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ABSTRACT: Developing advanced building materials with both 
excellent thermal insulating and optical properties to replace 
common glass (thermal conductivity of ∼1 W m−1 K−1) is highly 
desirable for energy-efficient applications. The recent develop-
ment of transparent wood suggests a promising building 
material with many advantages, including high optical trans-
mittance, tunable optical haze, and excellent thermal insulation. 
However, previous transparent wood materials generally have a 
high haze (typically greater than 40%), which is a major obstacle 
for their practical application in the replacement of glass. In this 
work, we fabricate a clear wood material with an optical 
transmittance as high as 90% and record-low haze of 10% using 
a delignification and polymer infiltration method. The 
significant removal of wood components results in a highly 
porous microstructure, much thinner wood cell walls, and large voids among the cellulose fibrils, which a polymer can 
easily enter, leading to the dense structure of the clear wood. The separated cellulose fibrils that result from the removal 
of the wood components dramatically weaken light scattering in the clear wood, which combined with the highly dense 
structure produces both high transmittance and extremely low haze. In addition, the clear wood exhibits an excellent 
thermal insulation property with a low thermal conductivity of 0.35 W m−1 K−1 (one-third of ordinary glass); thus, the 
application of clear wood can greatly improve the energy efficiency of buildings. The developed clear wood, combining 
excellent thermal insulating and optical properties, represents an attractive alternative to common glass toward energy-
efficient buildings. 
KEYWORDS: building materials, wood nanocomposites, thermal insulation, clear, cellulose nanomaterials 

The energy consumed for lighting and regulating indoor 
temperature in residential and commercial buildings 
accounts for approximately 40% of the total global 

energy consumption, which is more than that amount 
consumed by the industrial and transportation sectors.1,2 

Tremendous efforts have been devoted to reducing indoor 
energy consumption, mainly through advancements in person-
al thermal management3−8 and building cooling technolo-
gies.9−14 Common glass, as an important building material, has 
a critical impact on indoor energy consumption. Generally, 
glass possesses high total light transmittance, allowing natural 
light to enter structures and reduce the use of artificial light. 
However, glass exhibits a relatively high thermal conductivity 
(∼1 W m−1 K−1), which results in high heat loss and low 
energy efficiency.15 Therefore, it is urgent to improve the 
thermal insulation of glass or develop alternative transparent 

materials with both excellent thermal insulating and optical 
properties to be used as a replacement.15−17 

Transparent wood is a promising building material and has 
shown many advantages, including high optical transmittance, 
tunable optical haze, excellent thermal insulation, high impact 
energy absorption, and great potential for functionaliza-
tion.15,17−25 Although the haze of transparent wood can be 
adjusted, it still typically exceeds 40%, making it a challenge to 
prepare transparent wood with sufficiently low haze to rival 
common glass. For example, our group obtained transparent 
wood by removing lignin in basswood using a boiling solution 
of sodium hydroxide (NaOH) and sodium sulphite (Na2SO3) 
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and subsequent hydrogen peroxide (H2O2) treatment
followed by infiltration with epoxy.18 The resulting transparent 
wood possessed high transmittance (79.4%) but high haze 
(88.7%) at a wavelength of 550 nm. Berglund and co-workers 
prepared transparent wood by delignification of natural balsa 
wood using sodium chlorite (NaClO2) and infiltration of 
poly(methyl methacrylate) (PMMA).19 At a thickness of 0.7 
mm, their transparent wood demonstrated a transmittance of 
91.7% and a haze of 48.9% at 550 nm. Tiwari and co-workers 
removed lignin in natural beech wood using a NaClO2 solution 
followed by PMMA in 20

filtration.  At a thickness of 0.7 mm, the 
transparent wood showed a low transmittance of 13.0% and a 
high haze of 49.3% at 550 nm. Despite these tremendous 
efforts, the simultaneous achievement of high transmittance 
and ultralow haze remains a huge challenge in the development 
of sustainably sourced wood-based glass alternatives. 
In this work, we developed a transparent wood composite 

(named as clear wood) with both high transmittance (90%) 
and record-low haze (10%) in the visible spectrum by mildly 
removing lignin and hemicellulose from natural wood and 
infiltrating it with an epoxy resin (Figure 1). During 

,  

delignification, almost all lignin and some hemicellulose 
materials were removed, and the delignified wood can be 
easily decomposed into cellulose nanomaterials by vigorous 
shaking, which is totally different from the delignified wood 
obtained −by previous delignification processes.17 20,22 After 
delignification, the wood structure becomes more porous and 
the cell walls become much thinner (from ∼4 μm for the 
original wood to ∼1.5 μm for the delignified wood), while the 
aligned microchannels (lumens) are well preserved. The 
infiltration of epoxy into the delignified wood creates a 
dense structure, which together with the separated cellulose 
fibrils due to voids among them resulting from the removal of 
the wood components dramatically weakens light scattering in 
the clear wood, resulting in both high transmittance and 
ultralow haze. In addition, the clear wood possesses a very low 
thermal conductivity of 0.35 W m−1 K−1,  which is much lower 
than that of common glass. The excellent thermal insulating 
and optical properties of the clear wood make it a potential 
building material for energy-efficient applications. 

RESULTS AND DISCUSSION 

We obtained original basswood samples with a thickness of 
∼0.7 mm by cutting a tree trunk along the tree growth 
direction (Figure 2a). The wood samples exhibit a yellowish 
color due to the presence of light-absorbing lignin (Figure S1). 
Uneven pores and highly aligned microchannels can be 
observed from the cross-sectional and top views of the original 
wood film, respectively (Figures S2−S4). The original wood is 
opaque because of light scattering at the interfaces between air 
and the microchannels/cell walls. 
In order to obtain clear wood, we first carefully removed 

lignin from the original wood to reduce the light absorption 
(Figure 2a). The original basswood is mainly composed of 
42.70% cellulose, 18.14% hemicellulose, and 22.34% lignin 
(Figure 2b). The delignification process was performed by 
immersing the original wood film in NaClO solution until it 
was completely bleached. The delignification process caused a 
noticeable increase in the relative content of cellulose, while 
the content of hemicellulose and lignin was significantly 
decreased (Figures 2b and S5). In particular, the content of 
lignin dramatically reduced to 1.60% a fter the  NaClO  
treatment, suggesting the almost complete removal of lignin. 
After delignification, the wood structures become more porous 
and the cell walls become much thinner (from ∼4 μm for the 
original wood to ∼1.5 μm for the delignified wood, Figures 
2c−g, S3 and S6), while the aligned microchannels are well 
preserved (Figures 2e and S7). 
In order to obtain the clear wood with high transmittance 

and low haze, we infiltrated clear epoxy resin into the NaClO-
delignified wood framework (Figure 2a). Note that the epoxy 
has a density of 1.08 g cm−3 and a refractive index of 1.55 at 
the wavelength of 550 nm (Figure S8). Scanning electron 
microscopy (SEM) images demonstrate that the micro-
channels in the NaClO-delignified wood are fully filled with 
the resin (Figures 2f−h). Note that the volume fraction of 
cellulose in the clear wood is only 2.54%. In addition, aligned 
cellulose nanofibers can be observed in the high-magnification 
SEM image of the wood structure, indicating the wood 
microstructures are maintained (Figure 2i). The dense 
structure is one reason why our clear wood demonstrates 
both high transmittance and low haze. 
After delignification, the container with NaClO-delignified 

wood was vigorously shaken, and a suspension of cellulose 
nanomaterial was obtained and analyzed. We measured the 
morphology and height of the cellulose nanomaterial using 
atomic force microscopy (AFM), as shown in Figures 2j,k. The 
cellulose nanomaterials possess a height of ∼2.5 nm (Figure 
2k), which is similar to that of cellulose nanofibers prepared by 
TEMPO-mediated oxidation or cellulose nanocrystals from 
acid −hydrolysis.26 29 The acquisition of cellulose nanomaterials 
demonstrated that the cellulose fibrils were well separated by 
voids resulting from the significant removal of the wood 
components. When infiltrated with epoxy, the separated 
cellulose fibrils can dramatically weaken light scattering in 
the clear wood, resulting in high transmittance and ultralow 
haze. 
Compared with NaClO-delignified wood, the NaClO2- 

delignified wood cannot be decomposed into cellulose 
nanomaterials by vigorous shaking, demonstrating the strong 
interaction between cellulose fibrils (Figure S9). This 
phenomenon can be ascribed to the reduced removal of 
wood components. Note that the yield of the NaClO2- 

Figure 1. Schematic illustration of the clear wood and its digital 
images. (a) Schematic demonstrating how clear wood can be used 
as a building material, particularly clear wood windows. (b,c) 
Digital images show the clear wood has high transmittance and 
very low haze. Photos: Chao Jia. 
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delignified wood is as high as 76.09%, while the yield of 
NaClO-delignified wood is only 16.37%, indicating a large 
amount of the initial cellulose is removed during the NaClO 
delignification process. 
We determined the total transmittance and haze of the clear 

wood using a UV−vis spectrophotometer with an integrating 
sphere over the wavelength range of 400−800 nm. The 
principle for the determination of total transmittance and haze 
can be found in previous publications.21,30,31 The total 
transmittance refers to the percentage of the transmitted 
light collected at all angles using an integrating sphere, while 
the optical haze refers to the percentage of the forward light 
scattering. Our clear wood exhibits transmittance as high as 
90% and ultralow haze of just ∼10% (Figure 3a). For 
comparison, we also fabricated transparent wood (named as 
haze wood) using NaClO2-delignified wood as the template 

and measured its optical properties (Figure 3b). It is important 
to note that NaClO2-delignified wood has been widely used to 
prepare transparent wood in recent publications.19,32,33 Haze 
wood possesses a total transmittance of ∼90% (similar to that 
of clear wood), but it also demonstrates a very high haze of 
∼80%. These optical properties are demonstrated in the insets 
of Figures 3a,b, in which we can clearly see the words on the 
background through the clear wood, while the words become 
blurred through the haze wood. Compared with NaClO2- 
delignified wood, the NaClO-delignified wood shows a lower 
yield, indicating that more wood components are removed 
during the delignification process. Therefore, the NaClO-
delignified wood possesses more voids, and the cellulose fibrils 
become small enough (Figure 2j). The small cellulose fibrils 
scattered less light and resulted in a low haze.30 
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Figure 2. Microstructure characterization of the NaClO-delignified wood and clear wood. (a) Schematic demonstrating the preparation 
process of the clear wood, which includes two steps: delignification and polymer infiltration. (b) Cellulose, hemicellulose, and lignin content 
in the original wood and NaClO-delignified wood. (c) Cross-sectional SEM image of the NaClO-delignified wood. (d) Magnified cross-
sectional SEM image of the delignified wood. After delignification, the wood structure becomes more porous, and the cell walls are thinner. 
(e) SEM image of the NaClO-delignified wood in the longitudinal direction. After delignification, the oriented microchannels are well 
preserved. (f) Cross-sectional SEM image of the clear wood. (g) Magnified cross-sectional SEM image of the clear wood. (h) SEM image of 
the clear wood longitudinal direction. (i) Magnified SEM image of the clear wood longitudinal direction to show the aligned cellulose 
nanofibers. (j) AFM topography image of the cellulose nanomaterials obtained by vigorously shaking the container with NaClO-delignified 
wood. (k) Typical heights of the cellulose nanomaterials. 
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We obtained transparent wood with different wood volume 
fractions by regulating the delignification time. When the wood 
volume fraction increased from 2.89% to 5.86%, the trans-
mittance and haze did not show obvious change. However, the 
haze significantly increased to 41.6% at 550 nm wavelength 
when the wood volume fraction of the transparent wood 
increased to 8.71%, which can be ascribed to the increased 
number of scattering centers (Figure S10a). In addition, we 
also found that the thickness has a significant effect on the 
optical properties of the transparent wood. The transmittance 
reduced to 84.9% and the haze significantly increased to 40.1% 
at 550 nm wavelength when the thickness increased from 0.7 
mm to 1.5 mm, which can be attributed to the longer light 
pathway and increased scattering centers (Figure S10b). 
We evaluated the UV stability of our clear wood by exposing 

them to sunlight for 3 weeks, and we determined their 
transmittance and haze. Compared with the original clear 
wood (Figure 3a), the sunlight-exposed clear wood became 
slightly yellow (Figure S11). After being exposed to sunlight, 
the transmittance of the clear wood decreased slightly in the 
wavelength range of 400−500 nm, while no obvious change 
was observed in the wavelength range of 500−800 nm (Figure 
S12). The change in transmittance is difficult to visualize from 
the appearance of the clear wood (Figure S11a). In addition, 
the optical haze of the clear wood increased from 10.1% to 
15.0% at the wavelength of 550 nm after 3 weeks sunlight 
exposure (Figure S12e), which may have occurred because of 
the color change of the clear wood. These results suggest that 
the UV stability of the clear wood should be further improved 
to make this material an excellent candidate to replace 
common glass. 
Compared with other transparent wood from different 

preparation processes and wood species, the haze of our clear 
wood is among the lowest (Figure 3c and  Table 

S1).15,17−20,33−35 We ascribe the high transmittance and 
ultralow haze of the clear wood to the following reasons. 
First, the NaClO-delignified wood possesses a highly porous 
microstructure, much thinner cell walls, and large voids among 
the cellulose fibrils compared with the original wood, which 
allows the epoxy to easily enter the voids of the cell walls and 
among the cellulose fibrils, leading to a dense structure. Note 
that the void volume fraction of the clear wood is only 0.26%, 
which is much smaller than that of the haze wood (haze wood 
has a void volume fraction of 4.44%). Second, the NaClO-
delignified wood shows a very low yield, and more wood 
components are removed, indicating that more voids are 
generated during the delignification process. The separated 
small cellulose fibrils dramatically weaken light scattering in the 
clear wood, thus resulting in the high transmittance and 
ultralow haze. Last but not the least, the cellulose volume 
fraction in the clear wood is only 2.54%, which is much lower 
than that of other transparent wood (Table S2). The low 
cellulose content results in the reduced number of scattering 
centers, which is also an important reason for the low haze of 
our clear wood. 
We also obtained the light scattering patterns of the clear 

wood and haze wood, and we quantified the anisotropy of the 
x−y scattering, as shown in Figures 3d and S13. The samples 
were vertically irradiated by a single mode green laser featuring 
a spot size of around 200 μm. The haze wood demonstrates a 
highly anisotropic light scattering effect, and a smaller 
refractive index variation in the y direction is observed (Figure 
S13a), which can be ascribed to the anisotropic microstructure 
and densely stacked aligned cellulose fibrils. In contrast, the 
light scattering and scattered light intensity distribution in the 
x and y directions are similar for our clear wood, and the 
scattering angle is significantly reduced (Figure S13b), 

Figure 3. Optical properties of the clear wood and haze wood. (a) Optical transmittance and haze of the clear wood. The inset is a digital 
image of the clear wood to show its high transmittance and low haze. (b) Optical transmittance and haze of the haze wood prepared using 
NaClO2-delignified wood. The inset is a digital image of the haze wood to show its high haze. (c) Optical haze versus transmittance of our 
clear wood and other transparent wood materials made from different preparation processes and wood species.15,17−20,33−35 The optical 
properties at a wavelength of 550 nm were used for comparison. (d) The light scattering patterns of the transmitted light through the clear 
wood (left) and haze wood (right). 
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indicating reduced light scattering resulting from the separated 
cellulose fibrils. 
The use of building materials with excellent thermal 

insulation properties is crucial for saving energy because they 
can effectively block heat flow into or out of a building and 
improve energy efficiency.36−38 Therefore, low thermal 
conductivity is highly desirable for practical building 
applications. We investigated the thermal conductivity of the 
clear wood and compared it with common glass. The thermal 
conductivities of the clear wood and glass were measured with 

a steady-state laser-infrared camera thermal-conductivity-
characterization system, which consists of a laser heat source, 
two standard aluminum (Al) blocks, a water-cooled cold plate, 
and an infrared thermal camera (Figure 4a). The samples were 
placed between the two highly conductive Al blocks (206 W 
m−1 K−1), and the laser (Coherent Highlight FAP-1000, 820 
nm) was used to heat up the top Al block. The steady-state 
temperature distribution was recorded using a FLIR Merlin 
MID Infrared (IR) camera. The temperature differences (ΔT) 
between the top and bottom surfaces of the clear wood and 

Figure 4. Thermal conductivity of the clear wood and common glass. (a) Schematic to show the thermal conductivity measurement system. 
(b) Infrared image of the clear wood to show the temperature distribution at a given heating power input (left) and the temperature 
distribution result obtained by ANSYS numerical simulation (right). (c) Infrared image of common glass to show the temperature 
distribution at a given heating power input (left) and the temperature distribution result obtained by ANSYS numerical simulation (right). 
(d) Thermal conductivities of the clear wood and common glass. 

Figure 5. Mechanical properties of the original wood, clear wood and epoxy. (a) Tensile strength and elongation at break of the original 
wood, clear wood and epoxy. Note that the ∥ symbol denotes the applied stress parallel to the wood channel direction and the ⊥ symbol 
denotes the applied stress vertical to the wood channel direction. (b) Toughness of the original wood, clear wood and epoxy. (c-d) SEM 
images of the fracture surface of the original wood after tensile testing at different directions. (e,f) SEM images of the fracture surface of the 
clear wood after tensile testing at different directions. 
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glass were 11.5 and 5.1 °C, respectively, and their thermal 
conductivities were 0.35 and 1.05 W m−1 K−1 , obtained by 
combining the experimental results with ANSYS numerical 
simulations based on the temperature differences (Figures 4b− 
d).39 We attribute the lower thermal conductivity of the clear 
wood to the large thermal interfacial resistance and multiple 
interface phonon scattering effect across the wood cell walls.15 

These results confirmed that our clear wood is an excellent 
thermal insulation material and can be a candidate for energy-
efficient buildings. 
In addition, we also determined the thermal conductivity of 

the haze wood using the same method (Figure S14). The haze 
wood possesses a thermal conductivity of 0.24 W m−1 K−1,  
which is slightly lower than that of the clear wood. The lower 
thermal conductivity of the haze wood can be ascribed to the 
less infiltration of epoxy resin resulted from the less removal of 
wood components. Because the bulk epoxy resin has a higher 
thermal conductivity of 0.43 W m−1 K−1 (Figure S15) than the 
original basswood,15,40 the less infiltration of epoxy resin in the 
haze wood leads to a lower thermal conductivity. The haze 
wood with excellent thermal insulation and high haze can be a 
potential candidate for energy-efficient building applications 
where maintaining indoor privacy is preferred. Compared with 
haze wood, the prepared clear wood possesses not only similar 
thermal conductivity and light transmittance but also much 
lower haze, which enables the clear wood to be an attractive 
alternative to common glass toward energy-efficient buildings. 
We investigated the mechanical properties of the original 

wood and clear wood at different tensile directions to 
determine the applicability of our clear wood for construction 
purposes (Figures 5a and S16). The tensile strength of the 
original wood∥ (applied stress parallel to the wood channel 
direction) and original wood⊥ (applied stress vertical to the 
wood channel direction) was 54.88 and 8.50 MPa, respectively, 
and the elongation values at break were 1.07% and 8.37%. The 
small elongation at break of the original wood∥ and the small 
tensile strength of the original wood⊥ lead to low toughness, 
with values of 0.37 and 0.44 MJ m−3 , respectively (Figure 5b). 
Compared with the original wood⊥, the elongation at break of 
the clear wood⊥ increased to 16.30%, and the tensile strength 
significantly enhanced to 33.29 MPa, resulting in a significantly 
improved toughness of 3.96 MJ m−3about 8-times higher 
than the original wood⊥. We attribute the i mproved
mechanical properties of the clear wood⊥ to the reinforcement 
effect of the epoxy (note that the tensile strength and 
elongation at break of the epoxy are 32.44 MPa and 14.30%, 
respectively). For the clear wood∥, although its tensile strength 
decreased to 43.39 MPa, the elongation at break increased to 
19.14%; thus, a toughness as high as 6.10 MJ m−3 was 
obtained. 
We also determined the mechanical properties of the clear 

wood after 3 weeks of sunlight exposure to evaluate the effects 
of sunlight on the mechanical properties of the clear wood 
(Figure S17). There is no significant degradation in the 
mechanical properties for our clear wood, and the change 
extent for all the mechanical properties, including tensile 
strength, elongation at break, and toughness is less than 13%, 
indicating that sunlight has no significant effect on the 
mechanical properties of the clear wood in a short period of 
time (e.g., 3 weeks). Compared with transparent wood made 
from other preparation processes and wood species,15,18,33 our 
clear wood shows much higher toughness, indicating it 
possesses a higher ductility, which can be attributed to the 

 

nanoscale structure of the wood framework (Figure S18 and 
Table S2). In addition, glass possesses a very low toughness of 
0.1 MJ m−3,  demonstrating its inherent brittleness.33 The 
significant high ductility of the clear wood is highly desirable in 
the field of building materials. 
We carefully examined the fracture surfaces of the original 

wood and clear wood after the tensile tests using SEM (Figures 
5c−f). The original wood possesses a porous structure with 
highly oriented microchannels. After the tensile test, the 
uneven pores and aligned microchannels can be clearly seen in 
the fracture surfaces of the original wood∥ and original wood⊥, 
respectively (Figures 5c,d). In contrast, the fracture surfaces of 
the clear wood∥ and clear wood⊥ exhibit a very dense 
structure and are relatively smooth due to the infiltration of 
epoxy (Figures 5e,f). Since the breakage happens between the 
microchannels for original wood⊥ and clear wood⊥ and less 
interaction exists between the microchannels, the original 
wood⊥ and clear wood⊥ demonstrate lower mechanical 
strength (Figure 5a). On the other hand, the aligned 
microstructure results in higher mechanical strength for 
original wood∥ and clear wood∥. 

CONCLUSIONS 

In summary, we have developed a clear wood composite 
featuring excellent thermal insulating and optical properties by 
removing wood components from natural wood and infiltrating 
polymer in the delignified wood. The clear wood exhibited a 
high transmittance of 90% and record-low haze of 10%, which 
is comparable to common glass. To the best of our knowledge, 
the haze of our clear wood is the lowest of all transparent wood 
composites. The excellent optical properties can be ascribed to 
the separated cellulose fibrils due to voids among them in the 
delignified wood, the very dense structure of the clear wood, 
and the reduced number of scattering centers resulted from the 
low cellulose content, which is enabled by our developed 
delignification and infiltration method. In addition, our clear 
wood has demonstrated a low thermal conductivity of 0.35 W 
m−1 K−1,  which is one-third of that found in common glass. 
Compared with transparent wood made from other prepara-
tion processes, our clear wood possesses much higher 
toughness and ductility. The excellent optical properties, low 
thermal conductivity, and good mechanical properties position 
clear wood as a potential building material, whose application 
could greatly improve the energy efficiency of residential and 
commercial buildings. 
Finally, we have to admit that the combination of favorable 

optical properties with high mechanical properties is a difficult 
challenge, and the mechanical properties need to be sacrificed 
for improved optical properties. In addition, the environmental 
and UV stability of the clear wood have not been fully 
characterized in our work, and the life cycle assessment should 
also be evaluated in order to apply the clear wood in real 
situations for energy saving. The UV stability of the clear wood 
should be further improved, and only when all the UV stability 
issues are solved can the clear wood be an excellent candidate 
to replace common glass. 

EXPERIMENTAL SECTION 
Materials and Chemicals. Basswood blocks with a density of 

454.74 ± 23.35 kg m−3 were purchased from Walnut Hollow 
Company. Sodium hypochlorite (NaClO) solution (5%, Laboratory 
grade) was provided by Carolina Biological Supply Company. Sodium 
chlorite (NaClO2, 80%) and acetic acid were purchased from Sigma-
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Aldrich. Epoxy resin (#300 resin and #21 Non Blushing Cyclo-
aliphatic Hardener, AeroMarine Products, Inc.) was used for 
infiltration. Ethanol and deionized (DI) water were used to wash 
the delignified wood. 
Preparation of Delignified Wood. The wood films (cutting 

along the longitudinal direction) were put in 5% NaClO solution, and 
the delignification process proceeded at room temperature. When the 
wood films were bleached completely (about 72 h of bleaching), they 
were washed using 50% ethanol solution several times to remove the 
residual NaClO solution. The density of the NaClO-delignified wood 
for clear wood preparation is 93.41 ± 17.01 kg m−3.  
A 5% NaClO2 solution was obtained by adding NaClO2 powder in 

DI water, and the pH value was adjusted to about 4.6 by adding acetic 
acid in the NaClO2 solution. The delignified wood used for haze 
wood fabrication was obtained by immersing the wood films in 
boiling NaClO2 solution until the samples became completely white 
(about 2 h of bleaching). After that, the samples were washed using 
50% ethanol solution several times to remove any residual 
chemicals.41 The density of the NaClO2-delignified wood for haze 
wood preparation is 345.92 ± 15.46 kg m−3.  The NaClO2-delignified 
wood was composed of 63.54 ± 2.85% cellulose, 15.16 ± 0.88% 
hemicellulose, and 1.24 ± 0.46% lignin. 
Fabrication of Clear Wood and Haze Wood. The two 

components of epoxy resin (#300 resin and #21 non blushing 
cycloaliphatic hardener) were premixed at a weight ratio of 2:1. The 
clear wood and haze wood samples were fabricated by immersing the 
delignified wood in epoxy resin under vacuum for about 15 min to 
fully infiltrate the samples. Then the clear wood and haze wood 
samples were dried at ambient temperature until the epoxy resin was 
fully cured. The clear wood has a density of 1.09 ± 0.02 g cm−3 , and 
the haze wood has a density of 1.11 ± 0.04 g cm−3 . 
Characterization. The morphologies of the wood samples were 

characterized using a field emission scanning electron microscope 
(FESEM, HITACHI SU-70). The compositional analysis of the wood 
samples was performed according to previous research.42 The 
morphology of the cellulose nanomaterials was observed by atomic 
force microscopy (AFM) (Dimension FastScan, Bruker Corporation) 
in tapping mode. The mechanical properties of the samples were 
measured using a tensile tester (Instron). Four samples were used for 
each determination, and the averages were presented. The trans-
mittance and haze were characterized by a UV−vis spectropho-
tometer equipped with an integrating sphere (Lambda 35, 
PerkinElmer, U.S.A.). Light-scattering measurements were performed 
using our previous method.43 The thermal conductivities were 
measured using a steady state laser-infrared camera thermal 
conductivity characterization system, as described previously.39 The 
volume fraction of cellulose or wood material in the clear wood and 
haze wood was calculated according to the following equations: 

V m × ω  φ (%) = c × 100%; V  = dw c , where φc V c ρcw  c is the volume fraction 
c 

of cellulose or wood material in the clear wood and haze wood, Vc is 
the volume of cellulose or wood material in the clear wood and haze 
wood, Vcw is the volume of the clear wood and haze wood, mdw is the 
mass of delignified wood, ωc is the mass fraction of cellulose or wood 
material in the delignified wood, ρc is the density of cellulose or wood 
material (ρc = 1.5 g cm−3). (Here wood material includes cellulose, 
hemicellulose, and lignin.) The void volume fraction in the 
transparent wood was calculated according to the following equations: 

φv (%) −
 

 (1  
ρ ρ− ×   

= 
φ

φ t c c 
c − φe) × 100%; φ  e (%) = × 100%, where ρ e 

φv is the void volume fraction in the clear wood and haze wood, φc is 
the volume fraction of delignified wood, φe is the volume fraction of 
epoxy, ρt is the density of clear wood and haze wood, ρc is the density 
of wood material (ρc = 1.5 g cm−3), ρe is the density of epoxy (ρe = 
1.08 g cm−3). Three samples were used for the determination of the 
volume fraction of cellulose or wood material in the clear wood and 
haze wood, and the average was presented. The refractive index of the 
epoxy was measured using an ellipsometer in the wavelength range of 
400−800 nm (Uvisel, Horiba scientific, France). 
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