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Wood has been used for thousands of years as
an environmentally friendly and renewable construction material
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NIR Spectroscopy
In Wood Science and Technology




So far, over 500 NIR research aimed at the wood or paper science and
industry have been published.
Most of them have been published in latter half of 1990s and 2000s.

1. WOOD CHEMISTRY AND PHYSICS
1-1. Assignment of NIR Absorption Bands Related to Wood
1-2. NIR Research for Chemical Composition of Wood
(Lignin, Cellulose, Extractives)
1-3. NIR Research for Physical Property of Wood
(Moisture content, Grain angle and surface roughness, Density,
Anatomical parameter, Mechanical property)

2. ENGINEERING WOOD
3. WOOD DEGRADATION AND MODIFICATION
4. PULP AND PAPER

Pulp and Paper Making System
Pulp Yield

Chemical Component of Pulp
Physical and Optical Research for Pulp and Paper

S. Tsuchikawa, Applied Spectroscopy Reviews, 42: 43-71, 2007
S. Tsuchikawa and M. Schwanninger, Applied Spectroscopy Reviews, 48: 560-587, 2013



Original and Second-Derivative NIR Spectra for Japanese Red
Pine and Japanese Zelkova
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Wood is a complex material st o e
(Composed of cellulose, lignin, racheid Vessols

hemicellulose
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Topic |

Construction of Novel Wood Densitometer
using NIR Laser System
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Light Sensing Technique for Detection of
Wood Density

Energy [eV] leV 2eV 100eV

e |

1000000nm  2500nm 600nm

X-ray
Densitometry

CCDEXamera




Light Sensing Technique for Detection of
Wood Density

Energy [eV] leV 2eV 100eV 1240eV

)

1000000nm _ 2500nm  600nM
wavelength (4) Near Infrared

Safety  Resolution  Cost Coherency Permea-

bility

NIR Safely High Low No Mid
Spectroscopy

_Safely High Low Yes High



Development of NIR Device

 Continuous wave laser

— P1Imm APD sensor
_ CW laser A .
— 830nm \

- APD sensor #
— ®5mm 4 -

Measurement with
step of 0.1mm




« Sample
— Douglas fir

(Thickness : 2mm,
3mm, 4mm)

e Measurement of
density by the x-ray
densitometer

(as reference)




Fitting of Lambert-Beer Law

LB law Is available for non-scattering materials.

A = ¢gcd

A : Absorbance

¢. Absorption coefficient
c . Density

d : Sample thickness
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Fitting of Lambert-Beer Law

LB law Is available for non-scattering materials.

A=¢cd ‘

A : Absorbance Optical path length
g. Absorption e
coefficient Sample thickness
¢ : Density B

d : Sample thickness

Scattering phenomenon affects optical path length.



Proposal of Modified LB Law
dA
dc

A : Absorbance

A=¢cC G

c . Density
G : Attenuation

d_A: Optical path length
dc

0 0.2 0.4 0.6_3 0.8 1
Density (gcm ™)



Fitting of Modified LB Law

(b)

Measured density
by X-ray device

Measured density

/ by NIR device

JD(: Sample thickness

Dttt

10 15 20 :3 mm
Position (mm)

Density (g cm”)




Statistical Results due to Relationships
between Measured Density by X-ray and
Predicted Density by NIR

Thickness Number of RSS™ R2%2 RMSEC (g cm3)*3
measurement
points

2 mm 288 0.120 0.75 0.075

3 mm 668 0.611 0.81 0.081

4 mm 295 0.175 0.73 0.105

"IThe residual sum of squares
“?Determinant coefficient
“Root mean squared error of calibration



Topic I
Determination of True Optical Absorption and

Scattering Coefficient of Wooden Cell Walll

Substance by Time-of-Flight NIR Spectroscopy




Time-of-Flight near infrared spectroscopy (TOF-NIRS) make it
possible to assess the internal properties by analyzing the
transmitted pulse including the information about the light
propagation in sample.

Laser Diode

Streak
Head (846 nm) S

Camera

S
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Wood Sample

A A

J_L Trigger J-L
Light

Pulse B Delay 'Com uter|
Controller J-L k- Unit 3




The principle of TOF-NIRS is to send short light pulses into a
medium and to measure the time-resolved profile of the
diffusely transmitted photons.

Injected pulse  Sample  Time-resolved profile

# Including information about
optical phenomena in sample

A

Intensity

Time (ps) . Time (ps)



The absorption and the reduced scattering coefficients of the

medium can be computed by sol

ving the diffusion

approximation to the radiative transfer equation.

(Patterson et al. 1989)

(d—2z)°

T(d t)=(4nDe) 2 t32exp(uct) X {(d — 2,)exp [— e

(3d — z,)?
+(3d—z)exp |- apar” |

T(d,t): time-resolved profile at each time, d: thickness, t:tim
us: reduced scattering coefficient, ua: absorption coefficient,
D=[3(us+pa) ]t zp=ps?t

] — (d +zy)exp |— " 4Dct

(3d +zp)°
— (3d + zp)exp | =~ 4Dct

e, c: light speed (300mm/ns)
g: anisotropic parameter

However, wood
cellular structure

is like aggregate
of hollow fiber

(d+Zo)2]

|



The wood samples were impregnated with three kind of

organic solvent to reduce multiple scattering in lumen.

Cell wall Air
(Nye/D =1.55) (Nye/D = 1.0)

/éy reflect -

Solvent
(Nyo/D = 1.55)

Cell wall
(Nye/D =1.55)

Hexane Toluene Quinoline
CeHy, CeH<CH, CoH,N
Chemical formula P Q @
Density (g/cm?3) 0.692 0.8623 1.093
Refractive index 1.388 1.4969 1.625
(n,/D)
Absorption 0.00129 0.05957 0.00540

coefficient (/mm)

penetrate




Oven dry the wood samples and
weigh

|

Saturate the wood with organic / Instrument response function
solvents and weigh A

/

//
Diffusion approximation equation

r o
easurement | solution by Patterson et.al (1989)
f(n, d, Pa Ks')

1- + Measured pulse
TOF measurement of é —Fittied pulse
wood samples (TRP) 0.8 i %S
2 %f
2 0.6 iif %
= ¥
= 0.4- ;
Fitting A with B to get u, and u’ ‘
(trust-region reflective method) 0.2~ ﬁ

1
Time (ns)



Simulation based on Monte-Carlo method, which can
describe light diffusion in complex material by computing
with random numbers

Step length: L =—In(R,) / y,
Scattering angle: 06 =2mR,

Decision of scattering: Ry = pt / ptmax
Decision of absorption: W, ; = W*u, / y,

High

Intensity

Low

Us: Scattering coefficient
U,: Absorption coefficient
U Attenuation coefficient
R: Random number

W: Weighting factor



A

0.1mm

v

Model

0.1mm

v



Time-Resolved Profile Obtained from Dry and
Impregnated Wood Sample

12000
— Impregnated with Hexane
10000} — Impregnated with Toluene
Impregnated with Quinoline
— Dry (Untreated
5 8000 2 )
N
2 6000
z Intensity is increased
% 4000 by impregnation with
— organic solvent
2000¢
00 2 2.5

Time (ns)



Relationship between Refractive Index of
Impregnating Material and Average Pathlength

50
45} }
=
i 40t Dry
5 351
E:b Effect of Fresnel reflection
= 30} = 31.4 mm
e
2
o 25}
<
5 20 .
> Hex Qui
< 15l { Tol }
12.7mm ¢
1 1 1 1 1
8.8 1 1.2 1.4 1.6 1.8

Refractive index



Relationship between Refractive Index of Impregnating
Material and Reduced Scattering Coefficient
or Absorption Coefficient

18 - 0.02
= {
~~ S

£ 16} = -

= Dry = Ha (Tol)

.2 = .

= M : ' ©0.015}
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O —
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Refractive index Refractive index



Comparison between Measured Profile with TOF-NIRS
and Simulated Profile with Monte-Carlo Simulation

1 1 1 L]

1T r — Measured time-resolved profile
—— Simulated time-resolved profile
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attering (u;) and absorption (u,) coefficient of
re 18.4 mm= and 0.030 mm-, respectively.




Topic Il

Optical Properties of Drying Wood Studied by TOF-NIRS




Measurement of TRP of Wood at Various Moisture Content

B +1.5°C
BE +15% RH




Examples of measured photon time-of-flight distributions
at wavelength of 846 nm for the wood samples with
moisture content (MC) of about 12% (air-dried), 30%
(fiber saturation point) and 120% (water saturated)

—
M)
N

d=3 mm

©c o o
A OO @
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© N
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MC (%)

13

Number of counts (normalized)

-

27

(b) (€)

... d=7mm

]

121

Time (ps)

119

0 500 1000 1500 2000 2500 O 5b0 1600 1500 2000 2500 0 500 1000 1500 2000 2500

Time (ps) Time (ps)

As the wood dries, the photon distribution became broader, resulting in the
increase of reduced scattering (u.). In the falling edge, the slope became gentler,
resulting in the decrease of optical absorption (u,).



Reduced scattering coefficient y‘s(mm'1)
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Changes of Reduced Scattering Coefficients
during Drying of Wood

| : s,
8 I ﬁ
_ $
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EMI
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(a) (b) (c)
% 50 100 150 0 50 100 1é(j 0 50 100 150

Moisture content (%)

Moisture content (%)

Moisture content (%)

As the wood dries, the isotropic scattering event per unit length increased.
The independence of values on the sample thickness ensure the robust
calculation.



Characteristic Changes of Drying Rate Ratio (open square)
and Reduced Scattering Coefficient (filled circle)
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Four drying phases were estimated based on the change of the drying rate

curve; constant rate period (Phase A), an early part of 1st falling rate period
(Phase B), a late part of 1st falling rate period (Phase C) and 2nd falling rate
period (Phase D). As the drying phase changes, the reduced scattering (u.)

changed more radically.



Fluctuations of Surface Temperature (open square) and the
Change of (a) Drying Rate Ratio (filled square)
and (b) Reduced Scattering Coefficient (filled circle)
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(a) Surface temperature (temperature difference between wood and air) had a
negative linear relation with the drying rate ratio and increased during drying.
However, surface temperature fluctuated, while the drying rate ratio changed
smoothly. (b) The surface temperature jumping up indicates dry-up of the surface
layer of the wood (upward arrow) and it affected the sample scattering coefficient
increasing.



Changes of Optical Absorption Coefficients
during Drying of Wood

x 10
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(9]
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The optical absorption was found to decrease during drying of wood. The mean
slope of u, as a function of the volume fraction of water matched well to a value of
water absorption. The correspondence indicated that the absorption was derived
from the absorption of water molecule which has the peak wavelength at 970 nm.



Scattering Angle Distributions for Wet (fuII line) and
Dry (broken line) Wood

Mie,g=092( ——) 0.84( — —)
0.8 from particles in cell wall
g 06 Henyey-Greenstein, g= 0.96 (——)
= \ 0.85 (— — ) from cell wall structure |
= \
(2]
g 0.4\
C
0.2} \ \\
N
$io (@)
0 e ——y
0 50 100 150

Scattering angle (deg.)

(b-1) Wet wood

Light

—
Scattering centre 0 0:

(b-2) Dry wood

Light ——n L
— )
Scattering centre 0 "0:2=—. —04 = 06 ~ 0.8

The scattering patterns from cell wall structure (red line) and the patterns
from small particles in cell wall (green line) changed similarly toward the

isotropic scattering by the drying effect.



Schematic Diagram of the Light Scattering on the Scale of
the Tracheids (a) and of the Wood Tissue (b)
In the Case of Water Saturated Condition (1)
and of Low Moisture Content Condition (2)

(1) Water Saturated (2) Low Moisture Content

Scattering Scale (a-2)

(a) Single Scattering
/ Tracheid

7] AN
Water /‘—'Air / ‘

Cell Wall (b-2)

(b) Tissue  HINt 5




Characteristic Changes of Reduced Scattering Coefficient
and the Scattering Characteristic of Pores in Wood
for each Drying Phase

_ Phase  Change of Lost moisture Pore scatter theory Scatter isotropy
Drying phase In reduced
Figures  scattering Surface Inside Surface Inside Surface Inside
Constant rate period A Radical Free water Geometric Low
optic
1st falling rate period B Mild Capillary ~ Free water Mie/ Geometric ~ Moderate Low
Early part condensed Rayleigh optic
water
Late part C Moderate  Bound water  Free water Rayleigh ~ Geometric High Low
optic
2nd falling rate period D Radical Bound water Rayleigh High




Topic IV

Effect of Cellular Structure on the Optical Properties of Wood
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500um

Thresholding 3D wood sample model



Microscopic images of (a) western red cedar (softwood),
(b) beech (diffuse-porous vessel hardwood), and (c) castor
aralia (ring-porous vessel hardwood). (d), (e) and (f) are
the binary images of (a), (b) and (c), respectively.

rIrrl Ll

[y slnest




Which anatomical parameters affect light propagation in wood?

Parameters

g

diameter of the maximum lumen <

8

the number of cell

median value of cell diameter

g

Frequency

average value of cell diameter

8

o

standard deviation




Relationship between Density and
Measured Reduced Scattering Coefficient

Wood type Species Density (g/cm’) p,” (mm™)
Softwood Agathis albaFoxw 0.328+0.005 10.4=+0.1
Araucaria heterophylla 0.411£0.004 14.0+0.9
Thuja plicata 0.360+0.010 11.1%£0.7
Chamaecyparis obtusa 0.446+0.010 125+0.2
Cryptomeria japonica 0.335+0.004 99+138
Hardwood Triplochiton scleroxylon 0.440%0.014 256+1.0
Hevea brasiliensis 0.704+0.027 30.9+1.1
Liriodendron tulipifera 0.508+0.008 142+0.9
Cercidiphyllum Japonicum  0.400%0.015 8.9+05
Paulownia tomentosa 0.287=+0.002 12.9%0.7
Kalopanax pictus 0.607*0.014 16.8+£1.9
Fraxinus mandshurica 0.638+0.021 21.4+04
Fagus sylvatica 0.682+0.011 26.1%£0.9

S
N N w
(@] o1 o

a1

Reduced scattering coefficient u ' (mm'1)
o

® : softwood
X : diffuse-porous wood

*
- | O : ring-porous wood ]
I X X
X
X o
00
X O
i o) % %
S o® og®
X
v 9
2 0.3 0.4 0.15 0i6 0.7

Density (g/cm®)
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(c) (d)
0.3 0.4 0.5 0.6 0.7 0.8 09 0 50 100 150 200
Area ratio of cellwall Median value of pore area ( tm?2)

L =aX Py +0X r’ +cxr+dxS°®+f.

r: Ratio of the cell wall
S: Median pore area
a, b, ¢, d, e, and f were determined by a nonlinear curve-fitting method.



2ps

3ps

4ps

5ps

Light Propagation in (a) Japanese cedar (b) Agathis
(c) Empress tree (d) Yellow poplar and (e) Rubber wood
simulated by the Monte Carlo method

(a) Japanese cedar (b) Agathis (c) Empress tree (d) Yellow poplar (e) Rubber tree
u':9.9 mm™ p: 10.4 mm™ K:12.9 mm™ u- 142 mm™ ut 30.9 mm™
Birgry 0.335 g/om? Birgry - 0.328 gom®  g,,.:0.287 gm®  g,,,:0.508 gm3 g, :0.704 g/om?
r:0.638 r: 0.551 r: 0.449 r:0.721 r: 0.846
S:61.9 un? S:145.0 tm? S:33.2 n? S:13.1 un? S:8.3 tm?

o] ul uojoyd pagiosqge Jo Jaqunu ay|

wi 006

. air dry density, r:Areal ratio of cell wall, S: Median value of pore area



Topic V

Three Fiber-based Diffuse Reflectance Spectroscopy
(TFDRS) for Estimation of Total Solid Content in Natural
Rubber Latex

Para rubber tree Quality Control Rubber product

M

TSC (%) = M—1 x 100 (Eq.1)
0

M,= Weight of latex sample, M,=Weight of dried rubber sheet



(A) Schematic of TFDRS

Optical fibers Photo detectors
P o

|  Lock-in

A/D
> Amp. X2
. Trigger Signal
tsig T (5kHz)
| Electrically tuned PC

Ti:saphire laser

\ Emitter fiber
Receiving fiber e
X 16

Top view of sensing probe

Relative absorbance ratio

YA, A, A3) =

logR(A;) —logR()\1)

(B) Geometry of TFDRS

Emitter fiber Receiving fiber

Latex

logR(2A3) —logR()\1)

(Eq.3)



(A) Schematic of TFDRS (B) Geometry of TFDRS

Optical fibers Photo detectors

-

Vs

™ Lock-in XI5 Emitter fiber Receiving fiber

> Amp. X2

Trigger Signal
(5kHz)

sig

Electrically tuned
Ti:saphire laser

PC

\''/Ae]

Latex

Top view of sensing probe
\ Emitter fiber

Receiving fiber e
Latex X 16
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20000 r
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Relationship between Measured

Reflectance Ratio of Latex and Predicted TSC
25 65
. —\ — Isoprene 60 1
CHradical [-] 55

) _\ f\—// 50 |
10 40 L R?=0.9993

—TSC30%  ——TSC35% RMSEC=0.2435%
5 | ——TSC40%  ——TSC45% BT

==TSC50% ==TSC55% 30 +

TSC60%

0 : 25

850 900 950 1000 1050 25 30 35 40 45 50 55 60 65



Calculated Scattering Coefficient and Absorption Coefficient
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Topic VI

Optical Characteristics of Wood at various Densities,
Grain Directions, and Thicknesses Investigated by
NIR Spatially Resolved Spectroscopy (NIR-SRS)




What we have done: - What are the issues:

A considerable amount of wavelength data is
" required, which is usually not transferable
. among instruments.

Mapping wood density and MFA
at a very high spatial resolution

(NIR-HSI) | Lig?uﬁ Scattering  Absorption  Abs. +Scat
Can measure chemical bonds vibration non-destructively ; lo lm | R
B Rl VR
: é;?n | Wood sample QCC%O OOO ) .. 0.®

.
Density and MFA NIR spectra i
::BEW%MWMWMW Abe. ‘Waer o] — Parallel — Perpendicular

* 1000 12‘00 14<;0 161;0 18‘00 20;0 2200 00 | O ) 7
Spatial info Wavelength (nm)
. . ;o
5 -_t PLS_ regres?tlon analysis 206
ensIty mapping resu 'O .
| VAL UL 2 Douglas fir
‘ :LGE) 0.5

MFA mapplng result -

NIR spectra wood grain direction

Only describe the aggregate effect of 000 T200 1400 7600 1800 2000 2200
absorption and scattering Wavelength (nm)



NIR-SRS (spatially resolved spectroscopy) was proposed

Simpler means for measuring the optical properties at a wide wavelength range

Spotlight NIR-HSI t
Camera ! - = = — L < Chem|ca|% X ®
R(rl) DHE T o T = . qG_J 6’\" /‘ .
f‘/ » ?? +  Measured values = 8 ° ¢ N v
R(r2) Z( 08} O Predictedvalues || s 600 e . \d
Ry "¢y, 07} _ _ - g R R
(r4) o sl |¥ Different Light . 3 j ~ » 7 e |3
o - _2 @ o e \Q)" ©
R( B)R(r) S ost|l,  scattering 1) W oY /" o s | =
D 04l patterns ata | 2 N o o 8
T 0 W|de wavelength | st e © 2
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Sample : Douglas fir [Pseudotsuga menziesii (Mirb.) Franco]

Size: 50 mm (Longitudinal) X 130 mm (Radial) X 1Imm, 3mm, 5mm
(Tangential)

Density measurement: X-ray densitometry (Scan interval 8.3 um)

Beer’s law Density
I = Ioe_amDT_ Annual ring
thickness

1.5

—

=]
n

Density(g/cm?)

=

X-ray transmission image

Tracheid : over 90% (\Volume ratio) Spatial information (interval: 8.3um )



Designed NIR-SRS (spatially resolved spectroscopy) system
How to predict wood grain angle?
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Designed NIR-HSI system Spatial resolved image (Wavelength 1305nm)

The orientation of the scattering pattern depends on the grain direction



How to predict wood density?
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NIR-SRS (spatially resolved spectroscopy) was proposed

Simpler means for measuring the optical properties at a wide wavelength range

Spot light NIR-HSI t
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(A)

Correlation between Optical Properties and Wood Density
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Correlation between Optical Properties and Wood Density
(Thickness: 3 mm)
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Correlation between Optical Properties and Wood Density
(Thickness: 5 mm)

(C)
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Satisfied wood density prediction accuracy was achieved by using
two key wavelengths optical properties without complex
chemometrics such as, PLS, PCR...
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Dam = —2.137 + 0.115 X gy — 0.046 X wl(par.) + 0.002 X
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