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ARTICLE INFO ABSTRACT

Keywords: Engineered transparent wood (ETW), derived from the modification of natural wood, presents a sustainable and
Transpafent wood aesthetically pleasing alternative to traditional glass. This review comprehensively explores the burgeoning field
Composites of ETW as a novel material for applications in the glass industry. A comprehensive overview of the various
Sustainability . . . . . C e o e

Delignification methodologies employed in the engineering of transparent wood, encompassing delignification, polymer infil-

tration, and other innovative techniques is provided. Additionally, the optical, mechanical, and thermal prop-
erties of ETW are systematically examined, highlighting its potential advantages over conventional glass
materials. The review also discusses recent advancements, challenges, and future considerations of ETW.
Furthermore, the review discusses key applications in the glass industry where ETW has demonstrated promising
performance, including windows, facades, and decorative elements. Essentially, this review aims to enhance
understanding of ETW’s potential in glass applications by critically analyzing current research and advance-

Optical properties
Mechanical properties

ments. It seeks to pave the way for future developments in this innovative and eco-friendly technology.

1. Introduction

Glass, an ancient yet ever-evolving material, has long been a symbol
of transparency, clarity, and versatility in human craftsmanship. From
construction in rural areas and modern metropolises to packaging and
transportation, the applications of glass span a vast spectrum of in-
dustries and daily life. With a daily capacity of more than 500 tons/day,
glass products are produced globally by 1141 businesses and groups in
91 countries (Plants.glassglobal.com). Around 209 million tonnes of
glass are currently produced annually (International Year of Glass,
2022).

While glass has found applications in diverse fields, it still poses
certain environmental challenges which raises concerns. The glass pro-
duction process is energy-intensive and uses a lot of resources. An esti-
mated 500-700 million GJ of energy is consumed per ton of glass
produced (Seo et al., 2020). Moreover, the combustion of fossil fuels
during the glass manufacturing process releases carbon dioxide (CO2)
and other greenhouse gases into the atmosphere. This contributes to
global warming and a high carbon footprint. The global carbon dioxide
emissions from glass production were approximately 95 million metric
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tons in 2022 (Statista, 2023). Another challenge with glass is that not all
of it can be recycled after use. Contaminated glass or certain types of
glass products may be challenging to recycle effectively. Therefore, on
average, approximately 550 000 tons of waste glass find its way into
landfills in South Africa thereby raising safety as well as environmental
concerns (Sabinet, 2011).

Due to the challenges associated with glass, there has therefore in
recent years been a quest for sustainable and innovative materials to
substitute for glass. Researchers have explored novel glass alternatives
that blend ecological consciousness with cutting-edge technology.
Engineered transparent wood (ETW) has therefore emerged as a capti-
vating contender in this pursuit, offering a unique combination of
transparency, strength, and environmental sustainability (Farid et al.,
2022; Jele et al., 2023; Lian et al., 2022; Muthoka et al., 2021). Engi-
neered transparent wood is a composite material that combines the
mechanical properties of wood with the optical properties of glass. This
intriguing material represents a shift from conventional glass, present-
ing an opportunity to reimagine traditional applications in the glass
industry. For example, studies have shown that it has the potential to
replace traditional glass windows in buildings, as it offers better
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insulation and is more environmentally friendly (De Luca et al., 2017;
Yang et al., 2023; Zhu et al., 2022).

Transparent wood was first mentioned by German scientist Sigfried
Fink in his 1992 paper titled “Transparent Wood — A New Approach in the
Functional Study of Wood Structure” (Fink, 2009). During his research, he
made wood samples transparent to better observe unique
three-dimensional wood structures. To date, some fascinating features
concerning ETW have been uncovered, and its production has been
refined over a couple of years of research. The present review summa-
rizes the recent advances in ETW composites and their physicochemical
properties (optical, thermal, and mechanical performance). Their pro-
spective applications and challenges associated with them are also dis-
cussed. Furthermore, this review also aims to identify ways to improve
on present ETW manufacturing processes to enhance its sustainability,
performance, scale-up manufacturing, and expand its applications.

2. Wood
2.1. Types of wood

There are primarily two kinds of solid wood - hardwood and soft-
wood (Yaddanapudi et al., 2017). Both hardwoods and softwoods can be
used to prepare ETW. Research has however shown that the specific
characteristics of the chosen wood species play a crucial role in deter-
mining the quality and properties of the final ETW. Hardwoods are
stronger than softwoods therefore they tend to produce ETW with higher
mechanical properties. Softwoods on the other hand have a lower lignin
content than hardwoods therefore usually result in ETW with a high
transparency (Zhang et al., 2022b).
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2.2. Composition

Wood is one of the world’s most abundant organic polymer resources
that is renewable and biodegradable. This material has a naturally
multiscale porous structure (micro- and nanoscale) and its lumen space
is fully filled with air (refractive index of 1.00). The wood cell wall is
composed of cellulose (refractive index of 1.52), hemicellulose (refrac-
tive index of 1.53)., and lignin (refractive index of 1.61) (Fig. 1). Cel-
lulose is the main structural polymer in wood cell walls and thus the
primary source of the high strength and stiffness of wood (Jakob et al.,
2022). The nanoscale arrangement of the wood cell wall as a
nano-porous cellulose fibril composite allows for the customized design
of advanced wood-based multi-functional materials while maintaining
structural performance (Li et al., 2017).

2.3. The transparency mechanism

To comprehend the process of producing ETW, it is important to first
grasp the transparency mechanism involved in the interaction between
light and natural wood which is a solid material. When light interacts
with natural wood at the air-cell wall interfaces, there will be an intense
scattering and absorption in the visible light range, resulting in color and
texture (Jacucci et al., 2021). This is due to the refractive index (RI)
contrast between the wood cell walls (1.52-1.61) and the air-filled
lumen space (1.00) together with the presence of lignin. Lignin ac-
counts for 80-95 % of the light absorption in wood (Fink, 1992; Li et al.,
2017). Therefore, to make wood transparent, both absorption and
scattering effects, need to be reduced or eliminated.
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Fig. 1. Diagram showing how the cellulose strands are surrounded by hemicellulose and lignin in wood cell wall, and the corresponding structures of cellulose,

hemicellulose, and lignin, Source: (Hu et al., 2021).
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3. Fabrication of engineered transparent wood

The process of ETW manufacturing involves two steps which are
delignification and polymer impregnation (Fig. 2). Delignification is the
removal of the light-absorbing lignin from the cell walls of natural wood
using a solution-based immersion method. Polymer impregnation fol-
lows right after delignification and it involves infiltrating a refractive
index matching polymer into the delignified wood matrix to minimize
light absorption and scattering, respectively (Montanari et al., 2021; Shi
et al., 2023; Yaddanapudi et al., 2017).

3.1. Lignin removal/modification

The first step during the fabrication of ETW involves removing
lignin, a polymer that gives wood its color and strength (Bisht et al.,
2021), from the cell walls of the wood. This process is known as
delignification and is a crucial step in the production of ETW. Deligni-
fication decreases light absorption in wood, and the refractive index
mismatch in the cell wall (Chen et al., 2019). This process has an impact
on the natural wood’s mechanical, thermal and optical attributes, and
functions.

During the delignification process, it is important to consider the
thickness of the wood samples as this may affect the process. The
thickness of the wood samples has an effect on the delignification con-
ditions such as the solution concentrations, reaction times, and tem-
perature (Kumar et al., 2021; Li et al., 2018a). Thicker samples of more
than 3 mm tend to require more time (6-12 h) and a higher temperature
of around 80-100 °C for delignification to be efficient compared to less
thicker ones (Li et al., 2016). The choice of wood species also signifi-
cantly impacts the delignification process. This is because various
hardwood and softwood species differ in lignin content, cell structure,
and porosity, affecting the efficiency of delignification. Softwood species
usually exhibit superior transparency due to their lower lignin content
(Hararak et al., 2023).

Conventional delignification agents include peroxides (Rai et al.,
2022; Wachter et al., 2019), sodium chlorite (Geng et al., 2018; Ono
et al., 2022; Qiu et al. (2020)), sodium hypochlorite (Costa et al., 2018;
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Day et al., 2009) and alkaline solutions. These agents work by breaking
down lignin bonds, allowing for its extraction from the wood matrix.
Although they are effective in delignifying the wood, these substances
are harmful to the environment because they require the use of signif-
icant amounts of energy, and produce hazardous waste (Rousu et al.,
2022; Xia et al., 2021). Environmental concerns and the need for more
sustainable processes have therefore driven the development of alter-
native methods of delignification.

There have therefore been some new developments in this area. For
example, some studies have adopted the use of sustainable and eco-
friendly substances such as green solvents (ionic liquids) to delignify
their wood samples (Moniruzzaman & Goto, 2019; Moniruzzaman &
Ono, 2012; Mori et al., 2021). Ionic liquid assisted enzymatic deligni-
fication of wood, utilizing lignin-degrading enzymes, represents a
promising avenue for green and energy-efficient processing. Further-
more, bio-based solvents and environmentally benign chemicals can be
explored as they align with the growing emphasis on sustainability.

Instead of delignification, other studies (Anish et al., 2023; Li et al.,
2019; Xia et al., 2021a) have reported lignin modification as a preferred
method for whitening the wood samples. This technique involves the use
of hydrogen peroxide (H305), and it works by only completely removing
the lignin chromophores. Unlike the conventional delignification
chemicals, HyO> is environmentally safe and does not produce harmful
waste. Furthermore, it generates samples with better mechanical prop-
erties since the lignin which acts as binder in the wood is not removed
(Karla, 2020).

The development of sustainable delignification methods is crucial
not only for minimizing harm to ecosystems but also for fostering a more
sustainable future for industries reliant on wood products. One of the
primary considerations in sustainable delignification is the choice of raw
materials and reagents. Opting for renewable resources and biode-
gradable chemicals can significantly reduce the environmental footprint
of the process. For instance, using hydrogen peroxide or oxygen as
oxidizing agents instead of chlorine-based bleaches eliminates the gen-
eration of toxic byproducts such as chlorinated compounds. Further-
more, leveraging enzymatic delignification offers a promising avenue
for reducing chemical usage and energy consumption, as enzymes

Delignified
wood veneer

Fig. 2. A schematic representation of the preparation of ETW composites and the subsequent appearance of the transparent wood composite, Adapted from:

Jungstedt et al. (2020).
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typically operate under mild conditions and are biodegradable.

Another aspect to consider is the energy efficiency of delignification
processes. Energy-intensive methods not only contribute to greenhouse
gas emissions but also add to the overall cost of production. By incor-
porating innovative technologies such as microwave-assisted or
ultrasound-assisted delignification, it is possible to enhance reaction
kinetics and reduce processing times, leading to energy savings and
lower environmental impact.

3.2. Polymer infiltration

After the wood is delignified/lignin-modified, its structure becomes
weak and porous as the lignin has been removed. The polymer infil-
tration process then follows immediately after the lignin removal or
modification process to provide strength and transparency to the wood.
For this process, different transparent polymers such as epoxy resin, poly
(methyl methacrylate) (PMMA), poly acrylic acid (PAA) and others have
been explored (Bi et al., 2018). The choice of polymer and infiltration
method significantly influences the final properties of ETW. This is
because different polymers have varying viscosities, refractive indices,
and shrinkage qualities which can have an impact on the ETW and its
attributes (Li et al., 2018b).

PMMA and epoxy resin are the two most used polymers and they
both offer appealing properties such as excellent optical transparency,
good mechanical strength, UV resistance, as well as a similar refractive
index (Chu et al., 2022; Lin et al., 2020; Wu et al., 2021). The chosen
polymer for fabricating ETW will therefore depend on the specific re-
quirements and intended applications. According to literature PMMA is
a better option, for example, if obtaining the maximum degree of optical
transparency is the main objective. Wang et al. (2018) conducted a study
whereby they developed transparent wood from PMMA and wood fibers
as a substrate instead of the commonly used approaches which utilizes
only the delignified or lignin modified wood structure. Their objective
was to efficiently produce large-size transparent wood for practical ap-
plications. This resulted in transparent wood fiber composites with a
higher light transmittance of 92 + 2 %, which is comparable to neat
PMMA (95 %). However, this study may have some drawbacks because
integrating PMMA with wood fibers to produce transparent wood can be
technically challenging. Achieving uniform dispersion of PMMA within
the wood matrix without compromising optical clarity or mechanical
properties requires precise control over processing parameters. Addi-
tionally, ensuring strong adhesion between PMMA and wood fibers is
crucial for maintaining structural integrity, which may require addi-
tional surface modification or adhesion promoters.

Epoxy resin on the other hand, is frequently used when looking for a
more robust and durable material because of its capacity to reinforce
wood. One major drawback with this polymer though is that it may
undergo yellowing or discoloration when exposed to UV radiation or
environmental factors such as heat and humidity. This can degrade the
optical clarity of transparent wood and diminish its esthetic appeal,
particularly in applications where color stability is important. A solution
to this would be to use UV-resistant epoxy formulas especially if the ETW
application will be subjected to a lot of UV light.

In their study, Bisht et al. (2021) found that transparent wood
composites without a UV-absorber was highly sensitive to UV light
exposure and exhibited rapid photo-discoloration, chemical degrada-
tion, and a decrease in optical transmittance. Incorporation of UV
absorber in epoxy resin considerably reduced discoloration and
photo-degradation of the composites. While incorporating a UV
absorber into epoxy resin can provide UV, it is important to consider that
this may introduce compatibility issues or affect the curing process of
the resin. Certain UV absorbers may interfere with the crosslinking re-
actions or chemical stability of the epoxy matrix, leading to processing
challenges. Furthermore, some UV absorbers, particularly organic
compounds, may pose environmental concerns due to their persistence,
bioaccumulation, or toxicity. If released into the environment during
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manufacturing, use, or disposal of transparent wood products, UV ab-
sorbers could potentially contribute to pollution or ecological harm.

Although synthetic polymers are often successful in ETW fabrication,
they still have other disadvantages including reduced sustainability and
potential issues related to brittleness, thermal expansion, and chemical
sensitivity. In that regard, the use of biopolymers to mitigate these
disadvantages and improve the overall sustainability of ETW needs to be
explored. Biopolymers derived from renewable resources such as cel-
lulose or starch, offer several advantages such as sustainability, biode-
gradability, renewability, as well as reduced environmental impact.
Using biopolymers to infiltrate the delignified wood structure could be
an exciting and sustainable approach that would help to replace the less
eco-friendly synthetic polymer in making ETW.

A few studies have reported some state-of-the-art developments in
this area which include the use of biopolymers derived from plants waste
for ETW fabrication instead of the commonly used synthetic polymers.
Limonene acrylate monomer, a biopolymer extracted from citrus fruits
peels was used by Montanari et al. (2021) to infiltrate the delignified
wood structure to produce ETW. The results showed that the produced
ETW had excellent optical transmittance of 90 % at 1.2 mm thickness
and a low haze of 30 %, with a high mechanical performance (strength
174 MPa, Young’s modulus 17 GPa). This bio-based approach is ad-
vantageous as it not only harnesses the potential of renewable resources
but also offers a creative solution to address environmental challenges
associated with conventional materials and processes. The appeal of
using Limonene acrylate monomer lies in its origins. Citrus fruit peels,
often considered waste in large-scale agricultural operations, are
abundant and readily available sources of Limonene—a natural com-
pound found in citrus oils. By repurposing these agricultural byproducts
into a valuable raw material for transparent wood fabrication, waste and
the reliance on fossil fuels can be reduced. Limonene acrylate mono-
mer’s bio-based nature means that it is biodegradable and inherently
more environmentally friendly. Unlike petroleum-derived monomers,
which contribute to carbon emissions and pollution, this monomer
supports the transition towards a more sustainable and circular econ-
omy. It represents a tangible step towards reducing our ecological
footprint and mitigating the impacts of climate change.

Poly acrylic acid (PAA) is another biopolymer that has recently been
used to make transparent wood. PAA is a non-toxic, biocompatible, and
biodegradable polymer derived from the polymerization of monomer
acrylic acid (Arkaban et al., 2022). It is also an environmentally friendly
polymer with high mechanical strength and clarity (Abd Alsaheb et al.,
2015; Babiker et al., 2019). Yang et al. (2022) investigated the use of
PAA in ETW preparation. During the preparation, the PAA was mixed
with Iron (III) chloride to form a flexible FeCls/polyacrylic acid trans-
parent conductive wood. The results showed that the transparent wood
had the best conductivity and tensile strength of up to 6.03 MPa
demonstrating potential applications in conductive films, flexible
human sensors, and other fields. This study demonstrated a
state-of-the-art approach in developing transparent conductive wood
using polyacrylic acid combined with a filler. It represents an exciting
convergence of sustainability, innovation, and functionality. The syn-
ergistic combination of iron ions and polyacrylic acid facilitated the
formation of a conductive network within the wood structure while
maintaining optical clarity. This novel approach not only expands the
functional capabilities of wood but also opens up new possibilities for its
use in various applications, from smart windows to flexible electronics.

Despite the limited research on the application of biopolymers in the
production of ETW composites, these materials hold great promise as an
alternative to synthetic polymers and therefore must be investigated
further. Adoption of these materials may, of course, be accompanied
with challenges and uncertainties. For example, issues like the high
moisture absorption associated with bio-based polymers and cost-
effectiveness will need to be addressed.
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4. Properties of ETW

As wood transitions from being natural to transparent, its properties
change significantly. As a result, ETW has unique optical, mechanical,
and thermal properties. Measuring these properties after the ETW
fabrication process is essential to confirming that the product satisfies
requirements and is safe for its intended application.

4.1. Mechanical properties

Engineered transparent wood exhibits a unique combination of me-
chanical properties, including strength, stiffness, elasticity, and dura-
bility. The removal of lignin and impregnation with polymers can
increase the strength and stiffness of wood without significantly
compromising its natural flexibility. ETW exhibits enhanced strength
and toughness compared to natural untreated wood. Furthermore, the
mechanical properties of ETW differ from those of glass, and each ma-
terial has its own set of advantages and limitations (Table 1).

While ETW shows exceptional mechanical properties, it can be
concluded from literature that these properties can be affected by the
following factors among others:

4.1.1. Wood species

The mechanical properties of ETW are strongly dependent on the
wood species (including their density, cellulose content, cell structure
morphology, etc.), and wood structure anisotropy. Different wood spe-
cies such as balsa (Li et al., 2016), poplar (Gan et al., 2017), and beech
(Zhu et al., 2017) impregnated with the same polymer show substantial
differences in terms of mechanical properties. This may be due to the
interaction between the wood and polymer components, as other species
may be more compatible with the polymer than others. Wu et al. (2021)
compared the mechanical properties of ETW made from two different
wood species (basswood and pinewood). They reported that the hard-
ness of the ETW made from Basswood increased by 14.49 % while that of
ETW made from pinewood increased by 11.43 % when compared to
their original forms. This could be due to that basswood is relatively
stronger than pinewood, hence the higher mechanical strength. How-
ever, the choice of wood species will depend on specific project re-
quirements, availability, and desired aesthetics.

Table 1
Summary of the differences in the mechanical properties of ETW and glass
(Katunsky et al., 2018; Li et al., 2018b).

Characteristic =~ ETW Glass

Strength Reasonable tensile and Has high compressive strength,
compressive strength, but it is making it suitable for load-
not as strong as glass. The bearing applications. However,
strength of transparent wood it is relatively brittle and can
depends on factors, such as the  shatter upon impact, which can
type of wood, the wood-to- be a safety concern.
polymer ratio, and the
processing methods used.

Durability Depends on factors like the Highly durable and resistant to
type of wood, protective environmental factors. It is also
coatings, and exposure to the less prone to degradation over
environment. It may be time.
susceptible to moisture-related
issues if not properly sealed.

Flexibility More flexible than glass. It has Rigid and has limited flexibility.
the potential to flex to some It tends to break or crack when
extent without breaking, which  subjected to bending stresses.
can be an advantage in certain
architectural designs.

Weight Generally lighter than glass, Denser and heavier than

which may be advantageous for
reducing the overall weight of
building materials and
structures.

transparent wood, which can
impact the design and
construction of buildings.
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4.1.2. Cutting direction

The cutting direction of the wood samples also have an influence on
the mechanical properties of ETW. Wood cut along the fiber (longitu-
dinal) direction tends to be stronger than that which is cut across the
fiber (transverse direction). This is due to that in the longitudinal di-
rection, the fiber alignment is preserved and reinforcement and bonding
between fibers is easier. Furthermore, the longitudinal direction corre-
sponds to the natural orientation of the wood fibers along the tree’s
growth axis. This orientation reflects the structural adaptation of the
tree to resist gravitational and environmental forces, further contrib-
uting to the strength of wood in this direction. These factors collectively
enhance the wood’s ability to withstand applied loads and stresses along
the grain direction. This was in correlation with the results obtained by
Xia et al. (2021) where they reported that ETW cut along longitudinal
direction exhibited excellent mechanical properties compared to that
which was cut across the fiber. A high tensile strength of 24.5 MPa was
obtained along the longitudinal direction as compared to the lower
tensile strength of 0.7 MPa along the transverse direction.

4.1.3. Wood thickness

In terms of thickness, thicker wood sections tend to be stronger than
thinner ones (Li et al., 2018a; Zou et al., 2022). However, excessively
thick sections may become challenging to delignify and impregnate
evenly, leading to inconsistent transparency and mechanical properties.
To overcome this limitation, Wang et al. (2018) developed a new
different approach to fabricate ETW with a larger thickness. This was
achieved by infiltrating the polymer (PMMA) into wood fibers rather
than the commonly used intact wood templates. The fabricated trans-
parent fiber wood demonstrated exceptional mechanical properties,
outperforming both natural wood and neat PMMA in terms of rupture
strength and modulus, which reached 46.8 MPa and 2.2 GPa, respec-
tively. This could be due to the strong interfacial bonding between the
wood fibers and the polymer matrix which facilitated efficient load
transfer and stress distribution. Another reason could be due to the
longer wood fibers that were used (2-5 mm) to make the transparent
wood. Furthermore, the wood fibers could have been aligned in the
direction of loading since that can also contribute to enhanced strength
and stiffness of the transparent wood. While this approach may have
been successful in producing thicker transparent wood with good me-
chanical properties, a few factors need to be taken into consideration.
Firstly, intact wood is typically more durable and resistant to damage
compared to wood fibers. Using wood fibers may therefore compromise
the structural integrity and longevity of the final product, potentially
leading to issues such as warping, cracking, or breakage over time.
Furthermore, processing wood fibers separately from intact wood may
require additional energy and resources, potentially increasing the
environmental footprint of the manufacturing process. Intact wood
templates on the other hand offers a more sustainable option by utilizing
the entire wood piece efficiently.

4.2. Optical properties

The optical properties of engineered transparent wood, including
transparency, haze, refractive index, light transmission, and scattering,
play a crucial role in determining its suitability for various applications.
Studies have demonstrated that ETW can achieve high levels of trans-
parency (>90 %) while maintaining low levels of haze (Fu et al., 2018;
Jiaetal., 2019; Mi et al., 2020a; Zhu et al., 2016b). The refractive index
of transparent wood can be tailored by selecting appropriate polymer
matrices, leading to improved light transmission and optical clarity.
Strategies to reduce light scattering, such as optimizing processing
conditions and surface treatments, have been investigated to further
enhance the optical performance of transparent wood. The optical
properties of ETW are tested in accordance with ASTM D1003 (“Stan-
dard method for haze and light transmittance of transparent plastics”™)
(ASTM International, 2013; Mi et al., 2020a, b) using a UV-visible
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spectrophotometer. Transmittance and haze of transparent wood are
calculated using the following formulas:

Transmittance = % x 100 % 0
T4 T3
Haze = ﬁfﬂxloo% 2)

Where T1 is the incident light, T2 is the transmitted light of the
sample, T3 is the scattering light of the instrument, and T4 is the scat-
tered light of the instrument and the sample.

Compared to glass, ETW typically has a lower optical transmittance.
However, to achieve a higher optical transmittance, it is important to
choose a polymer that has a refractive index which matches that of wood
cellulose. As mentioned in Section 3.2, polymers with a refractive index
close to wood cellulose such as PMMA and epoxy resin have been uti-
lized to fabricate ETW. This is because the matching refractive indexes
minimize light scattering at the interface between the polymer and
wood, improving transparency.

The optical properties of ETW are also be affected by the thickness of
the wood section. For example, thinner wood sections tend to result in
ETW with a higher optical transmittance than thicker ones. Li et al.
(2018a) observed the highest transmittance of 92 % for thinner wood
samples as compared to thicker ones which gave an optical transmission
of around 60 %. This is in correlation to other studies (Chen et al., 2019,
2016; Li et al., 2019b; Zhu et al., 2022). The reason for these observa-
tions could be that, unlike thicker sections, thinner sections allow light
to penetrate more effectively through the wood matrix. In thicker wood
sections, there is an increase in the number of polymer/wood contacts,
which leads to light scattering. Basically, thicker wood sections have
longer light pathways which results in increased light attenuation
whereas shorter light pathway reduces light attenuation, hence smaller
thickness results in better optical transmittance.

Concerning haze, the opposite is observed: thicker wood sections
result in higher haze. This quality can be particularly beneficial in set-
tings where privacy is important, such as in residential windows or of-
fice partitions. This is because increased haze provides a level of privacy
by obscuring direct visibility through the material while still allowing
light to pass through. However, since high haze diminish the clarity of
transparent wood, it makes it less suitable for applications where
maximum visibility and transparency are desired, such as in display
cases, museum exhibits, or storefronts. The reduced clarity may detract
from the overall esthetic or functionality of the material in such settings.
Furthermore, excessive haze can potentially reduce the effectiveness of
ETW in providing natural daylighting or solar heat gain in architectural
applications. This limitation may necessitate additional artificial light-
ing or compromise energy efficiency goals.

4.3. Thermal properties

The thermal properties of ETW, such as thermal conductivity and
thermal stability, are essential considerations for applications in build-
ing materials and thermal management systems. Wood naturally ex-
hibits low thermal conductivity and anisotropic thermal transport due to
its high porosity, low levels of crystalline biopolymeric components and
structural anisotropy at various length scales. Glass on the other hand
has a higher thermal conductivity. At room temperature, the thermal
conductivity of glass extends from 1.38 W/(m K) (pure quartz glass) to
about 0.5 W/(m K) (high lead containing glasses) (Schottglass.com).
Values for the commonly used silicate glasses ranges from 0.9 to 1.2 W/
(m K).

Compared to glass, ETW has a lower thermal conductivity since it is
made from wood. Literature has reported the thermal conductivity of
ETW to be as low as 0.20 W/(m K). Jia et al. (2019) reported that their
transparent wood exhibited an excellent thermal insulation property
with a low thermal conductivity of 0.35 W/(m K) (one-third of ordinary
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glass). This is in correlation to other studies which have also reported
lower thermal conductivities of their developed ETW (Mi et al., 2020a;
Wang et al., 2020; Zhang et al., 2020). The significance of ETW with
lower thermal conductivity lies in its ability to bridge the gap between
aesthetics and functionality. Traditionally, windows and glass facades,
often compromise thermal performance, leading to energy loss and
increased heating or cooling costs. However, with ETW boasting
improved thermal insulation properties, there is now a solution that
marries beauty with efficiency. Its thermal stability means it can effec-
tively regulate heat transfer, helping to maintain comfortable indoor
temperatures year-round while reducing reliance on artificial heating
and cooling systems. The lower thermal conductivities of the ETW
makes it a favorable material especially in energy-saving buildings. This
is because it has a significantly lower carbon footprint compared to
conventional building materials like glass or plastics. Traditional glass
windows often pose challenges in terms of insulation and energy effi-
ciency, but ETW presents a promising solution.

5. Functionalization of ETW

Transparent wood functionalization holds significant importance in
advancing its practical applications across various industries. Func-
tionalization helps to enhance the ETW properties such as thermal
insulation, flame resistance, mechanical strength, electrochromism, UV
protection, etc. The specific functionalization method chosen depends
on the intended application and desired properties. A photostable
transparent wood composite functionalized with an UV-absorber (2-
(2H-benzotriazol-2-yl)-4, 6-di-tert-pentylphenol) was developed by
Bisht et al. (2021). Findings showed that before functionalization, the
transparent wood composite (TWC) was extremely sensitive to UV light
exposure and exhibited rapid photo-discoloration, chemical degrada-
tion, and a decrease in optical transmittance (Fig. 3). Incorporation of
the UV absorber considerably reduced discolouration and
photo-degradation of the TWC and the pure epoxy. From a sustainability
standpoint, the use of UV absorbers to functionalize transparent wood
composites aligns perfectly with the sustainability goals. This is because
the UV absorbers extend the lifespan of the products, thereby reducing
the need for frequent replacements and minimize waste generation.

Table 2 summarizes some of the different materials from literature
that have been employed to functionalize ETW composites.

While functionalizing ETW offers numerous benefits, it also comes
with its own set of limitations and challenges. Functionalizing ETW
often involves complex chemical treatments or deposition processes,
which can be technically challenging and require specialized equipment
and expertise. This complexity can increase production costs and limit
scalability, particularly for large-scale applications. Furthermore, some
functionalization methods may involve the use of chemicals or additives
that pose environmental risks or generate hazardous by-products.
Minimizing the environmental footprint of functionalization processes
and ensuring the safety of end products is a critical consideration for
sustainable development.

6. Applications of ETW

ETW offers some unique advantages such as flexibility, reduced
weight, improved thermal insulation, high optical transmittance (over
80 %) as well as a distinctive appearance. These properties make it
appealing for various applications including smart buildings, load-
bearing structures, solar cells as well as electronic devices and dis-
plays (Zhu et al., 2016b). The following sections discusses some of the
different ETW applications.

6.1. Building material

ETW has been considered for architectural applications, such as
windows and panels. Its optical clarity allows for the passage of natural
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Fig. 3. The effect of light irradiation on TWC without and with UVA (Conc. 1.0 % and 1.75 %), and epoxy resin, Source: (Bisht et al., 2021).

Table 2
Different ETW functionalization approaches from literature and their effects.
Wood Polymer Functionalization material Effect Reference
species
Basswood methyl methacrylate photoluminescent The ETW exhibited improved UV protection and superhydrophobic Al-Qahtani
(MMA) lanthanide-doped aluminum strontium oxide  activity. It also showed fast and reversible photochromic responses to et al., 2021
(SrAl204:Eu2+, Dy3+; ASOED) pigment UV light without fatigue.
Balsa poly(acrylic acid) multiple-color-emission carbon dots (CDs) The ETW showed white light emission under ultraviolet light excitation ~ Bi et al., 2018
wood (PAA) and enhanced
mechanical tensile strength (60.92 MPa).
Poplar Epoxy resin UV absorber (1 % and 1.75 % w/v) of 2-(2H- ~ ETW with a reduced discolouration and photo-degradation. Water Bisht et al.
wood Benzotriazol-2-yl)-4, 6- di-tert-pentylphenol uptake was also drastically reduced in the ETW. 2021
(Btz)
Poplar poly(methyl luminescent y-Fe203@ The ETW showed excellent thermal properties, dimensional stability, Gan et al., 2017
wood methacrylate) YVO4:Eu3+ nanoparticles and mechanical
(PMMA) properties. It also displayed a high

optical transmittance in a broad wavelength range between 350 and
800 nm, magnetic responsiveness, and brightly colored
photoluminescence

under UV excitation at 254 nm.

light while providing thermal insulation and reducing glare. Gao et al.
(2022) fabricated ETW for smart building applications. The prepared
ETW showed excellent thermal insulation, sound absorption and energy
absorption properties. These properties make ETW an ideal building
material since it can effectively reduce the energy consumption for
cooling and heating buildings. Several other studies (Jia et al., 2019;
Katunsky et al., 2018; Mi et al., 2020a) have also reported on the
application of ETW in smart buildings and construction as a solution to
the high energy consumption associated with glass. By integrating ETW
into buildings, carbon emissions can be reduced, and climate change can
be mitigated. This can then create healthier and more resilient com-
munities for future generations.

The unique esthetic qualities of ETW, including its natural grain and
texture, make it appealing for design and decorative purposes (Yang
et al., 2023). It provides a novel and sustainable alternative to tradi-
tional materials in furniture, interior design, and art installations.

6.2. Electronic and photovoltaic devices

The high transparency and mechanical flexibility of ETW makes it an
ideal candidate for flexible electronic devices, enabling lightweight and
bendable displays, sensors, and wearable technologies. It can be inte-
grated into optoelectronic devices, such as light-emitting diodes (LEDs),
photodetectors, and optical sensors. Its optical transparency and light-
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scattering properties make it suitable for enhancing light extraction and
distribution in these devices, improving efficiency and performance. Bi
et al. (2021) developed a transparent wood film as encapsulating ma-
terial for white Light-Emitting Diodes (LEDs). From a thermal stand-
point, this innovation is appealing since the thermal insulation
properties of ETW can help dissipate heat generated by WLEDs and
maintain optimal operating temperatures. This can therefore contribute
to the longevity and reliability of the lighting system. Similar studies
(Wang et al., 2022; Zhu et al., 2016c) have also reported on the suc-
cessful development of ETW for optoelectric devices.

ETW can also be used to create photovoltaic devices like transparent
solar cells or luminescent solar concentrators (LSCs). By embedding
light-absorbing or light-emitting materials within the wood matrix,
transparent wood can convert sunlight into electricity or concentrate
light onto photovoltaic cells, enabling energy harvesting. Researchers
have reported on the successful application of ETW in photovoltaic
panels (Wu et al., 2023; Li et al., 2019¢; Yang et al., 2021). This is due to
the unique properties of ETW, such as its optical transparency, me-
chanical strength, and thermal insulation, which make it an ideal
candidate for various applications in electronic and photovoltaic de-
vices. Whether it is serving as a substrate for flexible electronics, a
protective enclosure for photovoltaic cells, or a light-scattering medium
in luminescent solar concentrators, ETW offers a versatile and sustain-
able solution to pressing challenges in these industries.

Although ETW offers unique properties, it still has some few draw-
backs which need to be addressed for it to become a widely adopted
material in various industries. Table 3 summarizes the advantages and
drawbacks of ETW in comparison to glass.

7. Future considerations

While ETW presents an innovative and sustainable alternative to
traditional glass, it is important to acknowledge some of the current gaps
and limitations associated with this material as this will help guide the
future directions. Below are some novel insights and approaches that
could be explored in future to enhance the production of transparent
wood:

e Use of alternative polymers: Investigating and developing new
transparent polymers that can replace the traditional ones used in the
impregnation process. Experimenting with polymers that offer
improved transparency, durability, and environmental sustainability
could enhance the overall performance of transparent wood.

Table 3
Advantages and drawbacks of ETW in comparison to glass.

Advantages Drawbacks

Can have a higher transparency
although not as high as glass.

Achieving sufficient transparency often
requires thin layers of transparent wood,
which may limit its use in applications
requiring thicker materials.

Less durable than glass, therefore, may be
susceptible to degradation over time due
to exposure to weather, UV radiation, and
other environmental factors.

The manufacturing process involves
multiple steps and may require
specialized equipment. This can
contribute to higher production costs and
limit the scalability of the technology.
The manufacturing process can be more
expensive.

Good thermal insulation properties
which can contribute to energy
efficiency in buildings.

Lighter than glass, making it easier to
handle and transport.

Made from a renewable resource,
therefore it is more sustainable than
glass.

Retains some of the natural wood’s
mechanical strength.

Has limited applications. For instance, it
may not be the best choice for
applications where extreme clarity, such
as in high-end optics, is required.
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e Development of scalable manufacturing techniques: For future
applications, thick and large-scale transparent wood structures are
highly desirable. Currently, scaling up the production process to
create large, ETW panels or structures remains a challenge. Tech-
niques that work for small samples may not easily translate to larger
pieces, and maintaining uniformity becomes more challenging as the
size increases (Jia et al., 2019; Li et al., 2019; Wang et al., 2018;
Zhang et al., 2022a). Developing scalable and cost-effective
manufacturing techniques is crucial for the widespread adoption of
transparent wood.

Integration of nanomaterials: Incorporating nanomaterials into

the transparent wood matrix to enhance its properties. Nanoparticles

with specific optical, thermal, or mechanical characteristics could be
introduced to improve transparency, strength, or other desirable
attributes of the material.

e Improvement of the lignin removal techniques: Finding more
efficient and environmentally friendly methods for lignin removal.
The current process involves chemical treatments that can be
resource intensive. Developing alternative methods, such as enzy-
matic or biological approaches, could reduce the environmental
impact of transparent wood production.

e Waste utilization: Investigating ways to utilize byproducts from the

transparent wood manufacturing process, such as lignin, in other

applications. Finding valuable uses for these byproducts can
contribute to the overall sustainability of the production process.

Energy-efficient fabrication processes: Developing energy-

efficient processing methods to reduce the environmental footprint

of transparent wood production. This includes exploring alternative
energy sources, optimizing heating, and curing processes, and
minimizing waste generation.

e Improvement of fabrication techniques to increase the life span
of ETW: As a biomaterial, ETW is susceptible to degradation over
time. This may be due to factors such as moisture and humidity,
microbial activity, UV exposure, temperature fluctuations as well as
chemical exposure. Addressing these issues related to the biode-
gradability and life span is necessary and it involves a combination of
material improvements, design considerations, and industry-wide
practices. Some studies suggested the use of coatings or treatments
to extend the material’s life span (Janesch et al., 2020; Jiang et al.,
2018; Liu et al., 2023). While coatings or treatments can be effective
in extending the lifespan of ETW, it is important to note that they also
come with certain limitations and challenges such as high costs and
environmental and health risks. It is therefore important to consider
these issues when using coatings.

8. Conclusion

Since its discovery in 1992, ETW has undergone significant research
and development, leading to its exploration for various applications.
Engineered transparent wood is energy efficient material with a lower
thermal conductivity than glass. It is also made from a renewable and
sustainable resource, thereby making it an environmentally friendly
glass alternative. While challenges such as scalability and cost-
effectiveness still need to be addressed, ongoing research suggests a
promising future for transparent wood in various industries, driven by
its unique combination of optical transparency, mechanical strength,
and sustainability. As technology advances and more practical solutions
are developed, transparent wood is poised to play a growing role in
sustainable and innovative material applications.

CRediT authorship contribution statement

Nontobeko P. Simelane: Writing — review & editing, Writing —
original draft. Olatunde Stephen Olatunji: Supervision. Maya Jacob
John: Writing - review & editing, Supervision. Jerome Andrew:
Writing — review & editing, Supervision.



N.P. Simelane et al.
Declaration of competing interest

The authors also declare that there are no conflicts of interest
regarding the publication of this paper.

Data availability

Data will be made available on request.

Acknowledgments

Authors wish to acknowledge funding received from the South Af-
rican Technology Innovation Agency (TIA) under the South African
Forestry Bio-economy Innovation Cluster (FBIC), Programme 2 and the
CSIR Parliamentary Grant funding 2023/2024. NP Simelane also wants
to thank the Biorefinery Industry Development Facility (BIDF-CSIR) as
well as the School of Chemistry and Physics under the College of Agri-
culture, Engineering and Science at the University of Kwa-Zulu Natal
(UKZN) for the opportunity given to her to undertake her postgraduate
research work.

References

Abd Alsaheb, R. A., Aladdin, A., Othman, N. Z., Abd Malek, R., Leng, O. M., Aziz, R., & El
Enshasy, H. A. (2015). Recent applications of polylactic acid in pharmaceutical and
medical industries. Journal of Chemical and Pharmaceutical Research, 7(12), 51-63.

Al-Qahtani, S., Aljuhani, E., Felaly, R., Alkhamis, K., Alkabli, J., Munshi, A., & El-
Metwaly, N. (2021). Development of photoluminescent translucent wood toward
photochromic smart window applications. Industrial & Engineering Chemistry
Research, 60(23), 8340-8350.

Anish, M. C., Pandey, K. K., & Kumar, R. (2023). Transparent wood composite prepared
from two commercially important tropical timber species. Scientific Reports, 13(1),
14915.

Arkaban, H., Barani, M., Akbarizadeh, M. R., Pal Singh Chauhan, N., Jadoun, S.,
Dehghani Soltani, M., & Zarrintaj, P. (2022). Polyacrylic acid nanoplatforms:
Antimicrobial, tissue engineering, and cancer theranostic applications. Polymers, 14
(6), 1259.

ASTM International, (2013). ASTM D1003-13-standard test method for haze and
luminous transmittance of transparent plastics.

Babiker, D. M., Zhu, L., Yagoub, H., Xu, X., Zhang, X., Shibraen, M. H., & Yang, S. (2019).
Hydrogen-bonded methylcellulose/poly (acrylic acid) complex membrane for oil-
water separation. Surface and Coatings Technology, 367, 49-57.

Bi, Z., Li, T., Su, H., Ni, Y., & Yan, L. (2018). Transparent wood film incorporating carbon
dots as encapsulating material for white light-emitting diodes. ACS Sustainable
Chemistry & Engineering, 6(7), 9314-9323.

Bisht, P., Pandey, K. K., & Barshilia, H. C. (2021). Photostable transparent wood
composite functionalized with an UV-absorber. Polymer Degradation and Stability,
189, Article 109600.

Chen, H., Baitenov, A., Li, Y., Vasileva, E., Popov, S., Sychugov, L., Yan, M., &
Berglund, L. (2019). Thickness dependence of optical transmittance of transparent
wood: Chemical modification effects. ACS Applied Materials & Interfaces, 11(38),
35451-35457.

Chuy, T., Gao, Y., Yi, L., Fan, C., Yan, L., Ding, C., Liu, C., Huang, Q., & Wang, Z. (2022).
Highly fire-retardant optical wood enabled by transparent fireproof coatings.
Advanced Composites and Hybrid Materials, 5(3), 1821-1829.

Costa, S., Rugiero, ., Larenas Uria, C., Pedrini, P., & Tamburini, E. (2018). Lignin
degradation efficiency of chemical pre-treatments on banana rachis destined to
bioethanol production. Biomolecules, 8(4), 141.

Day, D.F., & Chung, C.H. (2009).Louisiana State University and Mechanical College,
Chemical oxidation for cellulose separation with a hypochlorite and peroxide
mixture. U.S. Patent 7,585,387.

De Luca, P., Carbone, L., & Nagy, J. B. (2017). Green building materials: A review of
state-of-the-art studies of innovative materials. Journal of Green Building, 12(4),
141-161.

Farid, T., Rafiq, M. L, Ali, A., & Tang, W. (2022). Transforming wood as next-generation
structural and functional materials for a sustainable future. EcoMat, 4(1), e12154.

Fink, S. (1992). Transparent wood-a new approach in the functional study of wood
structure.

Fink, S. (2009). Transparent wood — A new approach in the functional study of wood
structure. Holzforschung - International Journal of the Biology, Chemistry, Physics and
Technology of Wood, 46(5), 403-408.

Fu, Q., Yan, M., Jungstedt, E., Yang, X., Li, Y., & Berglund, L. A. (2018). Transparent
plywood as a load-bearing and luminescent biocomposite. Composites Science and
Technology, 164, 296-303.

Gan, W., Xiao, S., Gao, L., Gao, R., Li, J., & Zhan, X. (2017). Luminescent and transparent
wood composites fabricated by poly (methyl methacrylate) and y-Fe203@ YVO4:
Eu3-+ nanoparticle impregnation. ACS Sustainable Chemistry & Engineering, 5(5),
3855-3862.

Carbohydrate Polymer Technologies and Applications 7 (2024) 100487

Gao, J., Wang, X., Tong, J., Kuai, B., Wang, Z., Zhang, Y., Li, G., Huang, Z., & Cai, L.
(2022). Large size translucent wood fiber reinforced PMMA porous composites with
excellent thermal, acoustic and energy absorption properties. Composites
Communications, 30, Article 101059.

Geng, W., Venditti, R. A., Pawlak, J. J., & Chang, H. M. (2018). Effect of delignification
on hemicellulose extraction from switchgrass, poplar, and pine and its effect on
enzymatic convertibility of cellulose-rich residues. Bioresources, 13(3), 4946-4963.

Hararak, B., Wanmolee, W., Wijaranakul, P., Prakymoramas, N., Winotapun, C.,
Kraithong, W., & Nakason, K. (2023). Physicochemical properties of lignin
nanoparticles from softwood and their potential application in sustainable pre-
harvest bagging as transparent UV-shielding films. International Journal of Biological
Macromolecules, 229, 575-588.

Hu, W., Xiang, R., Lin, J., Cheng, Y., & Lu, C. (2021). Lignocellulosic biomass-derived
carbon electrodes for flexible supercapacitors: An overview. Materials, 14(16), 4571.

International Year of Glass 2022 (IYOG2022). (2022). The global glass economy and its
wider social consequences. [Online]. Available at: https://www.iyog2022.org
/images/files/77-economicsiyog-200925.pdf (Accessed on 16 January 2024).

Jacucci, G., Schertel, L., Zhang, Y., Yang, H., & Vignolini, S. (2021). Light management
with natural materials: From whiteness to transparency. Advanced Materials, 33(28),
Article 2001215.

Jakob, M., Mahendran, A. R., Gindl-Altmutter, W., Bliem, P., Konnerth, J., Mueller, U., &
Veigel, S. (2022). The strength and stiffness of oriented wood and cellulose-fibre
materials: A review. Progress in Materials Science, 125, Article 100916.

Janesch, J., Czabany, 1., Hansmann, C., Mautner, A., Rosenau, T., & Gindl-Altmutter, W.
(2020). Transparent layer-by-layer coatings based on biopolymers and CeO2 to
protect wood from UV light. Progress in Organic Coatings, 138, Article 105409.

Jele, T. B., Andrew, J., John, M., & Sithole, B. (2023). Engineered transparent wood
composites: A review. Cellulose (London, England), 1-25.

Jia, C., Chen, C., Mi, R., Li, T., Dai, J., Yang, Z., Pei, Y., He, S., Bian, H., Jang, S. H., &
Zhu, J. Y. (2019). Clear wood toward high-performance building materials. ACS
Nano, 13(9), 9993-10001.

Jiang, F., Li, T., Li, Y., Zhang, Y., Gong, A., Dai, J., Hitz, E., Luo, W., & Hu, L. (2018).
Wood-based nanotechnologies toward sustainability. Advanced Materials, 30(1),
Article 1703453.

Jungstedt, E., Montanari, C., Ostlund, S., & Berglund, L. (2020). Mechanical properties of
transparent high strength biocomposites from delignified wood veneer. Composites
Part A: Applied Science and Manufacturing, 133, Article 105853.

Karla, V. (2020). Methodology of research on transparent wood in architectural
constructions. Selected Scientific Papers-Journal of Civil Engineering, 15(2), 29-35.
Katunsky, D., Kandcz, J., & Karla, V. (2018). Structural elements with transparent wood
in architecture. International Review of Applied Sciences and Engineering, 9(2),

101-106.

Kumar, A., Jyske, T., & Petri¢, M. (2021). Delignified wood from understanding the
hierarchically aligned cellulosic structures to creating novel functional materials: A
review. Advanced Sustainable Systems, 5(5), Article 2000251.

Li, Y., Cheng, M., Jungstedt, E., Xu, B., Sun, L., & Berglund, L. (2019c¢). Optically
transparent wood substrate for perovskite solar cells. ACS Sustainable Chemistry &
Engineering, 7(6), 6061-6067.

Li, Y., Fu, Q., Rojas, R., Yan, M., Lawoko, M., & Berglund, L. (2017). Lignin-retaining
transparent wood. ChemSusChem, 10(17), 3445-3451.

Li, Y., Fu, Q., Yang, X., & Berglund, L. (2018b). Transparent wood for functional and
structural applications. Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 376(2112), Article 20170182,

Li, Y., Fu, Q., Yu, S., Yan, M., & Berglund, L. (2016). Optically transparent wood from a
nanoporous cellulosic template: Combining functional and structural performance.
Biomacromolecules, 17(4), 1358-1364.

Li, Y., Gao, R., & Li, J. (2019a). Energy saving wood composite with temperature
regulatory ability and thermoresponsive performance. European Polymer Journal,
118, 163-169.

Li, Y., Vasileva, E., Sychugov, 1., Popov, S., & Berglund, L. (2019b). Optically transparent
wood: Recent progress, opportunities, and challenges. Advanced Optical Materials, 6
(14), Article 1800059.

Li, Y., Yang, X., Fu, Q., Rojas, R., Yan, M., & Berglund, L. (2018a). Towards centimeter
thick transparent wood through interface manipulation. Journal of Materials
Chemistry A, 6(3), 1094-1101.

Lian, M., Huang, Y., Liu, Y., Jiang, D., Wu, Z., Li, B., Xu, Q., Murugadoss, V., Jiang, Q.,
Huang, M., & Guo, Z. (2022). An overview of regenerable wood-based composites:
Preparation and applications for flame retardancy, enhanced mechanical properties,
biomimicry, and transparency energy saving. Advanced Composites and Hybrid
Materials, 5(3), 1612-1657.

Lin, Y., Bilotti, E., Bastiaansen, C. W., & Peijs, T. (2020). Transparent semi-crystalline
polymeric materials and their nanocomposites: A review. Polymer Engineering &
Science, 60(10), 2351-2376.

Liu, X., Peng, H., Zhang, T., Wang, K., Dong, Y., Wang, K., Zhan, X., Liu, Y., Li, Y., & Li, J.
(2023). One-step brush-coating strategy for low-haze and water-resistant transparent
wood films. Progress in Organic Coatings, 185, Article 107912.

Mi, R., Chen, C., Keplinger, T., Pei, Y., He, S., Liu, D., Li, J., Dai, J., Hitz, E., Yang, B., &
Burgert, I. (2020b). Scalable aesthetic transparent wood for energy efficient
buildings. Nature Communications, 11(1), 3836.

Mi, R., Li, T., Dalgo, D., Chen, C., Kuang, Y., He, S., Zhao, X., Xie, W., Gan, W., Zhu, J., &
Srebric, J. (2020a). A clear, strong, and thermally insulated transparent wood for
energy efficient windows. Advanced Functional Materials, 30(1), Article 1907511.

Moniruzzaman, M., & Goto, M. (2019). Ionic liquid pretreatment of lignocellulosic
biomass for enhanced enzymatic delignification. Application of Ionic Liquids in
Biotechnology, 168, 61-77.


http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0002
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0002
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0002
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0003
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0003
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0003
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0003
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0004
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0004
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0004
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0005
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0005
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0005
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0005
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0007
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0007
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0007
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0008
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0008
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0008
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0009
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0009
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0009
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0012
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0012
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0012
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0012
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0013
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0013
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0013
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0015
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0015
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0015
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0017
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0017
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0017
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0018
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0018
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0021
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0021
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0021
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0022
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0022
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0022
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0023
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0023
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0023
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0023
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0024
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0024
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0024
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0024
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0025
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0025
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0025
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0027
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0027
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0027
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0027
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0027
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0029
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0029
https://www.iyog2022.org/images/files/77-economicsiyog-200925.pdf
https://www.iyog2022.org/images/files/77-economicsiyog-200925.pdf
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0031
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0031
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0031
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0032
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0032
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0032
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0033
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0033
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0033
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0034
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0034
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0035
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0035
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0035
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0036
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0036
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0036
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0037
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0037
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0037
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0039
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0039
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0040
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0040
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0040
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0041
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0041
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0041
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0042
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0042
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0042
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0043
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0043
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0044
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0044
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0044
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0045
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0045
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0045
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0046
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0046
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0046
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0047
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0047
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0047
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0048
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0048
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0048
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0049
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0049
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0049
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0049
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0049
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0050
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0050
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0050
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0052
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0052
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0052
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0054
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0054
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0054
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0055
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0055
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0055
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0056
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0056
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0056

N.P. Simelane et al.

Moniruzzaman, M., & Ono, T. (2012). Ionic liquid assisted enzymatic delignification of
wood biomass: A new ‘green ‘and efficient approach for isolating of cellulose fibers.
Biochemical Engineering Journal, 60, 156-160.

Montanari, C., Ogawa, Y., Olsén, P., & Berglund, L. A. (2021). High performance, fully
bio-based, and optically transparent wood biocomposites. Advanced Science, 8(12),
Article 2100559.

Mori, T., Ikeda, K., Kawagishi, H., & Hirai, H. (2021). Improvement of saccharide yield
from wood by simultaneous enzymatic delignification and saccharification using a
ligninolytic enzyme and cellulase. Journal of Bioscience and Bioengineering, 132(3),
213-219.

Muthoka, R. M., Panicker, P. S., Agumba, D. O., Pham, H. D., & Kim, J. (2021). All-
biobased transparent-wood: A new approach and its environmental-friendly
packaging application. Carbohydrate Polymers, 264, Article 118012.

Ono, Y., Takeuchi, M., & Isogai, A. (2022). Changes in neutral sugar composition, molar
mass and molar mass distribution, and solid-state structures of birch and Douglas fir
by repeated sodium chlorite delignification. Cellulose (London, England), 29(4),
2119-2129.

Qiu, Z., Wang, S., Wang, Y., Li, J., Xiao, Z., Wang, H., Liang, D., & Xie, Y. (2020).
Transparent wood with thermo-reversible optical properties based on phase-change
material. Composites Science and Technology, 200, Article 108407.

Rai, R., Ranjan, R., & Dhar, P. (2022). Life cycle assessment of transparent wood
production using emerging technologies and strategic scale-up framework. Science of
The Total Environment, Article 157301.

Rousu, P., Rousu, P., & Anttila, J. (2022). Sustainable pulp production from agricultural
waste. Resources, Conservation and Recycling, 35(1-2), 85-103.

Sabinet. (2011). Glass recycling volumes boom: New improved glass recycling rates
released, Vol. 13, No. (1), . [Online]. Available at: https://hdl.handle.net/10520/
EJC90291 (Accessed 23 April 2023).

Seo, K., Edgar, T. F., & Baldea, M. (2020). Optimal demand response operation of electric
boosting glass furnaces. Applied Energy, 269, Article 115077.

Shi, R., Sheng, X., Jia, H., Zhang, J., Li, N., Shi, H., Niu, M., & Ping, Q. (2023).
Preparation of sustainable transparent wood with glucose and phenol derived resin.
Industrial Crops and Products, 193, Article 116234.

Statista, (2023). Emissions from glass production worldwide and in Europe in 2022.
[Online]. Available at: https://www.statista.com/statistics/1071205/carbon-
dioxide-emissions-from-glass-production-worldwide (Accessed 20 November 2023).

Wachter, 1., Stefko, T., & Rolinec, M. (2019). Optimization of two-step alkali process of
lignin removal from basswood. Research Papers Faculty of Materials Science and
Technology Slovak University of Technology, 27(44), 153-161.

Wang, W., Wang, X., Zhao, X., Ren, X., Jiang, W., & Zhang, Z. (2022). Two-sided,
flexible, durable, highly transparent and hazy plastic-paper for green
optoelectronics. Cellulose (London, England), 29(6), 3311-3322.

Wang, X., Shan, S., Shi, S. Q., Zhang, Y., Cai, L., & Smith, L. M. (2020). Optically
transparent bamboo with high strength and low thermal conductivity. ACS Applied
Materials & Interfaces, 13(1), 1662-1669.

Wang, X., Zhan, T., Liu, Y., Shi, J., Pan, B., Zhang, Y., Cai, L., & Shi, S. Q. (2018). Large-
size transparent wood for energy-saving building applications. ChemSusChem, 11
(23), 4086-4093.

10

Carbohydrate Polymer Technologies and Applications 7 (2024) 100487

Wu, X., Kong, Z., Yao, X., Gan, J., Zhan, X., & Wu, Y. (2023). Transparent wood with self-
cleaning properties for next-generation smart photovoltaic panels. Applied Surface
Science, 613, 155927.

Wu, Y., Wang, Y., & Yang, F. (2021). Comparison of multilayer transparent wood and
single layer transparent wood with the same thickness. Frontiers in Materials, 8,
Article 633345.

Xia, Q., Chen, C,, Li, T., He, S., Gao, J., Wang, X., & Hu, L. (2021). Solar-assisted
fabrication of large-scale, patternable transparent wood. Science Advances, 7(5),
eabd7342.

Yaddanapudi, H. S., Hickerson, N., Saini, S., & Tiwari, A. (2017). Fabrication and
characterization of transparent wood for next generation smart building
applications. Vacuum, 146, 649-654.

Yang, H., Wang, H., Cai, T., Ge-Zhang, S., & Mu, H. (2023). Light and wood: A review of
optically transparent wood for architectural applications. Industrial Crops and
Products, 204, Article 117287.

Yang, L., Wu, Y., Yang, F., & Wang, W. (2021). Study on the preparation process and
performance of a conductive, flexible, and transparent wood. Journal of Materials
Research and Technology, 15, 5396-5404.

Yang, S., Yanan, Z., Tong, L., Liujun, L., Jianxin, J., & Jiufang, D. (2022). Preparation and
properties of FeCl 3 /polyacrylic acid transparent conductive wood. Chemistry and
Industry of Forest Products, 42(5), 107-112.

Zhang, J., Koubaa, A., Tao, Y., Li, P., & Xing, D. (2022a). The emerging development of
transparent wood: Materials, characteristics, and applications. Current Forestry
Reports, 8(4), 333-345.

Zhang, L., Wang, A., Zhu, T., Chen, Z., Wu, Y., & Gao, Y. (2020). Transparent wood
composites fabricated by impregnation of epoxy resin and W-doped VO2
nanoparticles for application in energy-saving windows. ACS applied materials &
interfaces, 12(31), 34777-34783.

Zhang, X., Li, L., & Xu, F. (2022b). Chemical characteristics of wood cell wall with an
emphasis on ultrastructure: A mini review. Forests, 13(3), 439.

Zhu, H., Fang, Z., Wang, Z., Dai, J., Yao, Y., Shen, F., Preston, C., Wu, W., Peng, P.,
Jang, N., & Yu, Q. (2016¢). Extreme light management in mesoporous wood
cellulose paper for optoelectronics. ACS Nano, 10(1), 1369-1377.

Zhu, M., Li, T., Davis, C. S., Yao, Y., Dai, J., Wang, Y., AlQatari, F., Gilman, J. W., & Hu, L.
(2016b). Transparent and haze wood composites for highly efficient broadband light
management in solar cells. Nano Energy, 26, 332-339.

Zhu, M., Wang, Y., Zhu, S., Xu, L., Jia, C., Dai, J., Song, J., Yao, Y., Wang, Y., Li, Y., &
Henderson, D. (2017). Anisotropic, transparent films with aligned cellulose
nanofibers. Advanced Materials, 29(21), Article 1606284.

Zhu, S., Biswas, S. K., Qiu, Z., Yue, Y., Fu, Q., Jiang, F., & Han, J. (2022). Transparent
wood-based functional materials via a top-down approach. Progress in Materials
Science, Article 101025.

Zou, M., Chen, Y., Chang, L., Cheng, X., Gao, L., Guo, W., Ren, Y., Shupin, L., & Tang, Q.
(2022). Toward 90 pm super thin transparent wood film impregnated with quantum
dots for color-converting materials. ACS Sustainable Chemistry & Engineering, 10(6),
2097-2106.


http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0057
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0057
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0057
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0058
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0058
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0058
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0059
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0059
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0059
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0059
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0060
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0060
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0060
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0061
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0061
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0061
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0061
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0062
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0062
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0062
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0063
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0063
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0063
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0064
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0064
https://hdl.handle.net/10520/EJC90291
https://hdl.handle.net/10520/EJC90291
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0066
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0066
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0067
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0067
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0067
https://www.statista.com/statistics/1071205/carbon-dioxide-emissions-from-glass-production-worldwide
https://www.statista.com/statistics/1071205/carbon-dioxide-emissions-from-glass-production-worldwide
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0069
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0069
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0069
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0070
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0070
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0070
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0071
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0071
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0071
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0072
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0072
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0072
http://refhub.elsevier.com/S2666-8939(24)00067-7/opt8s2tpsBktC
http://refhub.elsevier.com/S2666-8939(24)00067-7/opt8s2tpsBktC
http://refhub.elsevier.com/S2666-8939(24)00067-7/opt8s2tpsBktC
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0073
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0073
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0073
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0074
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0074
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0074
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0075
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0075
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0075
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0076
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0076
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0076
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0077
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0077
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0077
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0078
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0078
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0078
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0080
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0080
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0080
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0081
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0081
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0081
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0081
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0082
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0082
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0084
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0084
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0084
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0085
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0085
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0085
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0087
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0087
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0087
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0088
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0088
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0088
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0089
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0089
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0089
http://refhub.elsevier.com/S2666-8939(24)00067-7/sbref0089

	Engineered transparent wood with cellulose matrix for glass applications: A review
	1 Introduction
	2 Wood
	2.1 Types of wood
	2.2 Composition
	2.3 The transparency mechanism

	3 Fabrication of engineered transparent wood
	3.1 Lignin removal/modification
	3.2 Polymer infiltration

	4 Properties of ETW
	4.1 Mechanical properties
	4.1.1 Wood species
	4.1.2 Cutting direction
	4.1.3 Wood thickness

	4.2 Optical properties
	4.3 Thermal properties

	5 Functionalization of ETW
	6 Applications of ETW
	6.1 Building material
	6.2 Electronic and photovoltaic devices

	7 Future considerations
	8 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


