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Transparent wood is an attractive structural material for energy-saving buildings due to its high optical
transmittance, good thermal insulation, and high toughness. However, thick highly transparent wood is
challenging to realize. In the current work, highly transparent wood (1.5 mm) with a transmittance of
92%, close to that of pure PMMA (95%), is demonstrated. The high transmittance was realized by
interface manipulation through acetylation of wood template. Both experiments and electromagnetic

modeling support that the improved transmittance is mainly due to elimination of interface debonding
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Accepted 13th Decemnber 2017 gap. By applying this method, a centimeter-thick transparent wood structure was obtained. The

transparent wood could be used as a substrate for an optically tunable window by laminating a polymer

DOI: 10.1039/c7ta09973h dispersed liquid crystal (PDLC) film on top. The techniques demonstrated are a step towards the
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Introduction

Reducing energy consumption in the building sector has gained
attention due to the rapid increase in energy expenditure,
shortage of energy resources, and the related environmental
burden.' In this context, energy-saving buildings are desirable
where light transmitting and thermal insulating properties are
important.> Glass has been widely used for light transmitting
buildings. However it suffers from brittleness and shattering
type of failure, which can potentially cause safety issues. Light
transmitting concrete with optical fiber inclusions is another
option.? The main problem at the moment is the relatively high
cost and difficulties in casting.

Wood has been used in buildings for centuries and now is
attractive in energy harvesting system.*® Recently, successful
fabrication of transparent wood has been reported based on
either removal of light absorbing materials (mainly lignin) or
lignin retaining modification by only removing chromophoric
structure followed by introducing refractive index-matching
polymer into wood template.®® Transparent wood is attractive
in energy-saving buildings due to the combined good optical
transmittance (transmittance over 85%), thermal insulation
(thermal conductivity less than 0.32 W m~ " K™ '), and favorable
mechanical performance with shatterproof features.*'* In
addition, there is potential for transparent wood multi-
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replacement of glass in smart windows and smart buildings.

functionalization such as luminescent transparent wood,"*
magnetic transparent wood,” heat-shielding transparent
wood,” and even wood-based active photonic devices."
However, centimeter thick transparent wood is challenging to
realize. We reported 1 mm thick balsa based transparent wood
with a transmittance of about 85% with thickness in the radial
direction.® Zhu et al.” obtained 2 mm thick basswood based
transparent wood with a transmittance of 80% with thickness
perpendicular to longitudinal direction. With thickness in the
longitudinal direction, a 3 mm-thick transparent wood with
transmittance of 90% was demonstrated. When wood thickness
is in the longitudinal direction, light mainly propagates in the
neat polymer, and relatively thick transparent wood can be
obtained. Two limitations for transparent wood with thickness
in the longitudinal direction are that the in-plane mechanical
performance is much inferior and the size of the structure is
limited by the wood/tree cross-section. This restricts the appli-
cation of transparent wood where thick, strong, and large
building blocks are needed. Thus, thick transparent wood with
thickness perpendicular to longitudinal direction is more
attractive, albeit more challenging. In this work, we focus on
wood veneer with thickness perpendicular to longitudinal
direction.

In previous work, transparent wood demonstrated much
lower transmittance (less than 85%) than neat polymer (around
95%), and the transmittance decreased sharply with respect to
wood thickness.® We propose that the main reason of the
decreased transparency is due to the interface debonding cracks
between PMMA and the wood cell wall, in addition to mismatch
in refractive index between wood and infiltrated PMMA
(refractive index is 1.49 for PMMA and 1.53 for holocellulose).

This journal is © The Royal Society of Chemistry 2018
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Although polymers are fully infiltrated into the wood cell
lumens, the interface debondings may still be present.'* The
presence of interface debondings introduced more optical
heterogeneity due to the low refractive index of air (i.e. 1) in the
debonding gap, leading to stronger light scattering and thereby
decreased transmittance. The interface gap is mainly caused by
poor compatibility between wood cell wall, which is more
hydrophilic in nature, and infiltrated polymers (such as PMMA,
epoxy resin, styrene, vinyl carbazole, iso-bornyl methacrylate
etc.), which are hydrophobic in nature.'®'” Moreover, polymer
volume shrinkage occurs during polymerization, further
promoting the formation of interface gaps.*® If better surface
compatibility between PMMA and wood cell wall can be ach-
ieved, one can potentially eliminate or reduce interface
debonding. In this way, higher transmittance could be ob-
tained, which will pave the way for thick transparent wood
fabrication. Surface manipulation is a common and useful
strategy to solve the compatibility issues, including the use of
compatibilizer® and surface modification.>® Acetylation is an
efficient method to hydrophobilize wood or lignocellulose pulp,
which has been studied to reduce wood moisture sensitivity and
increase compatibility with plastics such as polyethylene and
polypropylene.*** As a result, for cellulose-based composites,
acetylation also improves optical transmittance.”**

In the current work, we apply surface acetylation on
delignified wood substrates before PMMA infiltration to
improve compatibility between wood template and PMMA,
leading to reduced interface debonding and improved optical
transmittance. Fig. 1a demonstrates the structure of the highly
transparent wood. The acetylation of the delignified wood
template introduced acetate groups onto the wood fiber surface,
making the fiber more compatible with PMMA. High optical
transmittance of 92% was obtained with 1.5 mm thick trans-
parent wood, almost the same as that of neat polymer (95%).
The photograph in Fig. 1b demonstrates the improved trans-
mittance of modified transparent wood (right) compared to
non-modified transparent wood (left). The wood texture is
almost invisible after interface improvement. By applying the
same method, a centimeter thick transparent wood structure
was obtained, which is a step towards light transmitting
wooden structures for buildings.

a) Light beam H

Transparent wood |

Fig. 1
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Wood, especially delignified wood, is hydrophilic. This is
principally due to the presence and exposure of hydroxyl
groups.”® This leads to compatibility issues with hydrophobic
polymers such as PMMA or epoxy, for transparent wood. Acet-
ylation was carried out to solve the compatibility issue using
acetic anhydride with pyridine as the catalyst. Prior to acetyla-
tion, wood was subjected to sodium chlorite treatment to
remove the light absorbing components (mainly lignin) for
transparent wood fabrication. A systematic study was conduct-
ed to obtain the optimized parameters for the acetylation based
on wood templates with dimension of 25 x 25 x 1.5 mm.
Fig. 2a shows the reaction of wood and acetic anhydride.
Following the grafting of acetate groups onto wood fiber
surface, the weight of the wood increased. Thus, the weight
percentage gain (WPG) was used to estimate the degree of
acetylation.”””®* When the reaction takes place at low tempera-
ture, the reaction time is long and the grafting efficiency is low.
High temperature is better for high acetylation efficiency;
however side reactions will increase, which will reduce the
degree of substation instead.® 80 °C is found to be the optimal
temperature with a WPG of about 7.3%. Time dependent acet-
ylation degree was investigated by increasing the reaction time
from 2 h to 12 h. The WPG increased quickly within the first 4 h
and gradually stabilized after 6 h. As a compromise between
reaction efficiency and time, smaller wood pieces were reacted
for 6 h, while large and thick samples were subjected to 10 h
reaction to allow homogeneous reaction through the whole
wood template. After acetylation, the wood template turned
yellowish, which led to yellowish transparent wood. Therefore,
an additional sodium chlorite treatment was performed after
acetylation to remove the yellowish color. Fourier transform
infrared spectroscopy (FTIR)* confirmed the successful grafting
of acetate groups onto the wood template. The presence of
a peak around wavenumber of 1370 cm™ " refers to the C-H
vibration of methoxy groups, indicative of acetate groups on the
modified wood. The peaks at the wavenumbers around 1227
and 1738 cm ™' refer to C-O and C=O stretching modes
respectively. The increased intensity of these two peaks further
confirms the introduction of acetate groups. The broad peak
~! refers to ~OH absorption.
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(a) Schematic representation showing the structure of the modified highly transparent wood. The wood template was acetylated to have

better compatibility with PMMA. (b) Photograph shows the non-acetylated transparent wood (left) and acetylated transparent wood (right).
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(a) Acetylation reaction of wood. (b) Temperature dependent WPG of the wood acetylation reaction. (c) Reaction time dependent WPG of

the wood acetylation reaction. (d) FTIR spectra of original wood, delignified wood template, and acetylated wood template.

The decreased intensity corresponds to reduction of hydroxyl
groups, mainly due to the grafting of acetate groups (Fig. 2a).
After infiltration of PMMA into the wood template, highly
transparent wood (1.5 mm thick) was obtained, as shown in
Fig. 1b. The total transmittance reached 92 + 1% in the visible
wavelength range (Fig. 3a), much higher than the non-
acetylated transparent wood (83 + 2%), and even similar to
neat PMMA (95%). The wood texture is not obviously visible,
demonstrating the improved compatibility between PMMA and
wood template. The improvement for transmittance is more
obvious as the wood thickness increases. When wood thickness
is 3 mm, the transmittance for acetylated transparent wood at
a wavelength of 550 nm is 89%. In contrast, the transmittance
for non-acetylated transparent wood is only 60%. Moreover, the
increased compatibility between components leads to more
optically homogeneous materials, resulting in lower light
attenuation (high optical transmittance) and light scattering
(lower optical haze). From Fig. 3b, the optical haze decreased
drastically from 70% to 50% at wavelength of 550 nm for
1.5 mm thick samples. The decrease of haze was even larger for
3 mm thick samples, from 78% to 53%. Still, the haze remained
much higher than that of pure PMMA or holocellulose nano-
paper.*® One possible reason is the mismatch in refractive index
between PMMA and wood cell wall. We also noticed that the
transparent wood based on higher density wood shows more
improvement in transmittance. For 1.5 mm thick birch trans-
parent wood, with a cellulose volume fraction of around 30%,
the transmittance increases from 64% to 90%. As a comparison,
1.5 mm balsa transparent wood with a low cellulose volume
fraction of around 5%, shows a smaller increase in trans-
mittance from 83% to 92%. This is also in line with our state-
ment that PMMA-wood template interface debonding is the
main factor making the optical transmittance of transparent

1096 | J Mater. Chem. A, 2018, 6, 1094-1101

wood inferior to neat PMMA. More data on acetylated trans-
parent wood from different wood species are summarized in
Table 1.

To confirm improved compatibility between PMMA and
modified wood template, SEM was applied to observe the non-
acetylated and acetylated transparent wood cross-sections,
where the PMMA-wood interface is visible. Fig. 3c-e are the
low- and high-magnification SEM images of the non-acetylated
transparent wood cross-sections, showing the successful infil-
tration of PMMA into the lumen. By examining the interface
between PMMA and non-acetylated wood templates, the inter-
face debondings are noticeable although in most regions the
two materials show good bonding. The width of these interface
debonding gaps can be in the order of hundreds of nanometers,
which is similar to the wavelengths of visible light. In addition,
nanocellulose fibers in most of the wood cell wall are aggre-
gated, mainly due to the preferred interaction between cellulose
(Fig. 3e). Interface debondings and cellulose aggregations
would lead to more optical heterogeneity, resulting in lower
optical transmittance and higher haze. In contrast to non-
acetylated transparent wood, acetylated transparent wood
showed nearly no interface debonding gap (Fig. 3f-g), and less
aggregation in the cell wall (Fig. 3h), confirming improved
compatibility between PMMA and the wood template.

To shed light on how the interface debonding gaps influence
the optical properties of transparent wood, a full-wave numer-
ical simulation based on the finite-element method (FEM) was
carried out. A hypothesis was made that the interface debond-
ing gap was uniformly distributed at all the interfaces between
PMMA and inner wood cell wall and PMMA was only infiltrated
into wood cell lumen. In our model, wood fibers were assumed
to be hollow cylinders arranged in a triangular lattice, as
depicted in Fig. 4a. The corresponding simulation results for

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ta09973h

Open Access Article. Published on 13 December 2017. Downloaded on 12/8/2025 11:49:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

Journal of Materials Chemistry A

b) 100+
80 —_—— -
g 604 M
qa N
N
]
T 404 ——Non-acetylated TW-1.5 mm
——Non-acetylated TW-3 mm
20 ——Acetylated TW-1.5 mm
——Acetylated TW-3 mm
—PMMA
()] —_———— ;
300 400 500 600 700 800 900

Wavelength (nm)

Paper
a) 100 -
g 80 -
3
% 60
E
E 40 4 —— Non-acetylated TW-1.5 mm
% —— Non-acetylated TW-3 mm
= ——Acetylated TW-1.5 mm
20 ——Acetylated TW-3 mm
——PMMA
o+ """
300 400 500 600 700 800 900
Wavelength (nm)
Fig. 3

(a) Optical transmittance curves of acetylated and non-acetylated transparent wood samples. (b) Optical haze curves of acetylated and

non-acetylated transparent wood. (c—e) Are the low- and high-magnification images of the non-acetylated transparent wood, exhibiting the
aggregation of nanocellulose fibrils and the interface debonding gaps, (f—h) are the low magnification and high magnification images of the

acetylated transparent wood.

transmittance are summarized in Fig. 4b and c. In general, the
behavior of transmittance values for both transverse-electric
(TE, or electrical field normal to incidence plane) and
transverse-magnetic (TM, or magnetic field normal to incidence
plane) polarizations are roughly the same, with TE polarization
slightly more sensitive to the interface debonding gaps size. It
was evident from the transmittance plots that, without interface
debonding gaps, TE and TM transmittance values were around
95% across the whole visible wavelength range. Transmittance
did not reach 100%, mainly due to the mismatch in refractive
index between PMMA and wood cell wall. Strikingly, when
a uniform 25 nm interface debonding gap was introduced,
drastic decrease in transmittance (about 30% decrease) was
observed, confirming the key role of interface debonding gap in
the reduced transmittance. The presence of debonding gap
creates interfaces with relatively high-index contrast, which
increases scattering of light. As a result, a larger percent of light
is heading backward after multiple scatterings, leading to lower
transmittance. The modeled transmittance (around 70% with
a wood thickness of 70 um) was lower than our experimental
data (80 + 2% with the thickness of 1.5 mm). This is because in

This journal is © The Royal Society of Chemistry 2018

our model, the interface debonding gap is uniformly distrib-
uted at all the PMMA and inner wood cell wall interfaces. This is
in contrast to the real samples, where the interface debonding
gap is only present at some interfaces, not all of them. When the
size of interface debonding gap increases to 100 and even
300 nm, the transmittance is further reduced, to even below
40% for the TE-polarization case.

The angular distribution of transmitted light was also
calculated based on the above simulation method. This is
related to haze data for the wood samples. Haze is the fraction
of diffused transmitted light related to the total transmitted
light. When no interface debonding gap exist, transmitted light
propagates within an angular cone of less than £20°. This is the
consequence of light scattering due to the mismatch in refrac-
tive index between PMMA and wood cell wall. The modeling is
in line with our experimental data, where acetylated transparent
wood still showed haze as high as 50% although transmittance
is similar to the neat polymer. As an interface debonding gap of
25 nm was introduced, strong light scattering occurs, with
transmitted light propagating in an angular range of +80°. The
results are in support of the contribution of interface

J. Mater. Chem. A, 2018, 6, 1094-1101 | 1097
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Table 1 Optical properties of transparent wood prepared from current work and the literature. The data are collected at the wavelength of

550 nm*
Wood species Polymer Wood direction Thickness (mm) Transmittance (%) Haze (%)
Current work acetylated Balsa PMMA T 1.5 92 50
transparent wood 3 89 53
7 71 74
10 60 76
Birch PMMA T 0.7 94 31
1.5 90 52
Current work non-acetylated Balsa PMMA T 0.7 89 50
transparent wood 1.5 83 70
3 60 78
Birch PMMA T 0.7 80 70
1.5 64 79
Li et al.® Balsa PMMA T 0.7 90 ~50
1.2 85 71
3.7 40 ~80
Gan et al.™? Cathay poplar PMMA — 0.5 86.1 —
Gan et al.? Cathay poplar PMMA T 0.5 90.4 —
Yu et al.™ Beech PMMA L 5 86 90
Yaddanapudi et al.** Beech PMMA — 0.1 70 —
0.3 30 18
0.7 15 49
Zhu et al.” Bass Epoxy T 2 ~80 ~85
L 2 90 ~95
Zhu et al.* Bass PVP L 0.1to1 90 £ 5 80 £5
Liet al.'® Bass Epoxy L 5 90 95

¢ The transparent wood direction is marked as L when light propagates along the longitudinal direction. The transparent wood direction is marked

as T when light propagates in the transverse plane (or perpendicular to wood longitudinal direction).
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Fig.4 Numerical simulation data for transparent wood samples. (a) Schematic diagram of idealized wood structure used in the simulation. (b) TE
transmittance for three samples with different gap sizes. (c) TM transmittance for three gap sizes. (d) Angular distribution of light after light
transmission through a sample with no gap. (e) Angular distribution of light after light transmission through a sample with a gap size of 25 nm.
Both (d) and (e) are with TE polarization. Results for TM polarizations are similar.
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debonding gap to the haze of transparent wood samples.
Reducing interface debonding gap will not only increase
transmittance but also decrease haze of wood samples. This
agrees with experimental data that, when surface-debonding
gap was suppressed due to acetylation, the transmittance was
increased from 82% to 93%, and the haze was decreased from
71% to 50%.

Centimeter-thick transparent wood is desirable for building
applications. Our interface modification facilitates the fabrica-
tion of highly transparent thick wood. Applying the process
described, a centimeter-thick transparent wood can be
prepared. Fig. 5a shows a 7 mm thick transparent wood sample
placed on top of printed letters “NOTEBOOK”, demonstrating
a high transparency. The transmittance curves of the acetylated
transparent wood with thickness of 1.5 mm, 3 mm, 7 mm, and
10 mm are presented in Fig. 5b. Fig. S17 shows the photograph
of transparent wood with different thicknesses. The trans-
mittance for 10 mm thick acetylated transparent wood is 40%,
similar to the 3 mm thick balsa-based transparent wood without
acetylation.® Yet, the transmittance value is lower than 1.5 mm
thick acetylated transparent wood (92%). This can be predicted
from the Beer-Lambert Law.*® With higher thickness, the light
propagation distance inside the transparent wood is increased,
leading to less transmitted light. With increased thickness, also
the haze was increased. Fig. 5c shows the optical haze curves of
transparent wood. Haze has increased from less than 50% to
more than 70% as the wood thickness increased from 1 mm to
10 mm, simply because a thicker sample induces increased
light scattering at the wood/PMMA interfaces.

Mechanical performance of the acetylated transparent wood
was characterized through 3-point bending test (Fig. 5d).

100+

1.5 mm
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Reinforcement effects were demonstrated from the improved
moduli (4.0 GPa) and stress at break (78.9 MPa) compared with
original wood (modulus of 3.4 GPa and stress at break of 32.8
MPa) and PMMA (modulus of 2.6 GPa and stress at break of 65.9
MPa). Wood properties are improved by filling pore space and
improving stress transfer, PMMA properties are improved by
reinforcement effect from cellulose fibers in the wood structure.
This can be attributed to the strengthening effect from the wood
template and the good interaction between nanocellulose in the
wood template and PMMA. Fig. 5e shows the cross-sectional
image of acetylated transparent wood after fracture, indicating
strong interactions between wood and PMMA. To evaluate the
potential of acetylated transparent wood for replacement of
glass in building applications, the mechanical test of glass was
also performed. Acetylated transparent wood exhibited much
higher work of fracture (1.0 MJ m?) than glass (0.1 MJ m>).
The composite structure ensures increased toughness and
shattering type of failure is avoided for the acetylated trans-
parent wood. This may be favorable with respect to safety
problems of glass in building applications. In addition, trans-
parent wood showed much lower density (around 1.2 g cm ™)
than glass (between 2.4 g cm™® and 2.8 g cm™®), which is
favorable in the concept of lightweight building with improved
earthquake resistance.

Smart windows with thermochromic**** or electrochromic*
functions by introducing functional polymers are attractive in
the energy-saving building concept. The functional polymers
can potentially be loaded into or applied on top of transparent
wood. Here, transparent wood was applied as a substrate for
a haze tunable smart window demonstration. An optically
tunable polymer dispersed liquid crystal (PDLC) film was used
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(a) A photo of 7 mm thick transparent wood with letters “NOTEBOOK" below, illustrating the transparency. (b) Optical transmittance

curves of transparent wood with thickness of 1.5 mm, 3 mm, 7 mm, and 10 mm. (c) Optical haze curves of transparent wood with thicknesses of
1.5 mm, 3 mm, 7 mm, and 10 mm. (d) 3-point bending results of glass, acetylated transparent wood, PMMA, and original wood. (e) Cross-
sectional SEM image of acetylated transparent wood after fracture, illustrating preserved bond between wood template and PMMA. (f) Smart
wood window by lamination of PDLC film on transparent wood substrate. The transmittance is tunable by switching on/off electrical power.
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as the functional layer laminated on top of transparent wood.
Fig. S21 describes the mechanism and structure. Without power
supply, the wood window showed good privacy protection due
to the high haze generated from both transparent wood and the
randomly arranged liquid crystals in the PDLC film. When
power was applied, the window was transparent. This is due to
low light scattering from the aligned liquid crystals modulated
by the electric field. The demonstration shows that acetylated
transparent wood could potentially be used for smart windows
and buildings.

Conclusion

In conclusion, highly-transparent wood of 1.5 mm thickness
with optical transmittance of 93% (similar to neat polymer) was
obtained by interface manipulation of wood template. The
improved transmittance is mainly due to the better compati-
bility between the PMMA and wood template after surface
acetylation. Electromagnetic modeling results are in support of
surface interface debonding gaps as the main factor controlling
transmittance and haze. Mechanical performance shows
synergy and reinforcement effect between wood templates and
PMMA. A centimeter thick transparent wood structure with an
optical transmittance of 60% was obtained. This concept paves
the way for preparation of thick transparent wood for structural
applications, such as smart windows and smart buildings.

Materials and methods
Sodium chlorite delignification

Delignification process was performed using 1 wt% of sodium
chlorite (NaClO,, Sigma-Aldrich) in acetate buffer solution (pH
4.6) at 80 °C according to the literature.**” The reaction was
stopped until the wood became totally white. After delignifica-
tion, the samples were carefully washed with deionized water
and kept in water until further use. The wood samples are balsa
(with thickness of 1.5, 3, 7, 10 mm) purchased from Wentzels
Co. Ltd Sweden, and birch (with thickness of 0.7 and 1.5 mm)
purchased from Glimakra of Sweden AB.

Wood template acetylation

Before acetylation, delignified samples were dehydrated with
ethanol and acetone sequentially. Each solvent exchange step
was repeated 3 times. Wood acetylation was conducted using
acetate anhydride (Sigma-Aldrich) with pyridine (Sigma-
Aldrich) as the catalyst and N-methyl-2-pyrrolidone (NMP,
Sigma-Aldrich) as the solvent. The volume ratio of acetic anhy-
dride : pyridine : NMP is 7:6:100. The weight to volume
fraction of wood to acetate anhydride is 2 g/7 mL. The reaction
was optimized with respect of temperature (60 °C, 80 °C, 100 °C,
120°C), and time (1 h,2h,3h,4h,5h,6h,8h, 10 h, 12 h). The
acetylated wood was further treated with NaClO until white due
to discoloration after acetylation.
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Transparent wood preparation

Transparent wood fabrication was done according to our
previous work.® Before polymer infiltration, wood samples were
dehydrated with ethanol and acetone sequentially. MMA
monomer was pre-polymerized at 75 °C for 15 min with 0.3 wt%
2,2'-azobis(2-methylpropionitrile) (AIBN) as initiator followed
by infiltration. Finally, the pre-polymerized MMA infiltrated
wood template was sandwiched between two glass slides,
packaged in aluminium foil, and cured in an oven at 70 °C for
4 h. For thick transparent wood, the pre-polymerized MMA
infiltrated wood template was sealed in a beaker and cured at
50 °C for 24 h.

Characterization

The cross-sections of wood samples were observed with a Field-
Emission Scanning Electron Microscope (Hitachi S-4800, Japan)
operating at an acceleration voltage of 1 kV. Freeze-drying was
conducted on deionized water washed wood samples. The
cross-section of the samples was prepared by fracturing the
freeze-dried samples after immersed in liquid nitrogen. 3-point
bending test of the transparent wood and glass was performed
using an Instron 5944 with a 500 N load cell. The tests were
carried out with 10% min ™" strain rate and 30 mm of span. All
samples were cut into a strip (5 mm x 60 mm) for testing. The
thickness of the samples is around 1.5 mm. The transmittance
and haze were measured according to our previous work.® A
light source with wavelengths from 170 to 2100 nm was applied
(EQ-99 from Energetiq Technology, Inc.). For transmittance
measurements, the sample was put just in front of the sphere's
incident beam input port, the spectrum was then directed out of
another port of the sphere through an optical fiber and recor-
ded. Haze measurement was recorded following the “Standard
Method for Haze and Luminous Transmittance of Transparent
Plastics” (STM D1003).* For FTIR measurement, all the samples
were 1.5 mm thick and freeze dried. An attenuated total
reflectance (ATR) unit was used for the measurement. Polymer
dispersed liquid crystal (PDLC) film was a self-adhesive film
bought from Guangzhou Rushui industrial Co. Ltd. The trans-
mittance and haze were 80% and 3.5% respectively when elec-
tricity was on. When electricity was off, the transmittance was
7%.

Electromagnetic modeling methodology

A full-wave numerical calculation based on the finite-element
method (FEM) was carried out to better understand the influ-
ences of interface debonding gap on the transparent wood
optical properties (i.e. transmittance and angular distribution of
transmitted light). The commercial software COMSOL Multi-
physics was employed for such simulations. In our modeling,
wood fibers are assumed to be hollow cylinders arranged in
a triangular lattice. The lattice constant (period) is 20 um. Four
vertical layers of fibers are used for simulation; hence the simu-
lated wood sample has an overall thickness of approximately 70
um. Periodic boundary conditions are used on the left and right
boundaries to emulate an infinitely extending structure. Perfectly

This journal is © The Royal Society of Chemistry 2018
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matched layers are imposed on top of and also below the wood
sample to absorb all out-going waves. The inner diameters of the
cylinders are the same in each layer, but different in different
layers. The inner diameter values are randomly generated
between 18 to 20 pm, resulting in cell wall thicknesses ranging
from 0.5 to 1.5 um. The interstitial regions between the cylin-
drical fibers are assumed to have the same content as the fiber
cell wall. The refractive indices of 1.53 and 1.49 were used for
wood cell wall and PMMA respectively. A hypothesis was made
that the interface debonding gap was uniformly distributed at all
the interfaces between PMMA and inner wood cell wall and
PMMA was only infiltrated into wood cell lumen. Depending on
each sample, the gap size between PMMA-filled fiber core and
cellulose inner wall is varied between 0 nm (no gap or debonding
gap) to 300 nm. The same gap size is used for each sample. Plane-
wave light incidence with a normal incidence angle is used for
excitation. Two polarization scenarios, transverse-electric (TE, or
electrical field normal to incidence plane) and transverse-
magnetic (TM, or magnetic field normal to incidence plane) are
calculated independently.
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