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1.0 OBJECTIVES 

To coorelate the chemical and physical properties of major 
Canadian wood species with magnetic resonance (MR) data. 

To identify potential areas from this research for commercial 
development. 

To identify future research required to bring MR technology to 
the stage of on-line three-dimensional imaging of defects and 
wood characteristics for logs and lumber. 

2.0 INTRODUCTION 

This project has as i t s ultimate goal the three-dimensional imaging of 
physical and chemical characteristics of logs and lumber using the 
technique of MR. MR has been used in the chemistry, physics and medical 
fi e l d s to carry out important taslcs such as identifying chemical com
pounds, studying membrane structures and their a b i l i t y to transfer 
fluids, and diagnosing such medical problem as Alzheimer's disease and 
stro)ces. A basic description of the MR technique for wood characteriza
tion has been presented by Hailey et a l . (1965). The application of 
proton MR to the forest products industry w i l l allow the characteriza
tion of wood in i t s premanufactured form. Knowledge of moisture regimes 
and their distribution and location as well as chemical association and 
the nature of defective or abnormal regions in wood w i l l assist i n the 
development of better u t i l i z a t i o n techniques for extracting the maximum 
value from logs, chips and lumber. A l i s t of various characteristics of 
importance for identification i s given in Table 1. An asteris)c beside a 
characteristic indicates the current a b i l i t y of MR to image that charac
t e r i s t i c . MR w i l l also improve our understanding of wood structure. 
The identification and three-dimensional spatial location of physical 
and chemical characteristics w i l l be of considerable value in ensuring 
the timely use of computer optimization programs for log and lumber 
breakdown. 

Two characteristic MR parameters are important in the imaging of wood. 
The f i r s t i s the spin-spin relaxation time - Tj. The physical inter
pretation of this parameter has shown i t to be related to the dimension 
of the available space, that i s , c e l l lumens and intermolecular spaces 
in the c e l l wall (Hailey et a l . (1987b). The second i s the spin-lattice 
relaxation time - 1.^. The use of this parameter for imaging wood s t i l l 
requires interpretation. The MR spectrometer i s a valuable tool which 
provides an understanding of the Tj and Tj parameters so that one-, two-
and three-dimensional images can be interpreted correctly. Much of the 
project has involved the use of the spectrometer to characterize normal 
wood of different species. Some abnormal wood has also been examined 
(rot and compression wood). One-dimensional images have been created 
using the basic spectroscopic data. In addition, two-dimensional images 
have been obtained using the MR imaging systems at the University of 
Brit i s h Columbia and the Montreal Neurological Institute. An extensive 



Table 1 

Identifiable Wood Characteristics i n Logs and Lumber 

sound knots* - dead knots* 
- unsound knots* 

compression wood* - tension wood* 
worm holes* - grub holes* 

- decay* - rot* 
incipient decay - stain 
spiral grain - checks* 

- s p l i t s * - pitch pockets* 
cross-grain - pith* 

- bark pockets* 
specific gravity low density 
juvenile wood* - sapwood/heartwood boundary* 

- extractives - wood species 
moisture pockets* 

- foreign objects 
- rock, metal, etc.* 

* Denotes characteristics identifiable 
from magnetic resonance images 



bibliography on MR spectroscopy and imaging i s integrated with the 
references in this report. 

Beginning with an outline of the status of the project during this, the 
th i r d of three years, this report w i l l identify the important MR 
parameters and the work to-date on the correlation of these parameters 
to physical and chemical characteristics. The report w i l l also indicate 
the status of MR imaging technology to obtain complete images in suit
able time. Next i t w i l l identify some areas that have some immediate 
applications to the wood products industry in addition to the long range 
goal of three-dimensional imaging of logs and lumber. Finally, this 
report w i l l outline further research required to bring MR technology to 
the stage of on-line, three-dimensional imaging of defects and wood 
characteristics for logs and Ivimber. 
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4.0 PROCEDURES 
4.1 MATERIAL 

Fresh-cut, two-foot-long segments of the following western Canadian 
species were obtained: 

• western red cedar 
• white spruce 
• lodgepole pine 

In addition, an eight-foot length of white spruce heartwood two-by-four 
containing heavy compression wood was obtained. 



4.2 CORRELATION OF MR DATA WITH PHYSICAL AND 
CHEMICAL CHARACTERISTICS OF MAJOR CANADIAN SPECIES 

4.2.1 Spin-Spin Relaxation Time - Tj 
Western red cedar and white spruce sapwood and white spruce heartwood 
(normal and compression wood) samples were tested in the MR spectrometer 
at the Physics Department of the University of British Columbia (UBC). 
The Tj's were measured using a free induction decay (FID) pulse sequence 
and a Carr-Purcell-Meiboom-Gill (CPMG) pulse secpjence for a number of 
hydration levels, as shown in Table 2. A description of the FID and 
CPMG techniques for measurement of the Tj parameter i s given by Menon 
et a l . (1987a). 

4.2.1.1 Free Induction Decay (FID) 

The FID gives information on protons (̂ H) in the cel l u l a r structure 
(cellulose, hemicellulose, lignin and extractives), called the so l i d 
signal; and on protons in the water molecules, called the mobile signal. 
Moisture content was determined for each hydration level using the FID 
according to equation 1 (Menon et a l . (1987a). 

Equation 1: 

ft MC = M(0) « P(WOOd) 
* S(0) - M(0) p(water) 

percent moisture content 
solid signal intercept with Y axis 
mobile signal intercept with Y axis 
proton density of the wood sample 
proton density of water (0.112) 

Where: %MC 
S(0) 
M(0) 
P(wood) 
p(water) 

A second FID pulse sequence was also used. The standard FID frequency 
outlined by Menon et a l . (1987a) was modified using a ISO' pulse to 
refocus the water signal and called HFID. 

In order to determine S(0), the FID or the HFID requires extrapolation 
of the solid signal back to the Y intercept through the time required 
for the radio frequency (RF) signal to dissipate and the RF receiver to 
be enabled (approximately nine microseconds). Using western red cedar, 
two methods were used to resolve this problem. The f i r s t was to develop 
an extrapolation equation so a l l of the solid signals could be accounted 
for. The extrapolation of the solid signal from the FID or HFID was 
accepted for moisture content determination for the white spruce and 
lodgepole pine. The derivation of the solid signal Y axis intercept 
S(0) i s given by Equation 2. 



Table 2 

Niunber of Hydration Levels for MR Parameter for 
MC Determination, CPMG Analysis and 
1-D Imaging for Western Red Cedar, 
White Spruce and Lodgepole Pine 

Species Moisture CPMG 1-D 
& Sample Determination Analysis Imaging 

Cedar 

Sample 4(C4) 5 5 0 

Cedar 

Sample 5(C2) 4 5 0 

Spruce 

Sample 6 (S3) 7 6 12 

Pine 
Sample 3(P3) 4 4 0 



Equation 2: 

= 1 -M2(tV2) 
Where: S(0) = so l i d signal intercept with Y axis 

S(t) = FID signal following a 90' pulse 
t = time from the center of the 90* pulse 
M2 = second moment for the sample 

The second method was to use a solid echo (SE) pulse sequence which was 
expected to focus a l l of the solid signals. The proton density 
[p(wood)] of each of the spectroscopic samples was determined by ele
mental analysis by Canadian Microanalytical Services Ltd. The western 
red cedar sample 4 (C4) had the proton density measured for sapwood, 
heartwood and juvenile wood based on the samples used for the previous 
year's work (Hailey et a l . 1987a). These samples are designated 
C4 (1987) . The sarr^Jle used for the current work is designated C4 (1988) . 

4.2.1.2 Carr-Purcell-Meiboom-Gill (CPMG) 

The CPMG pulse sequence data gives information on the niomber of com
ponents that make up the water signal. The distribution of CPMG Tj 
relaxation data i s also influenced by the surrounding molecular struc
ture of the cellulose, hemicellulose, lignin and extractive. The 
identification of one, two or three separate Tj components requires 
interpretation. The assignment of each component has been shown to have 
anatomical associations (Menon et a l . 1987a, 1987b). The shortest Tj 
component is associated with water in the c e l l wall; the mediiam Tj i s 
associated with water in the ray c e l l and latewood tracheid lumens, and 
the longest Tj i s associated with water in the earlywood tracheid lumens 
(Menon et a l . 1987a, 1987b). To expand this anatomical interpretation, 
three techniques are employed: 

(a) development of an anatomical image analysis program; 
(b) refinement of the Tj data analysis; and 
(c) one-dimensional imaging of each component. 

(a) Anatomical Image Analysis Program 

An image analysis program was developed using the Kontron Image 
Analyser at the Botany Department at UBC. The program uses 
scanning electron micrographs of the cross- and tangential 
sections of the wood samples used in the MR spectrometer. The 
following anatomical features were determined: 

• lumen diameters and lumen volumes for earlywood and latewood 
tracheids and ray c e l l s ; and 

• c e l l wall volume. 

The program was used for the western red cedar sapwood sample. 



(b) Data Analysis Techniques Using Linear Inverse Theory 

The calculation of an MR spectrum of relaxation times, such as 
the CPMG data, recjuires solution of a Fredholm integral equation 
(a Laplace transform). Linear inverse theory lends i t s e l f to the 
solution of such problems. Linear inverse methods provide a 
complete solution that yields the maximum amount of information 
from the available observations. Spectrometer experiments measure 
only a f i n i t e number of data points which are influenced by 
noise. Linear inverse theory is designed to handle such incom
plete and inaccurate data sets. There are two basic modes: 

• construction; and 
appraisal. 

The construction mode explores the range of distinct solutions to 
find spectra that f i t the data. This generates a collection of 
acceptable but diverse solutions that must be focused during 
interpretation based on the characteristics of the data. The 
appraisal mode generates unique information common to the 
i n f i n i t y of spectra that adequately reproduce the observations. 
Appraisal quantifies the power of the data to resolve MR spectrum 
features so that their p l a u s i b i l i t y can be assessed. The tr a d i 
tional use of MINUIT (Menon et a l . 1987a), which i s not part of 
linear inverse theory, generates models with only a few spike
like delta functions. This i s an unrealistic restriction because 
wood samples should display a more continuous distribution of Tj 
times corresponding to the distribution of lumen sizes as deter
mined from the image analysis program referred to ea r l i e r . 

Two construction algorithms were implemented for the MR CPMG 
data. The f i r s t was the non-negative least squares (NNLS) 
approach. This method eliminates the restrictive assumptions of 
MINUIT and allows generation of spectra from different classes 
(i.e., delta-functions, piecewise, constant and smooth). This 
increases our confidence that the calculated spectra are repre
sentative of the true spectra. NNLS i s also able to incorporate 
extra information, such as DC offset. The second construction 
algorithm developed was linear programming (LP). Its strength i s 
that i t calculates optimal spectra by extremizing an objective 
function. Upper and lower bounds on the spectral energy can be 
calculated over the localized Tj ranges. The CPMG data from 
western red cedar sapwood was analyzed using NNLS and LP and the 
results correlated with the anatomical image analysis results for 
the same sample. 

(c) One-Dimensional Tj Images Using the MR Spectrometer 

The technique for separately imaging each of the water components 
in softwoods i s given by Menon et a l . (1987b). The water compo
nents from western red cedar and white spruce sapwood for a 
series of hydration levels are being separately imaged. The CPMG 
data i s being analyzed. The resulting images, which consist of a 
graphical representation of the water distribution across the 



growth rings, are superimposed on top of a scanning electron 
micrograph of the sanple cross-section. A second method of 
representing the data i s by scaling, using the grey scale, the 
graphical distribution of the water intensity and then obtaining 
an image along and across the growth rings of the sanple. 

4.2.2 Spin-Lattice Relaxation Time - Tĵ  

It i s important to correctly interpret this parameter in order to be 
able to evaluate the a b i l i t y of T̂^ to identify and/or differentiate some 
of the features of wood, particularly species separation. For this 
program, the analysis technique using linear inverse theory as described 
in the previous section was developed. Additional studies are being 
undertaken to develop the correct interpretation of this parameter. 

4.2.3 Two-Dimensional Imaging Using Medical MR Scanners 

Cross-sections of western red cedar, white spruce and lodgepole pine had 
MR images made using the UBC Picker scanner with a super-conducting 
magnet and a f i e l d strength of 0.15 Tesla. In addition, a one-foot 
section of the white spruce 2 x 4 was rehydrated using d i s t i l l e d water 
and a cross-sectional image taken. A scan time, for good resolution for 
these samples, i s 17 minutes per cross-section. This is achieved using 
a multiple echo scan sequence which gives a range of six echo times 
spanning 26 to 152 milliseconds. This covers the range of Tj values 
found for the three species for a l l but the c e l l wall water component. 
A complete description i s given by Hailey et a l . (1987a). The scan 
planes were cut open and a color photograph taken. 

4.3 POTENTIAL AREAS FOR COMMERCIAL DEVELOPMENT 

The main potential application resulting from this technology i s the 
three-dimensional imaging of logs or lumber so that the identification 
and spatial location of wood characteristics may f a c i l i t a t e further 
processing decisions. A preliminary economic analysis of this applica
tion was carried out. The work over the past three years has generated 
a number of potential spin-off applications, which w i l l be outlined in a 
later section. 

4.4 RESEARCH DIRECTION TO BRING MR TECHNOLOGY TO 
THE STAGE OF ON-LINE THREE-DIMENSIONAL IMAGING 

The direction of further research required to bring MR technology to the 
stage of on-line three-dimensional imaging of wood characteristics 
including defects for logs and lumber is outlined as follows: 

• continuing correlation of chemical and physical properties 
of major Canadian species; 

identification of MR equipment modifications, which w i l l 
give timely data of suitable resolution; 



an expansion of the long-term economic analysis; 

sawing simulation for three-dimensional optimization of 
value recovery; 

sawmill equipment design. 

5.0 RBSX7LTS AND DISCUSSION 

5.1 CORRELATION OF MR DATA WITH PHYSICAL AND 
CHEMICAL CHARACTERISTICS OF MAJOR CANADIAN SPECIES 

5.1.1 Spin-Spin Relaxation Time - Tj 

5.1.1.1 Free Induction Decay (FID) 

The proton densities of the samples used in the spectroscopic studies 
are given in Table 3. The proton densities for the cedar samples 
designated 4 (C4) (1987) were for the worlc done in the previous year 
(Hailey et a l . 1987) . For the cedar there is a range in proton density 
of 2.4% (6.13 to 6.28) excluding the rot sample (5 (C2)). It should be 
noted the spruce and pine samples had proton densities which are very 
similar (between 6.16 and 6.22). 

The moisture content determined by the FID, HFID and the SE are given in 
Table 4. The extrapolation of the FID and HFID signals (Figure 1) 
appears to have been successful. This eliminates the necessity to 
extrapolate by hand as was previously required. The straight FID 
measurement of moisture content is the most accurate of the three 
methods when the magnet homogenity is good. The modified HFID measure
ment using the 180' pulse to refocus the water signal has better 
accuracy when the magnet i s not homogeneous. This improvement i s 
reflected for the cedar sample 5 (Table 4) where the higher oven-dry 
moisture contents were overestimated by the FID method. The third 
method, that of using SE (Table 4 and Figure 2), suffers from deformity 
of the refocused so l i d (wood) signal resulting in a substantial overes-
timation of the moisture content as shown for both cedar samples. This 
method w i l l not be used for future work. The moisture contents for the 
cedar 4 sample show close agreement with the oven-dry moisture contents 
as do the HFID moisture contents for the cedar 5 sample. The moisture 
contents for the spruce and pine (shown in Table 4) indicate close 
agreement down to the fiber saturation point (FSP). Below the FSP the 
MR measurement of moisture content underestimates the true oven-dry 
content. 

5.1.1.2 Carr-Purcell-Meiboom-Gill (CPMG) 

The CPMG data using the traditional MINUIT data analysis for western red 
cedar, white spruce and lodgepole pine are given in Tables 5, 6 and 7 



Table 3 

Proton Density of Western Red Cedar, White Spruce and 
Lodgepole Pine Sasples for MC Determination 

Proton 

Species Sample Designation 
Density 
(% ̂ H) 

Cedar 4(C4) Sapwood (1987) 6.28 
Cedar 4(C4) Heartwood (1987) 6.14 
Cedar 4(C4) Juvenile Wood (1987) 6.13 
Cedar 4(C4) Sapwood(1988) 6.21 
Cedar 5(C2) Sapwood (1988) 6.23 
Cedar 5(C2) Rot (1987) 5.28 

Spruce 6(S3) Sapwood 6.20 
Spruce 4(S4) Compression Wood 6.18 
Spruce 4(S4) Normal Wood 6.16 
Spruce 4(S4) Stain 6.22 

Pine 3(P3) Sapwood 6.20 



Table 4 
CoiDparlson of MC for Western Red Cedar and White Spruce 

Obtained from the FID, HFID*, SE, and that 
Obtained By Oven-Drying 

Oven-Dry FID HFID SE 

Western Red Cedar (Sample 4(C4)) . 
174 174 172 221 
144 146 ~ 138 
87 87 87 105 
83 90 84 116 
12 12 10 16 

Western Red Cedar (Sample 5 (C2)) 
228 245 225 307 
126 135 125 170 
43 48 45 61 
11 12 11 17 

White Spruce (Sample 6 (S3)) 

Lodgepole Pine (Sample 3(P3)) 
74 74 
58 56 
24 18 
0.3 

* HFID = modified FID 



T 1 1 1 1 1 1 1 1 1 
0 30 60 90 120 150 180 210 240 270 

Time (u sec) 

Figure 1 A Typical H MR-FID for Western Red Cedar Showing the 
Extrapolation of the Solid (wood and water) and the Mobile 
(water) Signal. 





Table 5 

Values, Percent Signal and Water Content Corresponding 
to Each Tj Con^onent for Different Oven-Dry MC for 

Western Red Cedar Sasple s 4 (C4) and 5 (C2) 

MC (%) T2 (msec) 
% 

Per 
Signal 
Cortponent % MC/Component 

fast medium slow fast medium slow fast medium slow 

Sample 
174 

4 (C4) 
4.5 36 110 15 16 69 26 28 120 

144 5.0 33 111 19 15 65 27 22 94 
87 4.6 22 92 32 17 51 28 15 44 
84 4.7 18 78 31 16 53 26 13 45 
12 1.3 — — 100 — — 12 — — 

Sample 
228 

5(C2) 
6.5 45 188 13 16 71 30 36 162 

126 5.7 32 168 24 19 57 30 24 72 
43 4.5 17 109 65 20 15 28 9 6 
37 3.8 10 39 61 29 10 23 11 11 
11 1.6 — — 100 — — 11 — 



Table 6 

T2 Values, Percent Signal and Water Content Corresponding 
to Each T2 Conponent for Different Oven-Dry MC 

for White Spruce Sample 6 (S3) 

% S i g n a l 
MC (%) (msec) Per Component % MC/Component 

f a s t i f ast2 medium , slow f a s t i fast2 medium slow f a s t i f ast2 medium slow 

74 4.5 7.7 36 10 115 16 69 26 28 12 10 20 
87 2.3 7.7 44 97 28 18 21 34 24 16 18 30 
65 2.1 6.2 45 123 37 19 25 19 24 12 16 12 
46 1.9 4.1 34 87 36 39 10 16 17 18 5 7 
36 2.0 4.4 49 ~ 60 32 8 — 22 12 3 — 
23 2.0 ~ 17 ~ 80 ~ 20 — 18 — 5 — 
14 1.0 — 12 — 97 — 3 — 14 — 4 — 



Table 7 

T2 Values, Percent Signal and Water Content Corresponding 
to Each Tj Conponent for Different Oven-Dry MC for 

Lodgepole Pine Sanf>le 3 (P3) . 

MC (%) Tj (msec) 
% 

Per 
Signal 
Component % MC/Component 

fast medium slow fast medium slow fast medium slow 

74 1.3 22 227 43 46 10 32 35 7 
58 1.1 14 79 56 40 5 32 23 3 
24 1.2 18 57 43 14 10 

0.3 13.7 — 100 — 0.3 — 



respectively. It should be noted that there are four conponents for 
white spruce (Table 6). The component populations as a function of 
oven-dry moisture content for western red cedar and white spruce are 
given in Figures 3 to 6. 

(a) Anatomical Image Analysis Program 

The anatomical image analysis program was developed on the 
Kontron Image Analyser to determine c e l l dimensions. The program 
is particularly useful in determining tracheid and ray c e l l lumen 
diameters, percent ray volume, and c e l l wall volume. In the case 
of hardwoods, the volume of vessel segment lumens can also be 
determined. The program is based on scanning electron 
micrographs of the cross-section and the tangential section of 
the sample used in the MR spectrometer. Typical micrographs used 
for the analysis of western red cedar sample 5 (C2) for portions 
of the cross-section and tangential section are shown in 
Figures 7 and 8 respectively. The program captures an area 
approximately 300 Îm square using a video camera (the exact area 
depends on the magnification necessary for good c e l l resolution). 
The resulting video image is enhanced using various f i l t e r s to 
highlight the c e l l lumens. The video image is scaled to obtain 
the precise magnification for later measurement purposes. For 
the cross-section image, editing routines allow the measuring 
area to be outlined, rays to be removed and c e l l lumen boundaries 
to be smoothed. Editing of the tangential section image allows 
the rays to be outlined and c e l l lumen boundaries to be smoothed. 
The measuring area for the tangential section is determined from 
the size of a superimposed measuring frame. A binary thinning 
process expands the tracheid or ray c e l l lumens to the approx
imate location of the middle lamella. Just prior to measuring, 
any c e l l s which for any reason should not be counted are removed. 
The measuring routines then measure the individual c e l l total 
area, including the c e l l wall, the diameter of a c i r c l e into 
which that area would f i t , and the actual position of the c e l l 
centroid. The c e l l lumens are then measured for individual lumen 
area, the diameter of the c i r c l e into which that area would f i t , 
and the position of the c e l l centroid. The determination of the 
position of the centroid ensures that the same cells are counted 
for the c e l l lumens as for the total c e l l area. 

The data from the tangential section talcen from six systema
t i c a l l y chosen areas from the sample allow a calculation of the 
percentage area of the rays. They also allow calculation of the 
distribution of ray c e l l lumens and the percentage of c e l l wall 
in the rays. The data for each of at least six systematically 
selected complete growth rings from the cross-section provides 
the following anatomical information about the distribution of 
the diameters of the lumens and the percentage c e l l wall of the 
measured portion of the cross-section (which excludes the rays). 

The results of the image analysis of western red cedar sample 5 
(C2) are given in Table 8. The graphical representation of the 
percentage of the sample volume and the number of tracheids is 
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Figure 3 Behavior of CPMG Coir¥>onent Populations as a Function of 
Oven-Dry MC in Sample 4 (C4) of Western Red Cedar Sapwood. 



Figure 4 Behavior of CPMG Component Populations as a Function of 
Oven-Dry MC in Sample 5 (C2) of Western Red Cedar Sapwood. 



Figure 5 Behavior of CPMG Component Populations as a Function of 
Oven-Dry MC in Sanple 6 {S3) of White Spruce Sapwood. 
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Figure 6 Behavior of Two Fast CPMG Component Populations as a Function 
of Oven-Dry MC in Sample 6 (S3) of White Spruce Sapwood. 



Figure 7 Typical Scanning Electron Micrograph of a Portion of the 
Cross-Section in Western Red Cedar Sample 5 (02). 
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Figure 8 Typical Scanning Electron Micrograph of a Portion of the 
Tangential Section of Western Red Cedar Sample 5 (C2). 



Table 8 

Image Analysis of Western Red Cedar Sanple 5(C2) 

:ell Lumen Total Lumen Area % of Total 
Diameter Number of Cells x 10^) Volume 

(•[̂ ) Tracheid Ray Tracheid Ray 

3 6 0 0.04 0 0.004 
5 85 16 1.67 0.31 0.22 
7 65 75 2.50 2.89 0.74 
9 58 64 3.69 4.07 1.07 

11 45 17 4.89 1.62 0.07 
13 46 1 6.11 0.13 0.63 
15 45 0 7.93 0 0.79 
17 51 0 11.58 0 1.15 
19 54 0 15.31 0 1.52 
21 90 0 31.17 0 3.09 
23 87 0 36.15 0 3.58 
25 103 0 50.56 0 5.01 
27 114 0 €5.27 0 6.47 
29 131 0 86.53 0 8.58 
31 122 0 92.08 0 9.13 
33 100 0 ' 85.53 0 8.48 
35 98 0 94.29 0 9.35 
37 52 0 55.91 0 5.54 
39 27 0 32.25 0 3.20 
41 12 0 15.64 0 1.57 



given in Figure 9. From the distribution of tracheid diameters 
(Figure 9) the latewood c e l l would appear to extend to approx
imately 15 pm diameter. This allows a lumen volume for the 
latewood tracheids and the ray c e l l s of approximately 6.8%, which 
compares favorably with the 6% obtained for the cedar sapwood 
sample from last year's work (Hailey, et a l . (1985)). The 
development of this image analysis program w i l l speed up the 
anatomical data assessment and inprove i t s accuracy for the 
balance of the species and samples (Hailey, et a l . 1985). 

(b) Tj Data Analysis Techniques Using Linear Inverse Theory 

Figure 10 shows an exaiiple of a NNLS inversion of the T2 data 
from the cedar 5 sapwood sample. The lower frame gives the 
interpretation in terms of data functions. The upper frame gives 
an inversion of the data with a " f l a t norm' applied. This 
interpretation gives a smooth, continuous model which i s more 
consistent with the distribution of lumen sizes in the cedar 
sample (Figure 10). The three peaks should correspond to: water 
in the c e l l wall; early wood tracheids; and latewood tracheids 
and ray c e l l s . Work i s in progress to correlate these spectral 
features with the histogram of lumen sizes. 

Figure 11 ill u s t r a t e s the effect of different hydration levels on 
the MR spectra. The top frame shows a spectrum corresponding to 
a drier version of the same sample used in Figure 10. The bottom 
frame shows the same sample even drier. This analysis shows 
water is removed from the largest reservoirs f i r s t . Thus, MR i s 
able to not only give the moisture content at each hydration 
level, but also to indicate where the water resides. This infor
mation has important implications for the efforts to relate water 
location and content to wood properties. 

A linear programming (LP) construction algorithm was also 
developed. It calculates the optimal spectra by extremizing the 
objective function. Upper and lower bounds can be constructed 
over the localized Tj ranges. Because there i s a relationship 
between the water content and the spectral energy, this analysis 
i s very important to evaluating wood at different hydration 
levels. Figure 12 shows upper and lower bounds (solid and dashed 
lines respectively) on the average T2 spectra over four localized 
ranges. These are global bounds on a l l spectra, which f i t the 
data and are better than an average of any single constructed 
spectra. The application of this technique i s being further 
refined for production processing of MR CPMG data. 

The CPMG data for cedar and spruce at different hydration levels 
shown in Figures 3 to 6 and Tables 5 and 6 form the basis for 
interpretation using the linear inverse theory. The trend for 
the change in water location with reduced moisture contents for 
cedar i s very similar to that outlined in previous work (Menon 
et a l . 1987). The two samples (Cedar 4 and 5 in Figures 3 and 4 
respectively) behave almost identically even though they are from 
two different trees {C4 and C2). The white spruce data (Table 6) 
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reveal an additional fast Tj component when conpared to the work 
on spruce last year (Hailey et a l . 1987). This points out the 
d i f f i c u l t y of using MINUIT for separating the data into specific 
Tj components since multiple exponentials (in excess of three), 
while giving a s t a t i s t i c a l l y good f i t , may not have practical 
significance. The data is currently being analyzed using the 
linear inverse theory to determine the number of components 
actually present and w i l l be reported on after conpletion. The 
lodgepole pine data (Table 7) is similarly being analyzed using 
linear inverse theory. Reports in the form of journal articles 
w i l l be prepared for the following species groupings on comple
tion of the data analysis: 

spruce-pine-fir (SPF); 
Hemlock - abies sp.; 

• aspen-poplar; and 
cedar. 

(c) One-Dimensional Tj Images using the MR Spectrometer 

The development of one-dimensional images of the three water 
components in wood has been most valuable in identifying the 
location of each component. The results of the cedar previously 
imaged (Menon et a l . 1987b) have been submitted to Science and 
are awaiting acceptance. Figure 13 shows a different repre
sentation of the water distribution within the same cedar sapwood 
sample cross-section. Here the water intensity i s scaled using 
the grey scale and shown as a two-dimensional image. Black 
represents high water intensity while white represents low water 
intensity. 

The one-dimensional work is currently being extended to other 
species, in particular to white spruce. It i s also being 
extended to the imaging of wood at different hydration levels. 
In addition, the three components are being imaged during the 
drying of the sample in the spectrometer. This w i l l determine the 
f e a s i b i l i t y of measuring the moisture content in situ as well as 
identity the three components during the lumber drying process. 

5.1.2 Spin-Lattice Relaxation Time - T, 

The analysis technique for the correct interpretation of T̂^ using linear 
inverse theory has been developed. Both NNLS and LP were developed to 
analyze Tj data. Fortunately, the equations that govern T̂^ relaxation 
are exactly the same as the Tj equations. The development of T-,̂  data 
w i l l allow the calculation of 1-^ spectra for wood. This w i l l allow 
researchers to properly address the important problem of species iden
t i f i c a t i o n using MR. Only after analyzing each sample w i l l i t be safe 
to judge whether or not i t is one species or another. NNLS, LP and 
appraisal methods provide the analytical power necessary to differen
tiate between distinct spectra. Combining the respective interpretations 
of Tj^, Tj and other MR data w i l l add another dimension of r e l i a b i l i t y to 
the identification problem. One of the focal points for next year's 



Figure 13 Grey Scale Intensity Depiction of the 1-D Water Distribution 
for Western Red Cedar Sapwood for the Cell Wall (CW) 
Earlywood Tracheid (EW) and Latewood Tracheid and Ra^ Cell 
(LW) Components. ^ 



work w i l l be the incorporation of the linear inverse theory to resolve 
species separation. 

5.1.3 Two-Dimensional Imaging Using Medical MR Scanners 

The imaging of cedar using medical scanners has been previously demon
strated (Hailey et a l . 1987a). The imaging of white spruce (sound and 
compression wood) and lodgepole pine are shown in Figure 14 and 15 
respectively. The images are again limited by the time required for the 
radio frequency (RF) pulse generation and receiver dead band time. For 
these images this i s 26 milliseconds. The images of the sound spruce 
log show the sapwood/heartwood boundary, the bark, and growth ring 
differentation in the sapwood (Figure 14). The 2 x 4 section that 
contains the compression wood, also shown in Figure 14, clearly outlines 
the compression wood area. These observations are confirmed by the 
color photograph of the image plane (Figure 16). The lodgepole pine log 
(Figure 15) shows the sapwood/heartwood boundary, and growth ring 
differentation in the sapwood area. These observations are also con
firmed by the color photograph of the image plane (Figure 17). 

Contact has been made with the manufacturers of MR imaging equipment to 
determine the potential for equipment modifications that w i l l allow the 
the imaging of a l l wood characteristics. In particular, Bruker, General 
Electric, Instrvimentarium, Philips and Picker, Siemens, Toshiba, are 
supplying information on their current scanning systems and providing 
information on any research work they have carried out on wood. Philips 
and Picker Medical Systems have an MR scanner at Coliombia University, 
which has an echo time of around one millisecond and would thus allow 
imaging of even the c e l l wall water. This scanner w i l l be accessed next 
year for the imaging of suitable wood samples. In addition. Philips and 
Picker Medical Systems have scanners with the fast scanning sequence 
that should allow images to be made in seconds rather than minutes. 
These scanners w i l l also be accessed next year for the imaging of 
suitable wood samples. 

5.2 POTENTIAL AREAS FOR COMMERCIAL DEVELOPMENT 

5.2.1 Economic Analysis of the Three-Dimensional Imaging of Logs 

5.2.1.1 Problem Outline 

An internal scanning system, developed after more than a decade of 
research, should enable sawmills to increase revenues by a minimum of 
5% (on average) through detection of internal defects and consequently 
permitting optimal log rotation and positioning for sawing. The 
estimated installed capital cost would be between $1,300,000 and 
$2,600,000, which would allow the scanners to be operated at current 
m i l l speeds. 

5.2.1.2 Investment Analysis 

The f i r s t part of the analysis i s from the sawmill investment 
standpoint. Two m i l l sizes are considered: 70 MMBF and 140 MMBF per 



Figure 14 Magnetic Resonance Images of White Spruce Log S3 and White 
Spruce Compression Wood Sample S4 with echo times of 26, 52, 
78, 104, 130 and 152 Milliseconds. 



Figure 15 Magnetic Rasonance Images of Lodgepole Pine Log P3 with echo 
times of 26, 52, 78, 104, 130 and 152 Milliseconds. 





Figure 17 Photograph of Image Plane of Lodgepole Pinsi Xog P3. 



year at real discount rates of 10% and 20% at the extremes of capital 
cost. The annual operation and maintenance cost i s projected to be 5% 
of capital costs, 10 years of straight line depreciation with no salvage 
value, internal financing and an effective 40% tax rate. The summary of 
the investment analysis i s shown in Table .9 for a medium sized m i l l 
(70 MMBF), and in Table 10 for a large sized sawmill (144 MMBF). 

The worst case from an investment standpoint is for a medium sized 
sawmill of 70 MMBF, a $2.6 MM capital cost, and a real interest rate of 
20%, which would require a f u l l 5% improvement (Table 9). The best case 
is for a large sized sawmill of 144 MMBF, a $1.3 MM capital cost, and a 
real interest rate of 10%, which would only require a 0.8% improvement 
to jus t i f y . 

5.2.1.3 Research and Development and Total Investment 
Impact on the Canadian Forest Products Industry 

The second part of the economic analysis assesses the impact of the 
program of research and development and total investment on the Canadian 
forest products industry. The following assumptions were used: 

(a) that 5% of total Canadian softwood production is affected by 
1998; 

(b) that an additional 5% is affected each year for the next 10 years 
un t i l 2008 at which point 50% of production is covered accounting 
for some 150 sawmills; 

(c) research and development dollars are those expended by CFS for 
the internal scanning program; 

(d) lumber production and real prices remain at 1986 levels, and 

(e) a 10% discount rate is used. 

The summary of this economic inpact analysis i s given in Table 11. The 
ratio of benefits to costs (sum of row 8 divided by sum of row 7) i s 
$457 MM/$183 MM or 2.49. The net present value to the industry (sum of 
row 13) is $274 MM. Because this assumes an investment in real CFS 
dollars of approximately $100 M per year for 10 years for the current 
research and development program, the impact of doubling the research 
and development expenditure reduces the ratio of benefits to costs to 
2.46 from 2.49. This would decrease the time required for implementa
tion of this technology. It must be emphasized that the actual research 
and development costs are more than those assumed here. The costs of 
our current program greatly exceeds the actual CFS expenditures due to 
the involvement of the University of British Columbia Physics, Radiology 
and Botany departments and other research being carried out in this 
f i e l d by equipment manufacturers and other research institutes. 

5.2.2 Spin-Off Applications from Internal Scanning of Logs Using MR 

There are a number of potential applications of the MR technology which 
have significance to the forest products industry. Then applications. 



Table 9 

Investment Analysis for a Medium Sized Sawmill of 70 MMBF and an 
Average Selling Price of $280 per MBF and a 5% In^srovement 

C a p i t a l 
Cost 
$MM 

Real 
Interest 

Rate 
% 

Net 
Present 
Value 
$MM 

Internal 
Rate of 
Return 

% 
Payback 
Years 

Minimum 
Required 
Improvement 

% 

1.3 10 2.3 52 1.9 1.7 

1.3 20 1.2 52 1.9 2.5 

2.6 10 1.2 26 3.9 3.4 

2.6 20 0 26 3.9 5.0 



Table 10 

Investment Analysis for a Large Sized Sawmill of 144 MMBF and an 
Average Selling Price of $280 per MBF and a 5% Inprovement 

Capital 
Cost 
$MM 

Real 
Interest 
Rate 
% 

Net 
Present 
Value 
$MM 

Internal 
Rate of 
Return 

% 
Payback 
Years 

Minimum 
Required 
Improvement 

% 

1.3 10 6.0 102 1.0 0.8 

1.3 20 3.8 102 1.0 1.2 

2.6 10 5.1 52 1.9 1.6 

2.6 20 2.7 52 1.9 2.4 

! 
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outlined below, are related to the work carried out using the MR 
spectrometer. 

5.2.2.1 Moisture Content Measurement In Situ 

The moisture content of wood can be measured particularly effectively 
when i t exceeds the fiber saturation point very rapidly, with an accu
racy of about 2%. Modifications to the measuring technique should give 
the same or better accuracy below the fiber saturation point. One 
application of this would be the measurement of the moisture content in 
the longitudinal direction, giving the in-line determination of the 
actual water present in lumber. There is no other known way to accu
rately do this. This measurement should be possible at line speeds and 
would allow accurate separation of wet lumber. It would also allow 
segregation of certain moisture content ranges for such applications as 
ensuring that lumber i s near but above the fiber saturation point for 
optimal preservation treatment. 

5.2.2.2 Species Separation 

The identification of species using MR has a high potential for success. 
The data analysis techniques have been refined to allow evaluation of T̂^ 
as well as Tj. However, another year is required to understand the 
physical interpretation of T̂ ,̂ which seems to have some effects related 
to species differences. This w i l l allow definition of the MR parameter 
or combination of parameters and their relationship for each species, 
which w i l l allow species to be separated. 

5.2.2.3 Mechanism of Moisture Movement in Wood During Lumber Drying 

The a b i l i t y of MR to measure and image moisture content in situ during 
drying makes this technique unique. There is no other technicjue that 
can currently do this. In addition, the a b i l i t y to image the moisture 
components associated with the c e l l wall, small diameter c e l l s and large 
diameter c e l l s w i l l give another unique and much more important insight 
into the drying mechanism. Theories of drying mechanisms have been 
developed over the past few decades but their confirmation requires 
proof. This can now be obtained using MR. The commercial application 
of this technology w i l l depend on research to develop the most effective 
and ef f i c i e n t drying techniques. The resulting techniques would then 
have global application to the wood drying f i e l d . 

5.2.2.4 Imaging of Wood in the Earth's Magnetic Fie l d 

In recent investigations, wood has been imaged using medical imaging 
ecpaipment of varying degrees of f i e l d strength. This equipment is 
expensive and not very portable. Experiments involving the earth's 
magnetic f i e l d have shown that the standard MR parameters of and Tj 
can be precisely measured. The potential imaging of wood by these means 
should have great value in forestry applications. 



5.3 RESEARCH DIRECTION TO BRING MR TECHNOLOGY TO 
THE STAGE OF ON-LINE THREE-DIMENSIONAL IMAGING 

There are five parts to the required research effort to see on-line 
three-dimensional imaging of logs and lumber in the sawmill environment. 
These are: 

• continued correlation of MR parameters; 

• MR equipment modifications; 

an expansion of the long-term economic analysis; 

• sawing simulation to provide value recovery optimization 
based on the three-dimensional information; and 

sawmill equipment modifications to take advantage of the 
optimization sawing simulation. 

The f i r s t three parts are being addressed by the Internal Scanning of 
Logs and Lumber Project. 

5.3.1 Correlation of MR Parameters with Physical and 
Chemical Characteristics of Major Canadian Species 

This segment is very important for the.ultimate achievement of three-
dimensional imaging of logs and lumber. To date, spectroscopic studies 
on the sapwood and heartwood of the nine western Canadian species 
(Douglas-fir, western red cedar, white spruce, lodgepole pine, western 
hemlock, amabilis f i r , alpine f i r , trembling aspen and balsam poplar) 
have provided essential information about the effect of normal wood on 
the T2 MR parameter. The studies of different hydration levels of a l l 
but amabilis f i r have led to a good understanding of the effects of 
moisture content of the Tj MR parameter. The spectroscopic studies done 
with cedar rot and juvenile wood and white spruce compression wood have 
extended our knowledge of abnormal wood characteristics. The MR imaging 
studies for a l l of the above species have shown the f e a s i b i l i t y of 
identification and spatial location of many wood characteristics 
(Table 1). Both the spectroscopic and imaging studies need to be 
continued. 

The spectroscopic studies must continue with a more complete examination 
of the f u l l range of species to confirm moisture content measurement 
techniques in s i t u . The one-dimensional studies must also continue to 
confirm the technique for more species so that interpretation of the 
water components location can continue. The use of anatomical image 
analysis and the more sophisticated linear inverse theory must be 
continued so that correlation of the MR parameters can be completed for 
the f u l l range of species. The spectroscopic studies must examine a 
broader range of abnormal characteristics. Characteristics such as rot, 
compression wood, incipient decay, knots, juvenile wood, etc. must be 
analyzed from different species. The Tĵ  MR parameter must be analyzed 
and i t s interpretation determined for a broad range of species so that 
such applications as species identification can be evaluated. 



The imaging studies need to evaluate short (approximately one m i l l i 
second) echo times, fast scanning (total image in tens of seconds), low 
magnetic f i e l d imaging, and u t i l i z a t i o n of the T̂  parameter after i t s 
interpretation has been completed. This work w i l l be carried out at 
appropriate imaging f a c i l i t i e s in conjunction with imaging experts with 
MR equipment manufacturers. The continuance of these imaging studies 
coupled with the paral l e l spectroscopic studies w i l l help confirm the 
identification using MR parameters of wood characteristics. 

5.3.2 MR Equipment Modifications 

This phase w i l l u t i l i z e results of the spectroscopic and imaging studies 
to help identify equipment modification required to give complete 
three-dimensional identification and spatial location of normal and 
abnormal wood characteristics. This w i l l require practical resolution of 
characteristics ranging between half and one centimeter cubed. There is 
a time limitation for the data to be collected and analyzed on-line at 
either the log bucking station or just prior to primary log breakdown. 
This means MR imaging equipment must be able to collect appropriate data 
and analyze i t in seconds. The identification and spatial location of 
the wood characteristics must be then made available to a sawing simula
tion program, which i s discussed later. This phase w i l l recjuire much 
coordination with MR equipment manufacturers. The preliminary contacts 
w i l l be continued with more specific equipment specifications being 
obtained and closer links between researchers and relevant companies 
being established. 

5.3.3 Economic Analysis 

The preliminary economic analysis of the three-dimensional imaging of 
logs and lumber needs to be refined. First and foremost i s the need to 
confirm the underlying assumption of the percent improvement in value 
recovery that can be achieved through application of this technology. 
Although various sources quote the recovery improvement to be between 4% 
and 20%, each of these studies requires careful scrutiny to determine 
the actual percentage for coastal and interior B.C. and western Canada 
sawmill applications. Some other refinements that would be useful are: 

<a) evaluating the uncertainty regarding the distribution for the 
value recovery or grade improvement; 

(b) approximating better the future real prices and production levels 
as could be provided by FORSIM; and 

(c) evaluating through technology forecasting such advances as 
superconductivity, which affects the major cost component of MR 
equipment—the magnet, and increased computer processing speeds. 

5.3.4 Sawing Simulation 

It i s necessary to develop a f u l l scale sawing simulation program which 
takes into account the internal defect and wood quality information to 
be generated from the internal scanning project. The lumber manufactur
ing departments of Forintek's Eastern and Western Laboratories have both 



indicated their interest in creating such a program. PROSAW, to be 
developed under Steve Wang's guidance, is the acronym for the Western 
Laboratory's f u l l scale simulation program indicated in the 1988/89 
program of work proposal. B i l l Trooper of the Eastern Laboratory has 
indicated interest in developing a program to u t i l i z e the internal 
three-dimensional defect and wood quality information for primary 
breakdown. There is an awareness that one of our major members has 
already developed such a program, although i t is not available for 
purposes other than their internal research and development programs. 
It appears to have taken some six to nine man-years to develop. 

5.3.5 Sawmill Equipment Design 

The flow of logs in the processing sequence should remain the same as 
now, given that the time required to scan and optimize the three-
dimensional information is short enough. Sawmill processing equipment 
w i l l require modification to allow transfer of optimizing information 
while maintaining the correct orientation of logs. This w i l l need to be 
done in conjunction with an appropriate sawmill equipment manufacturer. 
The case example of some three-dimensional technology about to be 
installed in B.C. within the next year w i l l be monitored. 

6.0 SUMMARY 

The optimum value and recovery of logs and lumber can only be achieved 
when their external and internal chemical and physical properties are 
known. These properties must be located spatially and used to decide 
how the logs, or lumber, should be broken down into the most suitable 
products before they are touched by a cutting tool. Magnetic resonance 
is a diagnostic tool that can identify the physical and chemical charac
t e r i s t i c s of wood in this manner. 

The objectives of this report are: to corelate the chemical and physical 
properties of major Canadian wood species with magnetic resonance (MR) 
data; to identify potential areas from this research for commercial 
development; and to identify future research required to bring MR 
technology to the stage of on-line, three-dimensional imaging of defects 
and wood characteristics for logs and lumber. 

The moisture content determination by MR using a FID was shown to have 
an accuracy of 2%. The correlation of three identified water locations 
from the Tj data was enhanced by using the anatomical image analysis 
program developed for this research. Linear inverse theory provided a 
powerful data analysis tool for interpreting both T̂^ and Tj and w i l l 
provide the analysis tool for developing species identification 
capabilities. The one-dimensional imaging technique developed for 
imaging similar anatomical components in cedar i s being applied to other 
species at different hydration levels. Cross-section MR images produced 
clearly show sapwood/heartwood boundaries, pith, compression wood, and 
growth ring definition in the sapwood. Sufficient data was collected 
this year to prepare several journal a r t i c l e s . These w i l l be prepared 



with respect to particular species and species groupings (i.e., 
Hemlock/Balsam; Spruce-Pine-Fir; Treinbling aspen/balsam poplar). 

Contacts have been made with major MR equipment manufacturers around the 
world. These contacts indicate new powerful imaging systems are now 
available which may see a l l of the water in the wood and can obtain 
images in seconds rather than minutes. Additionally, these contacts are 
planned to lead to cooperative ecjuipment development programs that w i l l 
produce the equipment needed by our industry to reap the technical and 
economic benefits identified by our research. 

A preliminary economic analysis of three-dimensional internal scanning 
of logs indicates a good return on investment both for an individual 
sawmill and for the Canadian Forest Products Industry. Some of the 
spin-off applications of MR technology are: moisture content measure
ment in situ; species separation; investigation of the wood drying 
process and development of portable MR scanners using the earth's 
magnetic f i e l d . 

Future research required to develop three-dimensional internal scanning 
of logs using MR technology into commercial reality includes the 
following: continuation of studies correlating MR parameters with the 
physical and chemical characteristics of Canadian species; working with 
MR ecjuipment manufacturers to develop suitable scanners for sawmill 
application; expansion of the economic analysis, and development of a 
comprehensive sawing simulation to allow primary breakdown optimization 
based on the nature and location of internal wood characteristics. 

At the current stage of the project i t i s established that the three-
dimensional imaging of logs and lumber w i l l improve the value recovery 
of a sawmill by up to 20%. 
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