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A few perspectives on wood structure

• Forester growth, form, health
• Papermaker fibre dimensions, chemical constitution
• Timber producer stiffness, strength, stability, visual 

appearance
• Preservationist penetration, durability
• Industrialist suitability for products, value, cost
• Biologist structure and function in living organism
• Musician damping and vibration transmission
• Physicist mechanical, thermal, electrical, optical properties
• Spectroscopist molecular structure and composition
• Physical chemist polymeric constituents, surface properties
• Taxonomist categorisation, identification of species
• Artist cutting properties, visual appeal
• None it is what it what is
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Products
prediction of solid wood properties
prediction of fibre and paper properties
prediction of fibre composite properties

Products
prediction of solid wood properties
prediction of fibre and paper properties
prediction of fibre composite properties

Environment
monitoring silvicultural effects
monitoring effects of site
monitoring effects of environment
dendroclimatology
growth modeling

Environment
monitoring silvicultural effects
monitoring effects of site
monitoring effects of environment
dendroclimatology
growth modeling

Genetics
rapid screening of families and clones 
correlation with genetic markers
identification of genes for wood quality
estimation of heritability
age-age correlation

Genetics
rapid screening of families and clones 
correlation with genetic markers
identification of genes for wood quality
estimation of heritability
age-age correlation

Variation
forest inventory
generation of tree models

Variation
forest inventory
generation of tree models

Some applications of wood structure information



I suspect
we will have trouble
flowering this year

Destructive samplingDestructive sampling
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Typical prepared radiata pine samplesTypical prepared radiata pine samples



MeasurementMeasurement



Density - very important

• Strength of wood
• Stiffness of wood
• Hardness of wood
• Fibre collapse potential
• Log and chip transport
• Digester loading
• Permeability
• Highly heritable

Density - very important

• Strength of wood
• Stiffness of wood
• Hardness of wood
• Fibre collapse potential
• Log and chip transport
• Digester loading
• Permeability
• Highly heritable



Anders Rindby, Sweden x-rays, linear sensorAnders Rindby, Sweden x-rays, linear sensor

John M. Harris, New Zealand b-rays 90Sr
IAWS 1973
John M. Harris, New Zealand b-rays 90Sr
IAWS 1973

Hubert Polge, France x-rays
IAWS 1972
Hubert Polge, France x-rays
IAWS 1972

Scanning densitometry – many researchersScanning densitometry – many researchers

Dave Cown and Brian Clement, x-rays 55Fe
New Zealand
Dave Cown and Brian Clement, x-rays 55Fe
New Zealand

Examples:Examples:



X-ray densitometryX-ray densitometry

II
transmitted intensity

I0I0

incident intensity

t thickness

mm mass absorption coefficient (varies with 
density for polychromatic radiation)



X-ray densitometryX-ray densitometry

I0I0

II
transmitted intensity

(measured)

incident intensity 
(measured)

sample thickness
(constant)

mass absorption
coefficient (constant for 

monochromatic radiation)

r =       lnr =       lnmmtmmt
11

density



shadow
image

shadow
image

tangential dimensiontangential dimension

radial dimensionradial dimension

An experimental arrangement for x-ray densitometryAn experimental arrangement for x-ray densitometry

~ parallel
x-ray beam
~ parallel
x-ray beam



Densitometric images of pine sample stripsDensitometric images of pine sample strips

50 mm50 mm

mature woodmature wood

juvenile woodjuvenile wood



Density is not enoughDensity is not enough



Same density, different coarsenessSame density, different coarseness



Same coarseness, different densitySame coarseness, different density



Cross-sectional dimensionsCross-sectional dimensions



WOOD DENSITY
(densitometry)

&

FIBRE DIAMETERS
(image analysis)

&

FIBRE WALL DENSITY
(constant)

WOOD DENSITY
(densitometry)

&

FIBRE DIAMETERSFIBRE DIAMETERS
(image analysis)(image analysis)

&&

FIBRE WALL DENSITY
(constant)

FIBRE COARSENESS

FIBRE  WALL THICKNESS

SPECIFIC SURFACE AREA

FIBRE COARSENESS

FIBRE  WALL THICKNESS

SPECIFIC SURFACE AREA

Fast and easy Slow and difficult
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J. M. HarrisJ. M. Harris

A. J. StammA. J. Stamm

A.M. Scallan and H.V. GreenA.M. Scallan and H.V. Green

K. W. BrittK. W. Britt

Relating wood properties to each other 
1960s / 1970s
Relating wood properties to each other 
1960s / 1970s



Alfred J. Stamm (1897-1985)
IAWS

PhD in Colloid Chemistry
Madison Wisconsin, 1925

U.S. Forest Products Laboratory
1925 – 1959

Worked with Svedberg in 
Sweden

Alfred J. Stamm (1897-1985)
IAWS

PhD in Colloid Chemistry
Madison Wisconsin, 1925

U.S. Forest Products Laboratory
1925 – 1959

Worked with Svedberg in 
Sweden

Photos curtesy of Alfred Stamm (Junior)



Alfred J. Stamm at North Carolina State, 1960s

“Wood and Cellulose Science” published 1964 (p 186)

Alfred J. Stamm at North Carolina State, 1960s

“Wood and Cellulose Science” published 1964 (p 186)



Alfred J. Stamm
CSIRO Forest Products Laboratory

1955/56

Alfred J. Stamm
CSIRO Forest Products Laboratory 

1955/56



Kenneth W. Britt

Coarseness from fibre 
count and density in dowels

ESPRI, Syracuse

Kenneth W. Britt

Coarseness from fibre 
count and density in dowels

ESPRI, Syracuse

Photos curtesy of John Unbehend
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Image analysisImage analysis

microscopemicroscope

polished transverse surfacepolished transverse surface



Radiata pine 1.5 x 1.0 mm reflected light



Radiata pine 1.5 x 1.0 mm transmitted light



Also works for fibres in poplar



tangential wallstangential wallstangential wallsradial wallsradial wallsradial walls originaloriginaloriginal



walls diameter map filtered

Image processingImage processing
radialradial

tangentialtangential



6.0 mm x 1.5 mm6.0 mm x 1.5 mm

5050

00

radial diameter  mmradial diameter  mm

Tracheid radial diameter mapTracheid radial diameter map



Wood fibre transverse properties, excluding tangent ial variance
Radiata pine

Length  :  108.7 mm File : radiata
Area      :     371 cm 2 Weighting : area

tangential diameter  mmmmm

%cv = 18

32.2
4.9

611
183

28.5
2.3

540
107

3.44
0.98

233
49

mean
sdev
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CSIRO Forest Products 08-Jun-1995

radial diameter  mmmmm 

conditioned density  kg m -3

coarseness  mmmmg m -1

wall thickness  mmmmm

specific surface area  m 2 kg -1
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Typical wood property profiles



Total number of tracheids examined ~35,000,000

Variation within trees is far far greater than that between trees

Effect of measurement scale on variation (radiata p ine)



0.02 mm0.02 mm
Softwood modelSoftwood model

S3S3

S2S2

S1S1

PP

Wood cell wall structure

Alan Wardrop

Wood cell wall structure

Alan Wardrop



Simple model
Microfibril angle
S2 wall layer

Appropriate for 
some studies

Efficient control of 
mechanical 
properties

Simple model
Microfibril angle
S2 wall layer

Appropriate for 
some studies

Efficient control of 
mechanical 
properties

MFA

Robert Evans



Microfibril angle by microscopyMicrofibril angle by microscopy

Derek Page – polarised light, mercury-filled lumens

Lloyd Donaldson – pit apertures as windows

Ho Fan Jang and Raj Seth – fluorescence confocal microscopy

Warren Batchelor – confocal microscopy of wood and pulp

Derek Page – polarised light, mercury-filled lumens

Lloyd Donaldson – pit apertures as windows

Ho Fan Jang and Raj Seth – fluorescence confocal microscopy

Warren Batchelor – confocal microscopy of wood and pulp

For example:For example:



Effect of microfibril angle on fibre strength and stiffnessEffect of microfibril angle on fibre strength and stiffnessEffect of microfibril angle on fibre strength and stiffness

microfibril angle   degreemicrofibril angle   degreemicrofibril angle   degree

2.02.02.0

1.51.51.5

1.01.01.0

0.50.50.5

000

tensile strength  GPatensile strength  GPatensile strength  GPa

101010 202020 303030 404040

808080

606060

404040

202020

000

tensile modulus  GPatensile modulus  GPatensile modulus  GPa

101010 202020 303030 404040

kraft 45%
holocellulose

kraft 45%kraft 45%
holocelluloseholocellulose

kraft 45%kraft 45%
white sprucewhite spruce
black spruceblack spruce

Derek Page, PapricanDerek Page, PapricanDerek Page, Paprican



X-ray diffractionX-ray diffraction



Miller indices for cellulose IMiller indices for cellulose I
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Idealised cellulose-I 
crystallite cross-section
~10nm x 4nm

Idealised cellulose-I 
crystallite cross-section
~10nm x 4nm



X-ray diffraction (Bragg)X-ray diffraction (Bragg)

nl =2d sinqnl =2d sinq
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incident rays

incident rays ‘re
fle

cte
d’ ra

ys

‘re
fle

cte
d’ ra

ys

Reinforcement when path difference is
an integral number of wavelengths

Reinforcement when path difference is
an integral number of wavelengths



Diffraction analysis of wood (many researchers)Diffraction analysis of wood (many researchers)

P.H. Hermans (Netherlands) 1940s

R.D. Preston (England) 1940s

M. Kantola and S. Seitsonen (Finland) 1960s

B. Meylan and I. Cave (New Zealand) 1960s -

P.H. Hermans (Netherlands) 1940s

R.D. Preston (England) 1940s

M. Kantola and S. Seitsonen (Finland) 1960s

B. Meylan and I. Cave (New Zealand) 1960s -

Some early contributors:Some early contributors:



Photo courtesy of Prof. A.C.T North, Leeds

R.D. Preston (1897-2000)
IAWS 1972

PhD in Physics Leeds, 1925

University of Leeds

Worked with Astbury

Cell wall studies
X-ray diffractometry
Electron microscopy

“The Physical Biology of 
Plant Cell Walls” 1974

R.D. Preston (1897-2000)
IAWS 1972

PhD in Physics Leeds, 1925

University of Leeds

Worked with Astbury

Cell wall studies
X-ray diffractometry
Electron microscopy

“The Physical Biology of 
Plant Cell Walls” 1974



Early electron micrograph 
of cellulose microfibrils

Smallest structures only a 
few nanometres wide

Early electron micrograph 
of cellulose microfibrils

Smallest structures only a 
few nanometres wide

R. D. PrestonR. D. Preston



Alan Wardrop
PhD with Preston (Leeds 1949)
CSIRO Forest Products 1947 -1964

Alan Wardrop
PhD with Preston (Leeds 1949)
CSIRO Forest Products 1947 -1964

Preston’s 
microscope ?



Pole figuresPole figures



Ideal S2 pole figure for 002 planes in a
flat cell wall with parallel axi-symmetric microfibrils

Ideal S2 pole figure for 002 planes in a
flat cell wall with parallel axi-symmetric microfibrils

fibre axis
fibre axis
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leftleft

front
front ba

ck
ba

ck

rightright

back wall
front wall

Pole figure for four walls with 
some angular dispersion of 

microfibril orientation

Pole loci for parallel 
microfibrils in two 

walls



Pole figuresPole figures



source

002 pole figure

002 diffraction

pattern 002 reflection circle

tangential walls
radial walls



tangential dimension

radial dimension

x-ray beam

diffraction
pattern

Experimental arrangement for x-ray diffractometryExperimental arrangement for x-ray diffractometry
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X-ray diffraction pattern for wood
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Low MFALow MFA

Medium MFAMedium MFA

High MFAHigh MFA

Mapping onto spherical coordinatesMapping onto spherical coordinates



2T2T 2T2T

Meylan and Cave angle TMeylan and Cave angle T

T = MFA + 2sT = MFA + 2s

2s2s

MFAMFA

Published in mid 1960sPublished in mid 1960s



Ian Cave and Brian Meylan, Westport, NZ, 1997Ian Cave and Brian Meylan, Westport, NZ, 1997
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Variance (S2)  vs MFA(m) and MFA dispersion (s )

Independent of number of walls and axial rotation



Automated analysis of diffractograms

2S 2S

m2 = 2(S2 - s2)



Norway spruce (STFI, Sweden)
244.8 mm diameter
1224 diffraction profiles
7 hours

pith
pith

norm
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Radiata pine thinning and fertilisation, Australia

pith

bark

Data from Nyakuengama et al



Compression wood detection
Spruce (STFI)
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Norway spruce radial cores
(STFI, Sweden)

0 m

1.4 m

10 m

5 m

15 m
20 m

12 years before sampling

Robert Evans



integration lengthintegration length
0.2 mm   (250 min)0.2 mm   (250 min)
10.0mm  (5 min)10.0mm  (5 min)
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Comparison of high and low resolution profilesComparison of high and low resolution profiles



Microscopy:
Average direction of microfibrils relative 
to reference direction (fibre axis)

X-ray diffractometry:
Weighted mean deviation of microfibrils 
from reference direction

Microscopy:
Average direction of microfibrils relative 
to reference direction (fibre axis)

X-ray diffractometry:
Weighted mean deviation of microfibrils 
from reference direction
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Robert Evans



Wood stiffness related to structureWood stiffness related to structure



Sonic modulus measurementSonic modulus measurement

microphone
microphone

strike end grain
strike end grain

soft
suspension
soft
suspension

Sample 20x20x300 mm

Sample 20x20x300 mm

EL = 4 L2 f2 r (Kollman & Krech 1960)

EL =  longitudinal MOE
L =  sample length
r =  sample density
f =  fundamental frequency

EEL L = 4 L= 4 L2 2 ff2 2 rr (Kollman & Krech 1960)(Kollman & Krech 1960)

EELL =  longitudinal MOE=  longitudinal MOE
LL =  sample length=  sample length
rr =  sample density=  sample density
ff =  fundamental frequency=  fundamental frequency

Apparatus:Jugi Ilic, IAWS

IAWS



Density and MFA are moderate estimators of stiffnessDensity and MFA are moderate estimators of stiffness

R2 = 0.65
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R2 = 0.84
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density / MFA is a strong estimator of stiffnessdensity / MFA is a strong estimator of stiffness



Improving estimates of wood stiffness by 
including ‘background’ scattering
Improving estimates of wood stiffness by Improving estimates of wood stiffness by 
including ‘background’ scatteringincluding ‘background’ scattering

S2 crystalline celluloseS2 crystalline cellulose

Primary wall, S1, S3, vessels, parenchyma
amorphous cellulose, hemicellulose, lignin
Primary wall, S1, S3, vessels, parenchyma
amorphous cellulose, hemicellulose, lignin

true baselinetrue baseline



Mixed speciesMixed species
RR22 = 0.85= 0.85
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Alpine ashAlpine ash
RR22 = 0.94= 0.94

Radiata pineRadiata pine
RR22 = 0.86= 0.86
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R2 = 0.94, SE ~1 GPa

Estimated MOE   GPaEstimated MOE   GPa

Estimating modulus of elasticity by diffractometry and densitometryEstimating modulus of elasticity by diffractometry and densitometry



coarseness     density       perimeter  wall thickness    density   microfibril angle  stiffnesscoarseness     density       perimeter  wall thickness    density   microfibril angle  stiffness

highlow

Whole tree property mapsWhole tree property maps

Pinus radiata Eucalyptus nitens



paperpaper

Robert Evans



Collapse of fibre controlled largely by density 
(wall thickness / perimeter)

Sheet density and bonding also strongly 
affected by fibre bending stiffness

Higher degree of collapse also 
results in lower bending stiffness 
and greater conformability



Sheet density (revs, MOE)
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TECHNIQUES

Pulp testing

UV spectroscopy

Infra-red spectroscopy 

Light microscopy

X-ray diffractometry

Sonic spectroscopy

Electron diffractometry

Remote sensing

X-ray microscopy

Genetic analysis

Ultrasonic spectroscopy

Protein analysis

Atomic force microscopy

Synchrotron applications

Electron microscopy

Dendrometry

Chemical analysis
UV microscopy

Fibre length analysis

PROCESS
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Solid wood,
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discovery

Pulp and paper
properties
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STRUCTURAL
MODELS

Species
diversity
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Whole tree
maps

Cell wall
topochemistry

Molecular
structure
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maps

Xylem
structure
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geometry
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orientation

Crystal
structure

Branching
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