elasticity from the MOE profile may use a low

point or an average of the MOE profile.

The method and software may include the step of constructing clear wood density
equivalent of a limited section of the wood piece, wherein the limited section is translated
along the grain direction axis of the wood piece. The step of conmstructing clear wood
density equivalent may include:

(a) computing minimum clear wood equivalent density profile in a window of
the wood piece and running the window along the grain direction axis of the wood piece

such that the window combines adjacent weak areas

MIN _ o i=W—1
e, =MinZ" (e;)

wherein i is pixel index within window, i = O ... W-1, along the grain
direction axis, wherein the grain direction axis is in the nominal grain direction of the wood
piece

j 1s index perpendicular to the grain direction axis,

(b) computing weighted clear wood equivalent density for the entire section

N
€= E w,-e ™
- i T

—

wherein w; is a cross-sectional weight which is greater at edges of the wood
piece and reduced in the middle of the wood piece between the edges,
(c) computing tension strength (UTS) and bending strength (MOR) from e
UTS = f""S(e)
MOR = f*%R(e)
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Where 5 and MR are empirical relationships between clear wood

density and strength.

The strength functions f7™ and % may be determined according to
UTS =f"Be)= A e?
and
MOR = f*R(e)= B ¢*

wherein A, p, B, r are empirical constants.

The method and software may also include the further step of estimating bending
and tension strength of at least a portion of the length of the wood piece by determining a
minimum of a lengthwise strength profile of the wood piece.

The method and software may further include the step of refining the model by
optimization of model parameters to minimize prediction error. For example, the model
may be optimized for a particular wood species for particular commercial dimension
lumber size.

In the method and software the step of collecting information relating to fiber
quality may include the step of estimating fiber quality by measuring a vibration frequency
of the wood piece, wherein the vibration frequency is a result of vibration induced only by
feeding of the wood piece in an infeed feeding the wood piece, for example between a
plurality of infeed rolls, to the sensors and without any explicit means vibration-inducing
impact means.

The method and software may further include the step of estimating bending and
tension strength of the wood piece by measuring a vibration frequency of the wood piece
wherein the vibration frequency is a result of vibration induced only by feeding of the
wood piece in an infeed feeding the wood piece to the sensors and without any explicit
vibration-inducing impact means.

At least two pairs of infeed rolls and two pairs of outfeed rolls, respectively
upstream and downstream of the sensors, may be employed. A non-contact optical scanner
may be employed to measure the vibration frequency, which may be measured by dividing
the vibration signal into different sections corresponding to the support and constraint
conditions of the wood piece on the infeed or the outfeed rolls. The support conditions

may be unconstrained, semi-constrained, or fully-constrained.
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In the method a parameter E may be calculated according to:

E=Kf2m/I

wherein E is estimated MOE, K is a constant than contains the effect of the type of
constraint, whether unconstrained, semi-constrained or fully constrained, as well as board
span effect, I is a constant for a particular board cross-sectional size and m is distributed
mass. m may be assumed constant, or measured, for example by a .scanner using a
radiation source.

In the method and software, the moisture content may be estimated using
microwave measurement, or using microwave measurement and density estimation, and
density characteristics may be measured by a scanner using a radiation source. The
moisture content (mc) may be computed according to:

mc =K a"

where K and n are empirical constants, and a is microwave amplitude. The
microwave amplitude may be measured when an applied microwave radiation is polarized
in a direction transverse to a longitudinal axis of the wood piece. The moisture content
(mc) may also be computed according to:

mc=Ka"d"

where K, m, and n are empirical constants,

a is microwave amplitude, and d is density, which may be measured by a scanner
using a radiation source. Moisture content and microwave amplitude may be corrected for
temperature.

The lumber value of the lumber may be maximized by cutting lumber or end
trimming lumber based on estimated modulus of elasticity profile, wherein increased
lumber value of the lumber is achieved by trimming off a part of the lumber board having a
grade reducing property.

The computer program product according to one aspect of the present invention
includes computer readable program code means for causing refining the physical
prediction model of the workpiece by computer readable program code means for causing
optimization of model parameters to minimize prediction error.. Input variables in the
property (strength or stiffness) physical prediction model include collected board data and
model parameters. The Predicted Property = f(Model Parameters, Board Data), where,
Model Parameters = (p1, P2, P3»-.., Pn,) and Board Data is the sensor information gathered

about the wood piece as set out above. The error to be optimized is a measure of the

10
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difference between predicted property and observed property, for example absolute value
of the difference, that is Error = AbsoluteValue (Predicted Property — Observed Property).
The optimization of mode] parameters is achieved by minimizing combined error of a large
sample of boards. For example, combined error for a sample of boards is a sum of the
errors, as defined above, that is SumOfErrors = Sum(Error;). Combined error could
be quantified in various ways, including R-square, root-mean-squared error, etc.
Optimization is implemented by varying values of Model Parameters so the combined
measure of the error for a sample in minimized. Various optimization algorithms may be
employed, for example genetic algorithm, random walk, direction set (Powell’s) method,

etc as would be known to one skilled in the art.

Brief Description of the Drawings

In the accompanying drawings, in which like reference characters designate the -
same or similar parts throughout the several views:

FIGURE 1 is a diagrammatic view of multiple sensors measuring attributes and
properties of a board for physical modeling by a processor algorithm to predict strength and
stiffness of the board as algorithm outputs.

FIGURE 1A illustrates board coordinates, showing the main axis (X) along the
nominal grain angle direction.

FIGURE 1B illustrates a board divided into a 3-dimentional grid of discrete
elements, showing index notation for different directions. |

FIGURE 1C illustrates a board divided into a 2-dimentional’ grid of discrete
elements, showing notation of clear wood equivalent elements e;; and a section of length W
taken from it to estimate strength assigned a location in the center of the section.

FIGURE 1D shows an example of a density and clear wood equivalent profile for a
virtual detector (pixels of the same index j) along the board main axis X. The upper-most
graph (with peaks pointing upwards) show actual density profile with its reference density
profile below. The density peaks correspond to knots. The lower-most profile (with peaks
pointing downwards) shows clear wood equivalent density.

FIGURE 1E shows an example of predicted tension and bending profiles along the
board main axis X, showing the lowest point (minimum) computed from a moving section
along the board main axis.

FIGURE 1F shows an example of moment of inertia profile with a section of a

11
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board used to compute modulus of elasticity (MOE) for a given location where prediction
of modulus of elasticity (MOE) is computed using moment of inertia within a section of
length s that moves along the board main axis.

FIGURE 1G illustrates loading conditions assumed for computation of predicted
modulus of elasticity (MOE) using moment of inertia within a section of length s.

FIGURE 2A illustrates steps involved in clear wood density computing for a
density cross-section showing original density d;; and adaptive threshold aj;.

FIGURE 2B illustrates steps involved in clear wood density computing for a
density cross-section, showing clear wood equivalent density e;;.

FIGURE 3 are linear and nonlinear models of a function reflecting effect of
moisture content m(MC).

FIGURE 3A is a moisture content prediction model showing predicted vs. oven-dry
moisture content for southern yellow pine (SYP).

FIGURE 4 illustrates a linear grading machine geometry, showing infeed wheel sets
#1 and #2, outfeed wheel sets #1 and #2, and 3D-profile sensor.

FIGURE 5 illustrates board behavior as the board passes through the linear grading
machine. Characteristic points A, B, C, and D define different sections in the linear profile
sensor profile corresponding to different support conditions of the board, wherein:

a) in FIGURE 5A the board leading end is at point A

b) in FIGURE 5B the board leading end is at point B

c) in FIGURE 5C the board leading end is at point C

d) in FIGURE 5D the board leading end is at point D.

FIGURE 6 is continued board behavior as it passes through the linear grading
machine having characteristic points E, F, and G and a board adjustment before and after
the characteristic point F, wherein:

a) in FIGURE 6A the board trailing end is at point E

b) in FIGURE 6B the board trailing end is at point F

c) in FIGURE 6C the board trailing end has passed point F

d) in FIGURE 6D the board trailing end is at point G.

FIGURE 7 is 3D-profile sensor profile segmented into different sections using
characteristic points of FIGURES 5A-D and 6A-D.

12
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Detailed Description of Embodiments of the Invention

We have developed a machine to predict the strength and stiffness of wood based
on a physical model using several sensing technologies. A physical model is an algorithm
that relates the sensor information to the strength/stiffness of the material based on physical
properties of the material and other characteristics, such as defects. The machine can
integrate many sensing technologies into a single model and provides differing accuracy
prediction based on the types and number of sensors used. In one embodiment, this
technology builds on an X-ray based strength-grading machine, such as sold by Coe
Newnes/McGehee ULC under the trademark XL.G (X-ray Lumber Gauge).

The following physical aspects of wood effect strength and stiffness of wood
directly: wane, moisture content, Modulus of Elasticity including whether measured
flatwise or edgewise, growth ring thickness or density (rings/inch), grain angle deviation,
density, knots (location, density, type and size), location in the tree from which the wood
was cut, fiber quality, such as mirofibril angle, juvenile wood, biodeterioration, etc.,
reaction wood species, manufacturing and drying defects, such as sawcuts, checks, shake,
etc. and, size of actual cross-section.

These wood aspects are measured or predicted with various sensing technologies
and the data is used to predict the wood strength and stiffness. The reason to choose a
physical model over other techniques such as a neural network, regression, or functional
approximation model, is the stability and low training requirements. The model is based on
the physical characteristics of the wood and how they affect the strength and stiffness
directly rather than a statistical model. The sensor technologies added together improve the
ability of any one sensor to predict strength and stiffness.

The object is to have the predicted wood characteristics match the observed
characteristics. The sensor technologies that can be used include but are not limited to the
following: density map, moisture content, slope of grain map, growth ring measurements,
dynamic wood bending for stiffness measurement, dynamic oscillation to determine
stiffness, wood fiber quality determination (color vision, gray scale, infra-red, etc),
determination of species, profile measurement, location wood is cut from in the tree, and

mechanical wane propagation measurement.

13
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Combining some or all of these physical measurements, for example as combined
according to the detailed methodology described below, leads to a better-predicted wood
strength and stiffness accuracy.

With respect to the following description then, it is to be realized that the optimum
relationship between the components and steps of the invention, to include variations in
method, components, materials, shape, form, function and manner of ‘operation, assembly
and use, are deemed readily apparent and obvious to one skilled in the art, and all
equivalent relationships to those illustrated in the drawings and described in the

specification are intended to be encompassed by the present invention.

1

Clear Wood Equivalent

Clear wood equivalent (CWE) is used as an input to specific strength and stiffness
models. Various prediction models may be used or developed based on this concept, such
as prediction of ultimate tensile strength, modulus of rupture, etc. The CWE method
approximates equivalent properties of a section of material in terms of density.

Wood, in a coordinate system such as seen in FIGURE 1A, is divided into a grid of
virtual pixels (rectangular section) in the face plane or 3-dimensionally, as illustrated in
FIGURE 1B. The size of the virtual pixels is configurable so as to be optimized. Initially a
reference density from calibrated X-ray measurement is assigned to a pixel. Reference
density is taken from density adaptive threshold. Following this, the initial density is
modified by various wood characteristics, among which the most important is knot
modification. The resulting density is equivalent to clear wood. In this context clear wood.
is defined as straight grained, defect-free, with a reference moisture content of 12%.
FIGURE 1D shows an example of an actual density profile (ADP) along with its
corresponding reference density profile (RDP) and corresponding clear wood equivalent
(CWE) density profile along the main axis X. The equivalent to clear wood is then used
directly for strength and stiffness using various algorithms, known relationships, etc.

Some of the following steps may be in used in clear wood equivalent density
approximating of a virtual pixel:

a) Start with reference density (adaptive threshold) at a virtual pixel.

b) modify initial density for knots by considering presence of a knot in a

location if the difference between the reference and actual density of the knot is non-zero.
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c) segment into regions so that a region contains a knot, use the segmented
regions to recognize the knots region or regions.

Different modification functions are used for the following knot types: sound
through knot, sound edge knot, sound intermediate knot, loose through knot, loose edge
knot, loose intermediate knot.

Knot modification uses a concept of replacing a knot by its equivalent in terms of
fiber strength or stiffness. This involves virtually removing the knot, computing remaining
clear fiber volume, computing volume of the removed knot and adding the
strength/stiffness equivalent of the knot to clear fibers. For every pixel density, dj, clear

wood equivalent, ej;, is computed using adaptive threshold a;; (see Figures 2a and 2b)

eij= RemainClearWood + KnotEquivalent (1)

Where,
RemainClearWood = a; — k;; * K (2
11is virtual pixel index along wood length (virtual line index)
J 1s virtual pixel index across wood length (virtual detector index)
K is knot density ratio, defined as a ratio of Clear Wood Density to Knot
Density and knot density is
Ky = d - 3)

KnotEquivalent is defined as clear wood density equivalent residing in knot

volume,

KnotEquivalent = ki * K * M “)

Where M is property (stiffness or strength) knot ratio

M = Knot Property / Clear Wood Property (5)

The above relationships may be simplified to

&jj = a5 + ki *K*(M-1) 6)
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or

eij = & + (djj - ay)*K*(M-1) (7)

Grain Angle Modification

Grain angle is measured or estimated using one or more of the following
techniques: microwave, optical, tracheid effect on face plane, 2D éngle, tracheid effect on
face plane and edges, 3D angle, growth ring pattern analysis with vision images (color or
gray-scaled images), tracheid effect and growth ring pattern analysis with vision images.
This algorithm accounts for the presence of a knot and grain deviation in the same location.
Grain angle is decomposed into two components: local average, and, local deviation.

Grain angle (GA) effect function for both average and the deviation, g(GA), reflects
the relationship of grain angle vs. strength (or stiffness). This is derived from Hankinson’s
formula (Bodic 1982),

1
8O = R in (GA) + o5 () ®

where n, m, are empirical constants, initially n = m = 2, (optimized).

R is the ratio between the property of interest (strength or stiffness) parallel to
perpendicular to the grain.

Constants R, n, and m are to be optimized, with a restriction that the g(GA=0) = 1. "
and 1 > g(GA) > 0 for any GA. Modification function g(GA) is applied to CWE density by |

multiplication of
e’ij=€ij * g(GAy) )

In case of grain deviation, g(GA) is further modified to account for a knot in the

same location to eliminate a multiple CWE density reduction
dev(GAj;, ky) = g(GAy) + (1 - g(GAy)) ky/T (10)
Where, T is a threshold value in terms of density.

Important to the property of this relationship is if ki = T, then grain deviation

modification has no effect:
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gdev(GAij, kij =T)=1 1D
Both local average and local deviation are applied independently to CWE density.

Moisture content modification

The moisture content effect function, m(MC), reflects the known effect of moisture
content on strength or stiffness. This relationship is modeled as a linear (downward) for
MC < MCsyt =~ 25%, and constant, m(MC) = mg, for MC >= MCyy. Ratio m(MCiga)/m(0)
corresponds to the ratio between a property (MOE, MOR, UTS) at saturation to oven dry,
P = Sq/So. Based on literature, this ration is about 0.5 for UTS and MOR and 0.7 for
MOE. Since the basis for our computations is property at MC = 12% then m(12%) = 1.0.

Therefore the requirements for the m(MC) are:
a. MC effect function is linear with a negative slope in the MC range from zero to

saturation, and constant afterwards,

m(MC) =
A-B*MC for MC<MCgy (12)
{ Mgyt for MC > MCqy
b. Property ratio
p = Ssu _ m(O0) (13)
So Mg,
Initially,
P = 0.5 for MOR and UTS (strength) (14)

P = 0.7 for MOE (stiffness)

c. MC effect function is unity at nominal moisture content of 12%
m(12%) = 1.0 (14a)

Solution for m(MQC), linear model

Solving equations (12) to (15), gives
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B=(P-1)/(0.12 - MCgy— 0.12%P) (15)
and
A=1+0.12*B (152)

For example, for P = 0.5 and MCgy = 0.25,
A=1.3158

B =2.632

m(MCsy) = 0.6579

FIGURE 3 shows the linear model using the above constants and two nonlinear

models:

m(MC) = 0.65 + 0.3 * ¢ 1>™MC (16)
m(MC) = 0.65 + 9.294MC (17)

Pith modification
e’jj=€;j * p(amount of pith present) (18)

Where p() represents effect of pith on strength and stiffness.

Growth ring thickness modification. Predicted based on X-ray and Vision
e’j=¢; * g(growth ring thickness) (19)
Where g () represents effect of growth ring thickness on strength and thickness

Place within tree modification.
Place within tree quality parameter is predicted based various scanning technologies
e’ij=€; * t(place within tree modification quality parameter) (20)

Where t() is a function representing effect of position within tree.

Other wood characteristics modification, rot, wane, check, resin content,

compression wood, etc.

This set of modifications follow similarly to the modification analogues set out

above for grain angle, moisture content, etc.
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3D Clear Wood Equivalent

This approach expands the two-dimensional CWE model as described above to
three-dimensions (3D). Virtual pixels are defined in 3D. Knots, checks, and other defect
modifications are done based on 3D-defect detection. Other multiple sided defects such as
checks are also included. This includes two approaches:

a) Density collected in 2D, knots, checks modifications. entered as 3D,
resulting with 3D grid of clear wood equivalent density

b) Density collected in 3D with a CT scanner, knots, checks, and other 3D-
defect modifications entered as 3D objects, resulting with 3D grid of clear wood

equivalent density.

Clear Wood Equivalent Based on Grain Angle
This approach follows the one of CWE density described to this point, but the

density is replaced with grain angle. First a grain angle is assigned to a grid element. Then
the GA is modified by density, knots, moisture content, and other defects. Grain angle
CWE is then used in actual models to predict strength and stiffness. This refers primary to

lumber grading, but is not limited to this type of products.

Stiffness Prediction Using Moment of Inertia

Stiffness (Modulus of Elasticity) is predicted based on approximated cross sectional
moment of inertia J; computed from clear wood equivalent model.
In general, moment of inertia I is defined in x direction for any cross-section with .

an area A (Popov 1968)
I= j(c-x)ZdA (21)
A

Where c is center of gravity of the cross-section A.

In our case, I is approximated by Jj in terms of density, reflecting both geometry of

the cross-section as well as local stiffness
N
T =AY (e, = ) ey (22)
j=1

Where Ax represents pixel increment in x-axis direction and center of gravity is

given as
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= de - 23)
i

To increase processing speed, ¢; does not have to be computed for every cross-
section, but assumed to be equal to nominal center of the cross-section.

Two different approaches are given here to compute MOE from the J; profile. In
both cases MOE is computed on a section of J; profile. The section is then moved along
the board main axis X and MOE computed for another section of the board, as illustrated in
FIGURE 1F. This procedure yields a MOE profile along the main axis X.

First, a simple solution is given where MOE is simply weighted average of the J;
M

MOE=YW,-J, 24)
i=1

Where W; is optimized windowing (sectioning) function.

Although, the equation (24) provides a simply and fast way of MOE prediction, a
more sound but slower approach is to derive MOE directly from moment of inertia L
Following derivation follows well-known theory of mechanical behavior of solids (Popov
1968).

Moment of inertia is assumed to be a variable quantity within a span s, as shown in
FIGURE 1F. For a board section loaded with force F, as in FIGURE 1G, equations for

moments are

M (x) = Fw(x) (24a)
Where

w(x) =§ for 0<x < /3 (24b)
w(x) =% for s/3<x < s2/3 (24c)
w(x) = T’ll—(s —X) fors2/3<x <s (24d)

The basic equation for beam deflection is

M (x) =dV2(x)
Ex)I(x)  dx*

(24e)
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Where E(x) represent MOE in location x,
I(x) moment of inertia profile,

V(x) deflection profile.

5 A further simplification combines E and I into one quantity J(x), which reflect a

local stiffness of the cross-section.

J(x) = B(x) I(x) (241)

The equation (24e) simplifies into

M(x) dV*(x)

10 = 24
O (2g)
Following, the equation (24g) is solved for deflection Vi at x = s/2 using direct
integration method, applying boundary conditions, and converting to discrete format gives
Voo 2 1
K:_F_=Ax ZZ%*EZZ% (24h)
78 N N
Where Ax in a discrete increment in direction of the X axis,
w.
15 ,=—= 24i
Yi 7. (241)
w; is discrete representation of w(x),
Jiis discrete representation of J(x), the moment of inertia estimation computed from
clear wood equivalent density.
20 On the other hand, for a uniform beam with loading conditions as in FIGURE 1g,
the solution for E is
23Fs’
= 24j
12961V, 24)
or for the same cross-section and span (24j) simplifies to
25 E=D F (24k)

max

Where D is a constant representing a size of a board cross-section.
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Therefore a quantity to estimate is only.

max

This, compared with the solution (24h), yields final MOE estimation Eeg

1
E Est = D E
Strength Prediction

Strength is predicted lengthwise for a section (window) along nominal main board
axis X (nominal grain direction). Therefore a particular predicted strength is assigned to a
center of a window lengthwise, as shown in FIGURE 1E. These sections may overlap
resulting with a complete strength profile for a wood product, such as lumber. Window
length correspond to approximate size of typical wood fracture and generally increases
with lumber width size (greater width size, greater the window). The final strength value
assigned to a tested product is minimum strength within the strength profile.

Strength is computed on the basis of a running window along wood main axis

(length), as illustrated in FIGURE 1C, involving following steps:
MIN

a) get minimum CWE within a longitudinal slice, e;" " where the slice consists
of virtual pixels in the same width position
e, = Minl " (e;) (25)
Where i is pixel index within window,i=0 ... W-1
and W is window size in virtual lines
b) compute overall CWE density for the window as a weighted sum
£ MIN
e= Z w;-e; (26)

Where w; is cross-sectional weight, greater at wood edges and less in the middle.
The weight function is different for UTS and MOR and in general subject to model
optimization.

c) computes trength from CWE density tension strength (UTS) relationship

UTS = fTS(e) 27)
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And bending strength (MOR)
MOR = f"%%(e) (28)

where 5 and FMOR are optimized relationships between CWE and UTS and
MOR.

The density to tension and bending strength functions are based on experimental
data conducted on clear wood specimens and/or are in general the subject of model
optimization.

In particular, the following model may be used

UTS = A e’ = f"T(e) (29)
and
UTS =B &' =f"(e) (30)

where A, p, B, r are empirical (optimized) constants.

d) Final wood strength is a minimum of all windows strength values

MC modeling based on Microwave and X-ray density measurement

Moisture content is predicted based on microwave and/or X-ray density, for:

(a) Microwave amplitude, and in particular: amplitude when microwave is
polarized in transverse direction, amplitude when microwave is polarized in longitudinal
direction, in form

mc=Kd" 31)

where K and n are empirical constants, and a is microwave amplitude.
(b)  Microwave amplitude and X-ray density, and in particular, amplitude when

microwave is polarized in transverse direction and X-ray density, amplitude when

microwave is polarized in longitudinal direction and X-ray density, in form:
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mec=Kad"d" (32)
where K, m, and n are empirical constants, a is microwave amplitude, and d is X-
ray density.
Model Optimization

Most models described here require optimization of the parameters (constants).
Initial values for these parameters are taken from literature, using known relationships or
from empirical data. Fine-tuning of these values for a specific species/size involves
parameter optimization for maximum correlation with actual strength or stiffness,
minimum prediction error, etc.

Any method for multidimensional function optimization may be used, including
genetic algorithms, random walk, and similar techniques, Powell’s methods, and Gradient
methods.

Models may be optimized for:

a) All sizes and species,
b) Same sizes of the same species or species group, and
c) Particular size and species.

Stiffness Estimation from Machine Induced Wood Vibration

Vibration of a wood piece as it passes through a grading machine 10 is used to
estimate stiffness (MOE). Vibration profile may be collected with a laser/camera scanner,

here referred to as a 3D sensor. Vibration is induced by machine feeding mechanics.

Machine Geometry and Wood Dynamics

As wood behavior is linked with machine geometry and its position, the 3D-profile
is segmented into different sections limited with characteristic points.

A simplified grading machine geometry is show in FIGURE 4. Wheel sets 11, 12,
13, and 14 follow the direction of the lumber flow X'.

Wood piece 15 enters the machine from right to left, passing through wheel sets 11
and 12 and into the field of view of 3D 15 sensor as shown in Figures 4 and 5A-D. First
collected profile point is at characteristic point A in the field of view of sensor 15.. From
point A until the wood meets in feed guide 13a (characteristic point B), the ledding end of

the wood piece is fully unconstrained or free. This defines a first 3D profile section, AB.
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Following on downstream in direction X ’ as seen in Figures 6a-6d, more characteristic
points are defined as follows, where, at point:
C the leading end of wood 15 meets wheel set 13
D the leading end of wood 15 meets wheel set 14
E the trailing end of wood 15 leaves wheel set 11
F the trailing end of wood 15 leaves wheel set 12
G the trailing end of wood 15 leaves 3D sensor 16
and sections,
AC unconstrained
CD semi-constrained
DE fully-constrained
EF semi-constrained

FG unconstrained.

From Figures 5a-5d and 6a-6d, it may be noted that only sections AB (or AC) and
FG is statically undistorted by the machine. Because of unconstrained conditions, a free
vibration takes place in these sections.

For the “S-shaped” wood in Figures 6A-D, one could expect a wood behavior,
resulting with the following 3D profile:

a. In section AC (or AB) unconstrained, Z is less than the reference (base) line
X", and free vibrations with large amplitude take place. The frequency of vibration
decreases because of increasing span.

b. As the wood passed through characteristic point B or C, it is adjusted up,
resulting with Z values greater than reference in semi-constrained section CD. Vibration
amplitude in this section is somewhat reduced and higher in frequncy than in section AB.

c. In fully-constrained section DE, wood behavior is somewhat undefined.
However because of the constrained condition, reduced amplitude and increased frequency

is expected.

3D Profile Sections

The scenario of wood behavior and a resulting 3D profile is put to the test by
segmenting the profile into sections using characteristic points and comparing the
expectations with the actual wood shape. Figure 7 shows the 3D profile of FIGURE 5A-D

and 6A-D with characteristic points and trend lines for every section. The characteristic
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points were defined based on machine geometry. For example, the distance between point
A and C correspond to the distance between 3D sensor 16 and center of the wheel set 13.
Points A, B, C, and D were measured in reference to the start of 3D-profile sensor profile
whereas points G, F, and E were measured in reference to the end of the 3D-profile.

Visual examination of the segmented profile in Figure 7 confirms presence of
distinct sections in the signal. Expected frequency and amplitude of unconstrained sections
AB and FG, adjustments as points B, (or C), and F, and relatively leveled fully constrained

section DE are confirmed.

Free Vibration of the Wood
Assuming a uniform cantilevered beam model, the lowest mode of vibration will

have frequency

f = 2Pi (1.875)* (EV/ma*)"? - (38)
Where

Pi=3.14

E is elastic modulus

a is the span

I wood cross-sectional moment of inertia

m is distributed mass.

Frequency therefore is strongly affected by the span, as f is proportional to 1/a%.
Because span changes as the wood passes through the machine, the vibration frequency
decreases in the start section (AB) and increases in end section (FG). This explains 3D
signals at the wood start and the end shown in Figures 5A-D. This equation may be used
for stiffness extraction.

Frequency for the semi-constrained and full-constrained conditions will have a
more complex solution. However, the general relationship to E, I, and m, is similar, and
sufficient to construct E (MOE) prediction model in general form.

E=Kfm/I ‘ (39)

where K is a constant than contains effect of type of constraint as well as span a
effect. Iis constant for a particular lumber size and m could be also assumed constant or

measured, with X-ray for example.
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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
without departing from the spirit or scope thereof. Accordingly, the scope of the invention

is to be construed in accordance with the substance defined by the following claims.
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WHAT IS CLAIMED IS:

1. A method of non-destructive testing of a wood piece using a multiplicity of

sensors including the steps of:

sensing the wood piece,

collecting information from the sensors, and

integrating the information into a model providing for strength and stiffness
prediction,

wherein said step of collecting information includes collecting information
relating to material characteristics of the wood piece and relating to fiber quality
characteristics of the wood piece,

and wherein said material characteristics include one or more of the
following material characteristics of the wood piece: growth ring thickness; grain angle
deviation; clear wood density; knot location; knot density; knot type; knot size; location in
the tree from which the wood piece was cut;

and wherein said fiber quality characteristics includes one or more of fhe
following fiber quality characteristics: microfibril angle, juvenile wood, biodeterioration;
reaction wood species; and manufacturing or drying defects including one or more of the

following defects: sawcuts, checks, shake; size of actual cross-section, and species.

2. The method of claim 1 further including the steps of providing one or more
of the following sensor types: X-ray, microwave, camera vision, laser triangulation three-

dimensional geometry, material vibration measurements, laser. based tracheid effect

measurement.
3. The method of claim 1 wherein said model is a physical model.
4. A method of predicting strength and stiffness of a wood piece using a

multiplicity of sensor information gathered about the wood piece, the method comprising

the following steps:
a) Measuring of the piece with a multiplicity of sensors;
b) Estimating wood volume characteristics, including one or more of the

following: clear wood density, grain angle, moisture content, growth ring angle, location in
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the tree from which the wood was cut, fiber quality including mirofibril angle, and three
dimensional geometry;

c) Detecting size, location and classification of wood défects, including one or
more of the following: knots, biodeterioration, reaction wood, juvenile wood,
manufacturing and drying defects, pith, pitch, wet pockets;

d) Subsequently inputting corresponding measured, estimated or detected
information from said measuring, estimating or detecting steps into a physical model of the
wood piece;

e) Predicting strength and stiffness based on the effect of said estimated
information from said step of estimating said volume characteristics and said detected
information from said step of detecting size, location and classification of wood defects on

mechanical behavior of the wood piece.

5. The method of claim 4 further including the step of constructing clear wood -
density equivalent as a first step in strength and stiffness prediction, the step comprising:

a) Measuring of material density in a plurality of dimensions

b) Estimating other wood volume characteristics, including grain angle, growth
ring angle, location in the tree from which the wood piece was cut, fiber quality including
microfibril angle, and 3D geometry of the scanned piece,

c) Reducing clear wood equivalent density by the effect of the wood volume
characteristics using relationships of these characteristics on mechanical behavior of wood.

d) Detecting size, location and classification of wood defects, including but not
limited to, knots, biodeterioration, reaction wood, juvenile wood, manufacturing and drying
defects, pith, pitch, wet pockets,

e) Further reducing clear wood equivalent density by the effect of wood
defects in respective locations of occurrence and effect these characteristics on mechanical

behavior of wood;

f) Constructing strength and stiffness models using clear wood density
equivalent.
6. The method of claim 5 wherein said measuring of material density is

measuring using X-ray.
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7. The method of claim 4 further including the step of constructing clear zero

grain angle wood equivalent as a first step in strength and stiffness prediction, the step

comprising:
a) Measuring of material grain angle in a plurality of dimenéions,
b) Constructing clear wood zero grain angle equivalent by assigning a nominal

density value which is an average for a wood species whenever grain angle relative to a
longitudinal axis of the piece is zero, and less wherever the grain angle deviates from zero
and accordingly to grain angle effect on mechanical behavior of the wood piece,

c) Reducing clear wood equivalent density by the effect of the wood volume
characteristics using theoretical and empirical relationships of these characteristics on
mechanical behavior of wood,

d) Further reducing clear wood equivalent density by the effect of wood.
defects in their respective locations of occurrence and the effect on mechanical behavior of

the wood piece, and

e) Constructing strength and stiffness models using clear wood density
equivalent.
8. The method of claims 5 or 7 further comprising the step of estimating clear

wood equivalent in an area of the wood piece occupied by a knot by virtually removing
density occupied by a knot and replacing it by a density of clear wood, mechanically

equivalent to the removed knot.

0. The method of claim 8, wherein said sensors include a sensor collecting
pixel values from a corresponding matrix of pixels in said sensor, and wherein for every
pixel density, dj;, said method includes the step of computing clear wood equivalent, ej;,
using adaptive threshold clear wood density, a;;, in the equation:

e;;= RemaingClearWood + KnotEquivalent

wherein:

RemaingClearWood = aj; — k;; * K
i is virtual pixel index along the length of the wood piece
j is virtual pixel index traversely across the wood piece
K is knot density ratio, defined as a ratio. of clear wood density to density of
knot
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knot density is difference between wood density d;; and clear wood density
ki = djj - ayj
KnotEquivalent is defined as clear wood density equivalent residing in knot .
volume,
KnotEquivalent = k;; * K * M
wherein M is the material knot property ratio:
M = Knot Property / Clear Wood Property.

10. The method of claim 9 wherein the step of computing e;; includes
substituting:

e = a5 + (dyj - ay) *K*(M-1).

11. The method of claim 4 wherein said step of predicting strength and stiffness
includes the step of estimating effect of the grain angle by decomposing the grain angle
into running average and local deviation components, wherein said running average
component is a function (gave (GA)) of running average grain angle along a length of the
wood piece excluding grain deviations around knots, and wherein said local deviation
component is a function (geev (GA)) of said grain angle defined as a difference between a
local measured grain angle and said running average grain angle, and further includes the
step of computing grain angle effect functions gaye (GA) and gyey (GA) for determining the
effect of grain angle on a material property wherein both g (GA) and gdev (GA) are
computed according to the following equation:

' |
GA) =
8(GA) = T (GA) +cos™ (GA)

wherein n, m, are empirical constants, R is the ratio between the material property
measured parallel to the grain versus the material property measured perpendicular to the -
grain, and optimizing constants R, n, and m are specific to the species corresponding to the
wood piece,

applying said running average modification function (gays(GA)) to the clear wood
equivalent density by multiplication according to:

e’jj=8ij * Zavg (GAy)
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modifying the grain deviation function (g¢e(GA)) to derive a further grain angle
deviation modification function to avoid multiple density reduction due to knot detected in
density according to:

8 aev(GAy;, Kij) = 2aev(GA) + (1 - 2aer(GAy)) ky/T

wherein T is a constant threshold value density, and

applying said grain angle deviation modification function g’4,(GAy;,Kjj) to clear
wood equivalent density by multiplication

©’ij=Cij * & dev(GA;, kyy).

12. The method of claim 5 further comprising the step of estimating a moisture
content effect function, m(MC), in said clear wood density equivalent by:
computing m(MC) with a reference to 12% moisture content wherein

m(MC) = either A—B * MC for MC < MCgy, O

m(MC) = Mgy  for MC > MCqy
Where
B=(P-1)/(0.12 - MCg,— 0.12 * P)
A=1+0.12*B

Mgy = A — B * MCgy

P is the ratio of a material property of interest when the wood piece is saturated.
with moisture to the same material property when the wood piece is oven-dry

P = S:/So

MCsy is fiber saturation point moisture content within the percentage range 25 to

30%.

13. The method of claim 10 further comprising the step of estimating a modulus
of elasticity (MOE) profile of a section of the wood piece using estimation of modulus
inertia computed from a clear wood density equivalent by:

(a) computing an inertia profile along a longitudinal axis of the wood

piece according to:
3 = 2
I, =Ax Z_I:(c,. -’ ey

wherein said longitudinal axis is in an x-axis direction, and wherein Ax is a pixel

increment in said x-axis direction, and
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wherein center of gravity is computed according to:

= 2.
=gy -
28
wherein ej; is clear wood equivalent density;

(b) computing MOE within a longitudinal window on the wood piece,
5 wherein MOE, = f(I,,k),
and wherein f{I,k) is a function that estimates said MOE in location

k, using said inertia profile L.
14, The method of claim 13 wherein said function f{I,k) is estimated using

10 weights W; according to:

M
fd,k)= ZW,' Tsimro
=1

15. The method of claim 13 comprising the step of calculating said function
J;,k) as a close-form solution modulus of inertia profile according to:
1
15 Eg, = DE

wherein

N N

1
K= AX{ZZ Vimy y,}
N5 %
Ax is a discrete increment in the direction of said x axis,

20 yi = —

w; is discrete representation of w(x), and

Ji is Ii

16.  The method of claim 13 comprising the step of estimating modulus of:

25  elasticity from said MOE profile using a low point of said MOE profile.
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17.  The method of claim 13 comprising the step of estimating modulus of

elasticity from said MOE profile using an average of said MOE profile.

18.  The method of claim 5 wherein said step of constructing clear wood density
equivalent is applied to a limited section of the wood piece, and wherein the limited section

is translated along the grain direction axis of the wood piece.

19. The method of claim 5 wherein said step of constructing clear wood density
equivalent includes:

(a) computing minimum clear wood equivalent density profile in a window of
the wood piece and running said window along the grain direction axis of the wood piece

such that said window combines adjacent weak areas

e jMIN = Minf:(‘;v - (e;)
wherein i is pixel index within window, i = 0 ... W-1, along said grain
direction axis, wherein said grain direction axis is in the nominal grain direction of the
wood piece
j is index perpendicular to said grain direction axis,

(b) computing weighted clear wood equivalent density for the entire section

e= y w,-e ™
L J J

wherein wj is a cross-sectional weight which is greater at edges of the wood
piece and reduced in the middle of the wood piece between said edges,

(©) computing tension strength (UTS) and bending strength (MOR) from e

UTS = f"™(e)

MOR = "R (¢)

Where f  and IR are empirical relationships between clear wood

density and strength.

20. The method of claim 19 wherein the strength functions fU 5 and fMOR are
UTS =/"T5(e) = A €P
and
MOR = f*%R(¢)=B &

wherein A, p, B, r are empirical constants.
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21.  The method of claim 4 including the further step of estimating bending and
tension strength of at least a portion of the length of the wood piece by determining a

minimum of a lengthwise strength profile of the wood piece.

22. The method of claim 4 further comprising the step of refining said model by

optimization of model parameters to minimize prediction error.

23. The method of claim 4 wherein said model is optimized for a particular

wood species.

24. The method of claim 4 wherein said model is optimized for particular

commercial dimension lumber size.

25. The method of claims 1 or 5 wherein said step of collecting information .
relating to fiber quality includes the step of estimating fiber quality by measuring a
vibration frequency of the wood piece, wherein said vibration frequency is a result of
vibration induced only by feeding of the wood piece in an infeed feeding the wood piece to

the sensors and without any explicit means vibration-inducing impact means.

26. The method of claim 25 further including providing in the infeed a plﬁrality

of infeed rolls.

27.  The method of claims 1 or 4 further comprising the step of estimating
bending and tension strength of the wood piece by measuring a vibration frequency of the
wood piece wherein said vibration frequency is a result of vibration induced only by
feeding of the wood piece in an infeed feeding the wood piece to the sensors and without

any explicit vibration-inducing impact means.
28.  The method of claim 27 further comprising providing at least two pairs of

infeed rolls and two pairs of outfeed rolls respectively upstream and downstream of the

Sensors.
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29.  The method of claims 25 or 27 further comprising providing a non-contact

optical scanner and using said optical scanner to measure said vibration frequency.

30.  The method of claim 28 further comprising measuring said vibration signal
by dividing the vibration signal into different sections corresponding to the support and

constraint conditions of the wood piece on the infeed or the outfeed rolls.
31.  The method of claim 30 wherein said support conditions are unconstrained.

32. The method of claim 30 wherein said support conditions are semi-

constrained.

33.  The method of claim 30 wherein said support conditions are fully-

constrained.

34.  The method of claim 30 wherein a parameter E is calculated according to:
E=Kf /I
wherein E is estimated MOE, K is a constant than contains the effect of the
type of constraint as well as board span effect, I is a constant for a particular board cross-

sectional size and m is distributed mass.
35. The method of claim 34 wherein m is assumed constant.
36. The method of claim 34 wherein m is measured.

37.  The method of claim 34 wherein m is measured by a scanner using a

radiation source.

38.  The method of claim 4 wherein said moisture content is estimated using

microwave measurement.

39.  The method of claim 4 wherein said moisture content is estimated using

microwave measurement and density estimation.
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40.  The method of claim 1 or 4 wherein said density characteristics are

measured by a scanner using a radiation source.

41.  The method of claim 4 wherein said moisture content (mc) is computed
according to:
mc=Ka"

where K and n are empirical constants, and a is microwave amplitude.

42.  The method of claim 41 wherein said microwave amplitude is measured
when an applied microwave radiation is polarized in a direction transverse to a longitudinal

axis of the wood piece.

43.  The method of claim 4 wherein said moisture content (mc) is computed
according to:
mc=Ka"d"
where K, m, and n are empirical constants,

a is microwave amplitude, and d is density.

44.  The method of claim 43 wherein density, d, is measured by a scanner using

a radiation source.

45.  The method of claims 41 or 43 wherein moisture content is corrected for
temperature.

46.  The method of claims 41 or 43 wherein microwave amplitude is corrected
for temperature.

47. A computer program product for use with a device for non-destructive
testing of a wood piece using a plurality of sensors, said computer program product

comprising:
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a computer usable medium having computer readable program code means
embodied in said medium for causing the sensing of the wood piece using the sensors to
collect information about the wood piece,

computer readable program code means for causing the collecting of material
characteristic information from the sensors about one or more material characteristics of
the wood piece taken from a first group consisting of: growth ring thickness; grain angle
deviation; density; knot location; knot density; knot type; knot size; and location in the tree
from which the wood piece was cut;

computer readable program code means for causing the collecting of fiber quality
information from the sensors about one or more fiber quality characteristics taken from a
second group consisting of: microfibril angle, juvenile wood, biodeterioration; wood
species; size of actual cross-section; and, manufacturing defects or drying defects including
one or more of the following: sawcuts, checks, shake;

computer readable program code means for causing the integration of said material
characteristic and fiber quality information into a computer model providing for strength

and stiffness prediction.

48.  The computer program product of claim 47 wherein said collecting of
information from the sensors includes collecting information from the sensors from a third
group of information consisting of X-ray information, microwave information, camera
vision information, laser triangulation 3D geometry information, material vibration
measurement information, and laser based tracheid effect measurement information;

the computer program product further comprising computer readable program code
means for causing the integration of said material characteristic information and said fiber
quality information from all of the sensors into said computer model; and,

computer readable program code means for processing said material characteristic
and fiber quality information in said computer model and generating a strength and

stiffness prediction.

49.  The computer program product of claim 47 wherein said computer model is

a physical model.
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50. A computer program product for use with a device for non-destructive
testing of a wood piece using a multiplicity of sensor information gathered about the wood
piece, said computer program product comprising:

a) | a computer usable medium having computer readable program code means
embodied in said medium for causing the measuring of the piece with a multiplicity of
Sensors;

b) computer readable program code means for causing wood volume
characteristics of the piece, including one or more of the following: density, grain angle of
the grain, moisture content, growth ring angle, location in the tree from which the wood
was cut, fiber quality, and three-dimensional geometry of the piece;

c) computer readable program code means for causing detecting size, location
and classification of wood defects, including one or more of the following: knots,
biodeterioration, reaction wood, juvenile wood, manufacturing -and drying defects, pith,
pitch, wet pockets;

d) computer readable program code means for causing inputting such
measured, estimated and detected information into a physical model of the piece,

e) computer readable program code means for causing predicting strength and
stiffness based on the effect of the estimated volume characteristics and. defects on

mechanical behaviour of the piece.

51.  The computer program product of claim 50 further including computer
readable program code for causing constructing a clear wood density equivalent as a first

step in a strength and stiffness prediction.

52.  The computer program product of claim 51 wherein said computer readable
program code for causing constructing a clear wood density equivalent as a first step in a
strength and stiffness prediction includes computer readable program code for causing:

a) Measuring of material density in a plurality of dimensions

b) Estimating other wood volume characteristics, including grain angle, growth
ring angle, location in the tree from which the wood piece was cut, fiber quality including
microfibril angle, and three-dimensional geometry of the piece,

c) Reducing clear wood equivalent density by the effect of the wood volume

characteristics using relationships of these characteristics on mechanical behavior of wood,
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d) Detecting size, location and classification of wood defects, including knots,
biodeterioration, reaction wood, juvenile wood, manufacturing and drying defects, pith,
pitch, wet pockets,

e) Further reducing clear wood equivalent density by the effect of wood
defects in respective locations of occurrence;

f) Constructing  strength and stiffness models using clear wood density

equivalent.

53.  The computer program product of claim 51 wherein said computer readable
program code means embodied in said medium for causing measuring of the piece includes

causing measuring of the material density of the piece using X-ray sensors.

54.  The computer program product of claim 50 further including computer
readable program code for causing constructing a clear zero grain angle wood equivalent as

a first step in a strength and stiffness prediction.

55. The computer program product of claim 54 wherein said computer readable
program code for causing constructing a clear zero grain angle wood equivalent as a first
step in a strength and stiffness prediction includes computer readable program code for
causing:

a) Measuring of material grain angle in a plurality of dimensions,

b) Constructing clear wood zero grain angle equivalent by assigning a nominal
density value which is an average for a wood species whenever grain angle relative to a
longitudinal axis of the piece is zero, and less wherever the grain angle deviates from zero
and accordingly to grain angle effect on mechanical behavior of the wood piece,

c) Estimating other wood volume characteristics, including density, growth
ring angle, location in the tree from which the wood piece was cut, fiber quality including -
microfibril angle, and three-dimensional geometry of the scanned piece,

d) Reducing clear wood equivalent density by the effect of the wood volume
characteristics using theoretical and empirical relationships of these characteristics on

mechanical behavior of wood,

40



10

15

20

25

30

WO 2004/106918 PCT/US2004/016589

e) Detecting of size, location and classification of wood defects, including
knots, biodeterioration, reaction wood, juvenile wood, manufacturing and drying defects,
pith, pitch, wet pockets,

f) Further reducing clear wood equivalent density by the effect of wood
defects in their respective locations of occurrence and the effect on mechanical behavior of
the wood piece, and

g) Constructing strength and stiffness models using clear wood density

equivalent.

56.  The computer program product of claims 52 or 55 further comprising
computer readable program code for causing estimating clear wood equivalent in an area of
the wood piece occupied by a knot by virtually removing the density of volume occupied
by the knot and replacing it by a density of clear wood, mechanically equivalent to the

virtually removed knot.

57.  The computer program product of claim 50 wherein said computer readable
program code means for causing predicting strength and stiffness includes computer
readable program code means for causing estimating effect of the grain angle by
decomposing the grain angle into running average and local deviation components, wherein
said running average component is a function (gave (GA)) of running average grain angle
along a length of the wood piece excluding grain deviations around knots, and wherein said
local deviation component is a function (ggey (GA)) of said grain angle defined as a
difference between a local measured grain angle and said running average grain angle, and
further includes the step of computing grain angle effect functions gaye (GA) and ggey (GA)
for determining the effect of grain angle on a material property wherein both g, (GA) and
8dev (GA) are computed according to the following equation: |

1
" R-sin"(GA) +cos™ (GA)

g(GA)

wherein n, m, are empirical constants, R is the ratio between the material property
measured parallel to the grain versus the material property measured perpendicular to the
grain, and optimizing constants R, n, and m are specific to the species corresponding to the

wood piece,
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computer readable program code means for causing applying said running average
modification function (gavg(GA)) to the clear wood equivalent density by multiplication
according to:

€’ij=€ij * Zavg (GAy))

computer readable program code means for causing modifying the grain deviation
function (gg¢ev(GA)) to derive a further grain angle deviation modification function to avoid
multiple density reduction due to knot detected in density according to:

g’ dev(GAg;, Kij) = 8aev(GA) + (1 - gaev(GAy)) kyy/T

wherein T is a constant threshold value density, and

computer readable program code means for causing applying said grain angle
deviation modification function g’4,(GA;;Kj) to clear wood equivalent density by .
multiplication

e’ij=€; * 8 aev(GAjj, kij).

58. The computer program product of claim 51 further comprising computer
readable program code means for causing estimating a moisture content effect function,
m(MC), in said clear wood density equivalent by:

computer readable program code means for causing computing m(MC) with a
reference to 12% moisture content wherein

m(MC) = either A —B * MC for MC < MCgy, or

m(MC) = mg  for MC > MCyy
Where

B=P-1)/(0.12 - MCgn— 0.12 * P)
A=1+0.12%*B

Mg = A — B * MCyy

P is the ratio of a material property of interest when the wood piece is saturated
with moisture to the same material property when the wood piece is oven-dry
P = Sq/So

MC, is fiber saturation point moisture content, typically within 25 to 30%.

59.  The computer program product of claim 56 further comprising computer

readable program code means for causing estimating a modulus of elasticity (MOE) profile
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of a section of the wood piece using estimation of modulus inertia computed from a clear
wood density equivalent by:
(a) computer readable program code means for causing computing an
inertia profile along a longitudinal axis of the wood piece according to:
K
I =AY (c; = )7 e
j=1
Wherein said longitudinal axis is in an x-axis direction, and wherein Ax is pixel
increment in said x-axis direction, and
wherein center of gravity is computed according to:
2.
2

Wherein e;; is clear wood equivalent density

Il

¢;

(b) computer readable program code means for causing computing MOE within

a longitudinal window on the wood piece,

wherein MOE, = f(1,,k),

and wherein f{I;k) is a function that estimates said MOE in location
k, using said inertia profile ;. whereby MOEy provides an estimate of the MOE

along the board main axis, to provide an MOE profile.

60. The computer program product of claim 59 wherein said function f{I,k) in
said computer readable program code means for causing computing MOE within a
longitudinal window is estimated using weights W; according to:

M
F,k)= ZW]‘ i

Jj=1

61.  The computer program product of claim 59 comprising computer readable
program code means for causing calculating said function f{I,k) as a close-form solution
modulus of inertia profile according to:

1
E,, =D—
Est K

wherein
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) 1
K =Ax ZZY:‘ _EZZ)’iJ
1%1% N N

Ax in a discrete increment in direction of said x axis,

w; 1s discrete representation of w(x), and

Ji is Ii

62.  The computer program product of claim 59 comprising computer readable
program code means for causing estimating modulus of elasticity from said MOE profile

using a low point of said MOE profile.

63. The computer program product of claim 59 comprising computer readable
program code means for causing estimating modulus of elasticity from said MOE profile

using an average of said MOE profile.

64. The computer program product of claim 51 wherein said computer readable -
program code means for causing constructing clear wood density equivalent is computer
readable program code means for causing constructing clear wood density equivalent for a
limited section of the wood piece, and further comprising computer readable program code
means for causing the limited section to be translated along the grain direction axis of the

wood piece.

65.  The computer program product of claim 51 wherein said computer readable
program code means for causing constructing clear wood density equivalent includes:

(a) computer readable program code means for causing computing minimum

clear wood equivalent density profile in a window of the wood piece and computer -

readable program code means for causing running said window along the grain direction

axis of the wood piece such that said window combines adjacent weak areas

MIN . =W
e; =MinZ) " (e;)
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Wherein i is pixel index within window, i = 0 ... W-1, along said grain
direction axis, wherein said grain direction axis is in the nominal grain direction of the
wood piece
j is index perpendicular to said grain direction axis,
(b) computer readable program code means for causing computing weighted

clear wood equivalent density for the entire section

MIN
J

e= w.-e

J
1

N
=

Wherein w; is a cross-sectional weight which is greater at edges of the wood
piece and reduced in the middle of the wood piece between said edges,

(©) computer readable program code means for causing computing tension

strength (UTS) and bending strength (MOR) from e

UTS = f"(e)

MOR = f"%%(e)

Where U5 and MR are empirical relationships between clear wood

density and strength.

66. The computer program product of claim 65 wherein the strength functions
p
fUTS and jMOR are
UTS =f"(e) = A e?
and
MOR = fR(e)=B ¢

Where A, p, B, r are empirical constants.

67.  The computer program product of claim 50 further including computer
readable program code means for causing estimating bending and tension strength of at
least a portion of the length of the wood piece by computer readable program code means

for causing determining a minimum of a lengthwise strength profile of the wood piece.
68.  The computer program product of claim 50 further including computer

readable program code means for causing optimization of said model for a particular wood

species.
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69.  The computer program product of claim 50 further including computer
readable program code means for causing optimization of said model for particular

commercial dimension lumber size.

70.  The computer program product of claims 47 or 51 wherein said computer
readable program code means for causing collecting information relating to fiber quality
includes computer readable program code means for causing estimating fiber quality by
computer readable program code means for causing measuring a vibration frequency of the
wood piece, wherein said vibration frequency is a result of vibration induced only by
feeding of the wood piece in an infeed feeding the wood piece to the sensors and without

any explicit means vibration-inducing impact means.

71. The computer program product of claims 47 or 50 further comprising
computer readable program code means for causing estimating bending and tension
strength of the wood piece by computer readable program code means for causing
measuring a vibration frequency of the wood piece wherein said vibration frequency is a
result of vibration induced only by feeding of the wood piece in an infeed feeding the wood

piece to the sensors and without any explicit vibration-inducing impact means.

72. The computer program product of claims 70 or 71 further comprising
computer readable program code means for causing measuring said vibration frequency

using a non-contact optical scanner and using said optical scanner.

73. The computer program product of claims 70 or 71 further comprising
computer readable program code means for causing measuring said vibration signal by
dividing the vibration signal into different sections corresponding to support and constraint

conditions of the wood piece on infeed or outfeed rolls.
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74.  The computer program product of claim 73 further including computer
readable program code means for causing calculating a parameter E according to:
E=Kfm/I
wherein E is MOE estimate, K is a constant than contains effect of type of
constraint as well as board span effect, I is a constant for a particular board cross-sectional

size and m is distributed mass.

75.  The computer program product of claim 74 wherein in said computer
readable program code means for causing calculating a parameter E, m is assumed

constant.

76.  The computer program product of claim 74 further including computer

readable program code means for causing measuring m.

77.  The computer program product of claim 74 further including computer

readable program code means for causing a scanner and a radiation source.

78.  The computer program product of claim 50 further including computer
readable program code means for causing said moisture content using microwave

measurement.

79.  The computer program product of claim 50 further including computer
readable program code means for causing said moisture content using microwave

measurement and density estimation.
80.  The computer program product of claim 47 or 50 further including computer

readable program code means for causing measuring said density characteristics using a

scanner and a radiation source.
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81.  The computer program product of claim 50 further including computer
readable program code means for causing computing said moisture content (mc) according
to:

mc=Kda"

where K and n are empirical constants, and a is microwave amplitude.

82.  The computer program product of claim 81 further including computer
readable program code means for causing measuring said microwave amplitude when an
applied microwave radiation is polarized in direction transverse to a longitudinal axis of the

wood piece.

83.  The computer program product of claim 50 further including computer
readable program code means for causing computing said moisture content (mc) is
computed according to:

mc=Ka"d"
where K, m, and n are empirical constants,

a is microwave amplitude, and d is density.

84.  The computer program product of claim 83 further comprising computer *
readable program code means for causing measuring said density using a scanner and a

radiation source.

85.  The computer program product of claims 81 or 83 further comprising
computer readable program code means for causing correcting moisture content for

temperature.

86.  The computer program product of claims 50 and 59 wherein the lumber
value of the lumber is maximized by cutting lumber or end trimming lumber based on
estimated modulus of elasticity profile, wherein increased lumber value of the lumber is

achieved by trimming off a part of the lumber board having a grade reducing property.

48



WO 2004/106918 PCT/US2004/016589

7

WL

SENSOR DATA
g (PHYSICAL PROPERTIES MEASURED)

| STRENGTH
________ ALGORITHM | oryppNgss
biauaiusuainane
717G, 7
Y
ZA I/
l//
‘/L/_—"_" S A
X MAINAXIS
177G, 74
kA J/
/
/ : o
i, MAIN AXIS
L1G. 75

SUBSTITUTE SHEET (RULE 26)



PCT/US2004/016589

WO 2004/106918

2/7

A

HIONHYLS

+
l
» i
2 O/4 SINAWATI M
4
QVN QMN QNN QNN %N
NV% NMN NNN NNN N%N
ry|tty ilpy|Cly|lhy
m.vm £651€0 £ly gm
Vr|PEx|Pi5|7151P0,
Y

SUBSTITUTE SHEET (RULE 26)



WO 2004/106918

PCT/US2004/016589

3/7
-
§ 800
& 600
E 400
)
=
5 200 |
] Ty 100 200 300 400 500 600 700
X, MAIN AXIS
STRENGTH SECTION OF WIDTH W
| BO4RD ]
15000 | —
S BENDING STRENGTH 1
g W
wy 10000 - ,
5 W
E 5000 - TENSION STRENGTH
& .
2 0 | L | i i ) ]
0 100 200 300 400 500 600 700
MAIN AXIS, X
LF1G. 7
< S > MOE IS PREDICTED FOR A SECTION OF LENGTH §
| BOARD |
L —
S _ 1500
5T
S
= S 1009 |-
Ry 33
S2
= & so0f-
§ § ) | 1 1 I L |
= 0 100 200 300 400 500 600 700
MAIN AXIS, X
117G 1F

SUBSTITUTE SHEET (RULE 26)



WO 2004/106918 PCT/US2004/016589

4/7
F2 F2
< AYA] | 873 | S
| 1 T g
- : ' —
i B
16,7

[1G.24

L1G. 2R

SUBSTITUTE SHEET (RULE 26)



WO 2004/106918

OVENDRYMC(%)

PCT/US2004/016589

5/7

14
12 -
g 10 -
= 08
0.6 |- o
0.4 i ] | |
0.1 0.2 0.3 0.4 0.5
MC
2t MODEL: MC = A * TRANSAMP B * XRYDENSITYREF €
R?=0.818814
2} o
20 -
18-
16 - o ESTIMATED MC(%)
[u} =]
14 8 ID | | |
i 16 18 20 22 4

£F76:.54

SUBSTITUTE SHEET (RULE 26)



WO 2004/106918 PCT/US2004/016589

6/7

16
I 3p PROFILE [1 0
SENSOR

SUBSTITUTE SHEET (RULE 26)



WO 2004/106918 PCT/US2004/016589

"7

I
O O %0 O

oo o0 e
14 13 12 11

58 o

0010 O s

— 5 HACD

0 24 48 72 96 120 144 168 192

X POSITION (INCH) G, 7

g

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

Ir onal Application No

PCT/US2004/016589

CLASSIFICATION OF SUBJECT MATTER

A
IPC 7 GOIN33/46

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC 7 GOIN

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, CHEM ABS Data

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 4 926 350 A (BECHTEL FRIEND K ET AL) 1-4,7,
15 May 1990 (1990-05-15) 47,49,50
column 6, line 34 - column 7, 1ine 5
column 11, Tine 53 - column 18, Tine 34
Y WO 00/11467 A (ALBERT DENIS JOHN ; 1-4,7,
CANTERPRISE LIMITED (NZ); CLARK THOMAS 47,49,50
ALAN (NZ);) 2 March 2000 (2000-03-02)
claim 1
A US 4 500 835 A (HEIKKILA SAKARI) 2
19 February 1985 (1985-02-19)
claim 1
A US 2002/025061 Al (DASHNER BARRY ET AL) 2
28 February 2002 (2002-02-28)
abstract
- / —_—
Further documents are listed in the continuation of box C. Patent family members are listed in annex.

° Special categories of cited documents :

*A" document defining the general state of the art which is not
considered to be of particular relevance

*E* earlier document but published on or after the international
filing date

invention

which is cited to establish the publication date of another
citation or other special reason (as specified)

*T* later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the

*X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
*L* document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone

*y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl,

*O" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu—
other means ments, such combination being obvious to a person skilled
*P" document published prior to the international filing date but in the art.
later than the priority date claimed *&* document member of the same patent family
Date of the actual completion of the international search Date of mailing of the intemational search report
29 September 2004 12/10/2004
Name and mailing address of the ISA Authorized officer

Fax: (+31-70) 340-3016 Duchatellier, M

Form PCT/ISA/210 (second sheet) (January 2004)




INTERNATIONAL SEARCH REPORT

I ional Application No

PCT/US2004/016589

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A US 4 941 357 A (SCHAJER GARY S)

17 July 1990 (1990-07-17)

column 2, 1ine 27 - line b1

A US 5 960 104 A (CONNERS RICHARD W ET AL)
28 September 1999 (1999-09-28)

column 12, Tine 54 - column 14, line 46
column 21, 1ine 3 - line 46

A EP 0 403 020 A (UNIV WASHINGTON)

19 December 1990 (1990-12-19)

abstract

A US 5 804 728 A (BEALL FRANK CARROLL ET
AL) 8 September 1998 (1998-09-08)
abstract

A WO 01/65253 A (BOS CASAGRANDE STEPHANE' ;
MERCURE INNOVATION SARL (FR); MONET JEAN
CLA) 7 September 2001 (2001-09-07)
abstract

5,6

5,6

Form PCT/ISA/210 (continuation of second sheet) (January 2004)




INTERNATIONAL SEARCH REPORT

tional Application No
Information on patent family members

PCT/US2004/016589
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 4926350 A 15-05-1990 AU 2527288 A 17-04-1989
CA 1327400 C 01-03-1994
WO 8902598 Al 23-03-1989
WO 0011467 A 02-03-2000 AU 763438 B2 24-07-2003
AU 5454299 A 14-03-2000
CA 2342167 Al 02-03-2000
EP 1110083 Al 27-06-2001
WO 0011467 Al 02-03-2000
us 6773552 B1 10-08-2004
US 4500835 A 19-02-1985 FI 781738 A 02-12-1979
CA 1132658 Al 28-09-1982
DE 2921466 Al 06-12-1979
GB 2027898 A ,B 27-02-1980
SE 440408 B 29-07-1985
SE 7904696 A 02-12-1979
US 2002025061 Al 28-02-2002 CA 2355557 Al 23-02-2002
US 2002024677 Al 28-02-2002
US 4941357 A 17-07-1990 CA 2005832 Al 23-06-1990
US 5960104 A 28-09-1999  NONE
EP 0403020 A 19-12-1990 US 5024091 A 18-06-1991
CA 2017821 Al 12-12-1990
DE 69032143 D1 23-04-1998
DE 69032143 T2 02-07-1998
EP 0403020 A2 19-12-1990
US 5804728 A 08-09-1998 US 5760308 A 02-06-1998
WO 0165253 A 07-09-2001 FR 2805612 Al 31-08-2001
FR 2816710 Al 17-05-2002
AU 3750001 A 12-09-2001
EP 1259804 A2 27-11-2002

WO 0165253 A2 07-09-2001

Form PCT/ISA/210 (patent family annex) (January 2004)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

