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S1. Evaluating the Optical Behavior of Polymeric Systems  
The main properties aimed at determining the optical behavior of TW, namely the 

refractive index (RI), the colorimetric response, the transmittance and the haze, will be 
detailed in the following Subsections. 

S1.1. Refractive Index 

Several methods are commonly adopted to measure the RI, including ellipsometry, 
interferometry, Abbe refractometry, total internal reflection, immersion liquid method 
(ILM), and prism coupling [110]. Each method offers distinct advantages in terms of ac-
curacy, applicability, and compatibility with different material types, ranging from bulk 
solids and thin films to liquids.  

Among the various methods available for determining the RI of solid materials, the 
ILM is particularly advantageous for TW due to its simplicity, non-destructive nature, and 
effectiveness in dealing with porous, heterogeneous structures. Unlike techniques such as 
ellipsometry or spectroscopic fitting, which may be limited by surface irregularities or 
require complex modeling, the ILM enables direct estimation of the effective RI by lever-
aging visual transparency [23]. The core principle involves immersing the material in a 
mixture of two liquids with known but different refractive indices. As the volume ratio of 
the two liquids is adjusted, a point is reached at which the RI of the liquid mixture matches 
that of the solid sample, rendering the composite visually transparent. The RI of the sam-
ple can then be calculated using Equation S1 [111]: RI ൌ ሺ௏ೌ ௡ೌା௏್௡್ሻሺ௏ೌ ା௏್ሻ , (S1) 

where Va and Vb are the volumes, and na and nb are the refractive indices of the two com-
ponent liquids, respectively. This approach has been successfully applied to a wide range 
of materials, including minerals, wood powders, plastic fibers, and turbid media [23], and 
is especially well-suited for evaluating the optical matching between delignified wood 
templates and infiltrating polymers in TW fabrication. 

In the development of TW, achieving superior optical transparency hinges on pre-
cisely matching the RI of the impregnating polymer with that of the wood’s structural 
components—cellulose (RI = 1.525), hemicellulose (RI = 1.532), and lignin (RI = 1.610) [112]. 
Any mismatch in RI leads to increased light scattering, resulting in haze and reduced 
transparency. To mitigate this, a range of polymers has been employed, including 
poly(methyl methacrylate) (RI ∼1.49), epoxy resin (RI ∼1.50), polyvinylpyrrolidone (RI 
∼1.53), n-butyl methacrylate (RI ∼1.50), polystyrene (RI ∼1.59), dibutyl phthalate (RI ∼1.52), 
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isobornyl methacrylate (RI ∼1.48), diallyl phthalate (RI ∼1.50), polyvinylcarbazole (RI 
∼1.68), and poly(acrylic acid) (RI ∼1.45) [28]. Ensuring a close RI match between the poly-
mer and the wood structure is essential for minimizing optical distortions and maximiz-
ing transparency, making RI optimization a key factor in the design of high-performance 
TW materials.  

Chen et al. combined the ILM and a light transmission model based on Fresnel re-
flection/refraction theory to accurately determine the RI of delignified balsa and birch 
wood templates [111]. By immersing delignified samples in liquids of known RI and 
measuring light transmission, they were able to precisely estimate the RI of the delignified 
wood structure in both perpendicular and parallel fiber orientations at a wavelength of 
589 nm (Table S1). Their findings reveal that the RI of delignified wood slightly varies 
based on fiber orientation, with perpendicular measurements yielding faintly higher val-
ues than parallel measurements. This anisotropy is likely due to the remaining cellulose 
microfibril alignment and structural changes occurring during the delignification process. 

Table S1. RI values at 589 nm of delignified balsa and birch wood samples [111]. 

Wood type Fiber direction RI 
Delignified balsa Parallel 1.525 ± 0.008 
Delignified balsa Perpendicular 1.536 ± 0.006 
Delignified birch Parallel 1.529 ± 0.006 
Delignified birch Perpendicular 1.537 ± 0.005 

S1.2. Colorimetric Response 

The color measurements are commonly performed through precision colorimeters 
based on the Lab color space of the Commission Internationale de l’Éclairage (CIE). CIE-
Lab defines L* as lightness, which ranges from 100 (standard white) to 0 (black), and two 
chromatic parameters: a* (+a* for redness, -a* for greenness) and b* (+b* for yellowness, -
b* for blueness) [108]. The total color change (ΔE*) can be calculated using Equation S2: 𝛥𝐸∗ = ඥ[ሺ𝛥𝐿∗ሻଶ + ሺ𝛥𝑎∗ሻଶ + ሺ𝛥𝑏∗ሻଶ], (S2) 

where ΔL*, Δa*, and Δb* are the difference between initial and final values of L*, a*, and 
b*, respectively.  

Figure S1 shows the colorimetric values (L*, a*, b*) of Brazilian eucalyptus TW sam-
ples at varying delignification times, i.e., 15, 30, 45, and 60 min. The figure clearly shows 
that as delignification time increases, the L* value rises, indicating greater lightness, while 
a* and b* values drop, reflecting a reduction in redness and yellowness. This trend high-
lights the gradual whitening of wood due to lignin removal, confirming the visual impact 
of extended chemical treatment. However, a notable decrease in L* is observed at the del-
ignification time of 60 min, diverging from the expected upward trend. The underlying 
cause may stem from the complex interactions among wood’s structural components: as 
delignification progresses, the progressive removal of lignin exposes cellulose and hemi-
cellulose to potential chemical and physical alterations. This deviation from the antici-
pated brightening trend highlights the delicate balance required in wood modification 
processes and emphasizes the need for further investigation into the thresholds of effec-
tive delignification [39]. 
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Figure S1. Colorimetric parameters of Brazilian eucalyptus TW samples as a function of delignifi-
cation time. Reprinted from [39] under CC-BY-4.0 License. 

S1.3. Optical Transmittance 

Quantitative evaluation of transmittance, including both the specular and diffuse 
components, is typically conducted using an ultraviolet-visible-near-infrared (UV-Vis-
NIR) spectrophotometer equipped with an integrating sphere. A 100% transmission ref-
erence spectrum (WHITE—W) is first obtained by directing the incoming beam into the 
integrating sphere via its entrance port, while ensuring that all secondary ports are sealed 
to suppress stray light interference. A 0% transmission baseline (DARK—D) is then rec-
orded by deactivating the light source, thereby capturing the detector’s background sig-
nal. The specimen is then positioned against the input port of the integrating sphere, en-
suring complete coverage and perpendicular alignment with the incoming beam. Under 
identical measurement conditions, including parameters like spectral bandwidth, scan-
ning speed, wavelength range, and beam alignment, the transmitted spectrum (SIG-
NAL—S), comprising both direct and scattered components, is acquired. Maintaining 
consistent settings across all measurements ensures reliability and eliminates potential bi-
ases arising from instrumental variability or optical misalignment. The overall transmit-
tance is then calculated using Equation S3, providing a spectral profile of the sample’s 
light transmission characteristics [113]: 𝑇 = 𝑆 − 𝐷𝑊 − 𝐷 (S3) 

The transmittance of TW increases as lignin content is reduced. Additionally, it is 
influenced by several structural and processing factors, including type of polymer used, 
the botanical origin of the wood, cellulose volume fraction, fiber orientation, and sample 
thickness [24]. Table S2 collects some optical transmittance data at 550 nm for different 
types of TW in relation to their composition and thickness. 
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Table S2. Optical transmittance at 550 nm for different types of TW according to their composition 
and thickness. 

Wood template Infiltrating monomer/polymer Thickness (mm) Optical transmittance (%) Ref. 
Ailanthus UPR 2 50 [114] 

Aspen Epoxy resin 2.5 ∼83 [115] 
Balsa Acrylic acid 0.55 85 [116] 
Balsa Acrylic resin  0.25 82.1 [117] 
Balsa Acrylic resin  0.49 82.5 [117] 
Balsa Acrylic resin  0.70 83.5 [117] 
Balsa Acrylic resin  1.10 81.1 [117] 
Balsa Epoxy resin 1 ∼90 [118] 
Balsa PAM 2 ∼72 [119] 
Balsa PAM + Ag NWs 2 ∼83 [119] 
Balsa PAM + CNTs 2 ∼84 [119] 
Balsa PAM + rGO 2 ∼85 [119] 
Balsa PLIMA 1.2 87 [106] 
Balsa PLIMA 2.0 80 [106] 
Balsa PLIMA 3.0 71 [106] 
Balsa PMMA 0.7 90 [113] 
Balsa PMMA 1.2 85 [113] 
Balsa PMMA 3.7 40 [113] 
Balsa PVA 0.8 91 [120] 
Balsa Thiol-ene 1.1 87 [121] 

Bamboo Epoxy resin 0.6 82.4 [103] 
Bamboo Epoxy resin 1.0 79.1 [103] 
Bamboo Epoxy resin 1.5 76.9 [103] 

Basswood Epoxy resin 5 87 [122] 
Basswood PMMA 1 86 [123] 
Basswood PVP 1 90 [124] 

Beech PMMA 0.1 70 [125] 
Beech PMMA 0.3 30 [125] 
Beech PMMA 0.6 18 [125] 
Beech PMMA 0.7 15 [125] 
Birch MF 1.2 74 [63] 
Birch PEG/PMMA 0.5 84 [126] 
Birch PEG/PMMA 1.5 68 [126] 
Birch PLIMA 0.7 88 [106] 
Birch PMMA 0.7 94 [127] 
Birch PMMA 1.1 74 [128] 
Birch PMMA 1.3 70 [129] 
Birch PMMA 1.5 64 [40] 
Birch Thiol-ene 1.2 89 [130] 

Brazilian eucalyptus PMMA 0.6 71.68 [39] 
Cathay poplar PMMA 0.5 90.4 [131] 

Douglas fir Epoxy resin 2 ∼80 [35] 
Japanese cypress UV-curable resin 0.46 62 [132] 

Larch Epoxy resin 2.5 ∼54 [115] 
Mahogany Epoxy resin 0.5 80 [133] 

Melia Epoxy resin 2 ∼76.7 [87] 
Melia Epoxy resin 2 77.75 [134] 
Melia Epoxy resin 4 55.94 [134] 
Melia Epoxy resin 6 36.11 [134] 
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Melia Epoxy resin 8 31.22 [134] 
Melia Epoxy resin + UVA 2 83.4 [108] 

New Zealand pine PMMA 0.5 ∼9 [135] 
Paulownia Epoxy resin/EGDE 20 89 [136] 

Poplar Epoxy resin 2 83.53 [137] 
Poplar Epoxy resin 2 83.53 [134] 
Poplar Epoxy resin 4 58.15 [134] 
Poplar Epoxy resin 6 46.40 [134] 
Poplar Epoxy resin 8 37.09 [134] 
Poplar Epoxy resin + UVA 2 75.5 [108] 
Poplar PMMA 0.5 86.1 [138] 
Poplar PMMA 1 92 [139] 
Poplar PVA 1 80 [140] 

Rubberwood Epoxy resin 1.5 64 [141] 
Rubberwood UPR 1.5 64 [141] 
Rubberwood UPR 2 54 [114] 
Silver birch 1-dodecanol/PLIMA 0.5 86 [142] 
Silver oak Epoxy resin 1 73 [107] 
Silver oak Epoxy resin 2 ∼72.8 [87] 
Silver oak Epoxy resin 2 72.84 [134] 
Silver oak Epoxy resin 4 67.44 [134] 
Silver oak Epoxy resin 6 48.83 [134] 
Silver oak Epoxy resin 8 31.71 [134] 
Silver oak Epoxy resin + OB 1 82 [107] 

White spruce Epoxy resin 2.5 ∼37 [115] 

S1.4. Haze 

Haze quantifies transparency in imaging contexts, such as how clearly an ambient 
scene can be observed through TW. According to the American Society for Testing and 
Materials (ASTM) D1003 [143], haze is defined as the percentage of transmitted light that 
is scattered at angles greater than 2.5° from the incident beam direction. Measurements 
are typically performed using an integrating sphere set-up, involving four key steps (Fig-
ure S2) [45]: (1) T1—reference transmittance with no sample and a white standard; (2) T2—
light transmitted through the sample with a white standard; (3) T3—instrumental scatter-
ing with no sample and a light trap; and (4) T4—total scattered light with both sample and 
light trap. The haze value is then calculated using Equation S4: Haze = 𝑇ௗ𝑇௧ = ൬𝑇ସ𝑇ଶ − 𝑇ଷ𝑇ଵ൰ × 100% (S4) 

where Td is the diffused transmittance and Tt is the total transmittance. Here, T3/T1 ac-
counts for the instrumental scattering error. 
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Figure S2. Typical ASTM D1003 set-up for haze measurement of TW. 

Haze in TW is influenced by several factors including anisotropy, thickness, and 
transport mean free path (TMFP), as well as the intrinsic microstructure of the wood (rich 
of micro-curvatures, bumps, and cavities, among others), which increase RI variations and 
light scattering [40]. Additionally, the RI mismatch between the delignified wood tem-
plate and infiltrating polymer plays a significant role [24]. High haze values make TW 
especially suitable for applications in privacy windows, smart building facades, and light 
diffusers in solar energy systems, where controlled light scattering is advantageous [21]. 
The haze values of different TW samples, varying in wood species, types of infiltrated 
monomers/polymers, and sample thickness, are summarized in Table S3. 

Table S3. Haze at 550 nm for different types of TW according to their composition and thickness. 

Wood template Infiltrating monomer/polymer Thickness (mm) Haze (%) Ref. 
Ailanthus UPR 2 94 [114] 

Balsa Acrylic acid 0.55 85 [116] 
Balsa Acrylic resin  0.25 40.0 [117] 
Balsa Acrylic resin  0.49 46.3 [117] 
Balsa Acrylic resin  0.70 52.7 [117] 
Balsa Acrylic resin  1.10 58.5 [117] 
Balsa Epoxy resin 1 ∼60 [118] 
Balsa PLIMA 1.2 46 [106] 
Balsa PLIMA 2.0 62 [106] 
Balsa PLIMA 3.0 65 [106] 
Balsa PMMA 0.7 50 [113] 
Balsa PMMA 1.2 71 [113] 
Balsa PMMA 3.7 80 [113] 
Balsa PVA 0.8 15 [120] 
Balsa Thiol-ene 1.1 47 [121] 

Basswood Epoxy resin 5 90 [122] 
Basswood PMMA 1 70 [123] 
Basswood PVP 1 80 [124] 

Beech PMMA 0.3 18 [125] 
Beech PMMA 0.6 40 [125] 
Beech PMMA 0.7 49 [125] 
Birch MF 1.2 66 [63] 
Birch PEG/PMMA 0.5 74 [126] 
Birch PEG/PMMA 1.5 77 [126] 
Birch PLIMA 0.7 49 [106] 
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Birch PMMA 0.7 31 [127] 
Birch PMMA 1.1 92 [128] 
Birch PMMA 1.3 70 [129] 
Birch PMMA 1.5 80 [40] 
Birch Thiol-ene 1.2 61 [130] 

Douglas fir Epoxy resin 2 ∼93 [35] 
Japanese cypress UV-curable resin 0.46 72.3 [132] 

Mahogany Epoxy resin 0.5 37 [133] 
Melia Epoxy resin 2 84.9 [87] 

Paulownia Epoxy resin/EGDE 20 97 [136] 
Poplar Epoxy resin 2 94.70 [137] 
Poplar PMMA 1 56 [139] 
Poplar PVA 1 90 [140] 

Rubberwood Epoxy resin 1.5 88 [141] 
Rubberwood UPR 1.5 90 [141] 
Rubberwood UPR 2 94 [114] 
Silver birch 1-dodecanol/PLIMA 0.5 73 [142] 
Silver oak Epoxy resin 1 84 [107] 
Silver oak Epoxy resin 2 90.6 [87] 
Silver oak Epoxy resin + OB 1 90 [107] 

S2. Cross-Analysis of the Optical Data Collected in Tables S1 and S2 

S2.1. Thickness Dependence 

As shown in Tables S1 and S2, there is a clear inverse correlation between sample 
thickness and optical transmittance, which is characteristic of multiple-scattering media. 
For example, in balsa-PMMA TWs, transmittance decreases sharply from 90% at 0.7 mm 
to 40% at 3.7 mm, while haze rises correspondingly from 50 to 80%. A similar trend is 
observed in melia-epoxy TWs, where transmittance drops from approximately 78% at 2 
mm to around 31% at 8 mm. This attenuation is due to cumulative RI mismatches and 
increased internal interfaces along the light path, which cause enhanced forward scatter-
ing. Thus, thinner veneers (≤1 mm) consistently deliver the highest transmittance and low-
est haze, approaching the theoretical optical limits set by RI matching between cellulose 
and infiltrated polymer matrices. 

S2.2. Influence of Wood Species 

Significant species-dependent variation exists due to differences in cell wall porosity, 
fiber orientation, and intrinsic RI anisotropy. Balsa, for example, demonstrates the highest 
optical performance among low-density woods. Transmittance often exceeds 85-90% for 
0.5-1 mm samples, and haze remains moderate (approximately from 50 to 70%), depend-
ing on the infiltrated monomer(s). Its open cellular architecture favors efficient monomer 
infiltration and minimal residual voids. Conversely, birch and basswood are denser with 
thicker cell walls and still achieve high transmittance (85-94%), though usually at smaller 
thicknesses (≤1 mm). Poplar and pine display good optical uniformity, achieving >80% 
transmittance and haze values near 90%, though optical anisotropy increases with radial 
versus tangential orientation. Bamboo and melia are characterized by higher vascular 
density and silica or resin inclusions. They exhibit relatively lower optical transmittance 
(between 75 and 80%) and higher haze at similar thicknesses due to light scattering from 
heterogeneous fiber bundles. Overall, species with low density, uniform lumen distribu-
tion, and isotropic grain orientation (e.g., balsa and birch) provide the best optical balance 
between clarity and scattering. 
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S2.3. Correlations with Monomer Type 

The infiltrating polymer strongly influences transmittance and haze through its RI, 
cross-linking density, and ability to wet the delignified cell walls. PMMA (RI ∼ 1.49) and 
epoxy resins (RI ∼ 1.50) have the most favorable RI matching with cellulose (RI ∼ 1.53). 
This results in high transmittance (up to 94%) and moderate to high haze (between 50 and 
90%). PVA leads to exceptionally high transmittance (91%) but low haze (15%), due to its 
hydrogen-bonding compatibility and smooth interfaces. UPR and MF resins typically 
show high haze (>90%) and low transmittance (50-70%), indicating incomplete index 
matching and higher scattering. Conversely, hybrid or functionalized systems, such as 
PLIMA and PEG/PMMA blends, demonstrate balanced optical behavior (transmittance: 
80-88%; haze: 45-65%), suggesting that these bio-based monomers can rival petrochemical 
matrices when RI and infiltration kinetics are optimized. Lastly, the incorporation of fillers 
(e.g., Ag nanowires, CNTs, TiO2, rGO) into the infiltrated monomer(s) slightly increases 
haze but can improve transmittance if the filler raises the matrix RI toward that of delig-
nified/bleached wood template. 

S2.4. Combined Trends 

By comparing the data in Tables S1 and S2, the following outcomes stand out: 
- high optical transmittance (>85%) is consistently achieved with a thickness below 1 

mm, low-density species (balsa, birch, and poplar), and PMMA/epoxy/PVA infiltration. 
- high haze (>80%), which is suitable for diffusive glazing, correlates with thicker 

samples (>2 mm), denser species (basswood, pine, and fir), and resins with poor RI match-
ing (UPR and MF). 

- in most systems, transmittance and haze are positively correlated up to a threshold 
of about 80% transmittance and 70-90% haze. Beyond this threshold, increasing density 
or thickness causes simultaneous losses in both metrics due to excessive scattering phe-
nomena. 

In conclusion, from an optical design standpoint, maximizing transparency of TWs 
requires minimizing scattering through the following strategies: (i) finding a precise RI 
matching between the resin and cellulose; (ii) achieving microstructural uniformity via 
thorough infiltration and densification; and (iii) controlling thickness to limit the optical 
path length. 

Abbreviations 
The following abbreviations are used in this manuscript: 

ASTM American Society for Testing and Materials 
CIE Commission Internationale de l’Éclairage 
CNT Carbon nanotube 
EGDE Ethylene glycol diglycidyl ether 
ILM Immersion liquid method 
MF Melamine formaldehyde 
NW Nanowire 
OB Optical brightener 
PAM Polyacrylamide 
PEG Polyethylene glycol 
PLIMA Poly(limonene acrylate) 
PMMA Poly(methyl methacrylate) 
PVA Polyvinyl alcohol 
PVP Polyvinyl pyrrolidone 
rGO Reduced graphene oxide 
RI Refractive index 
TMFP Transport mean free path 
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TW Transparent wood 
UPR Unsaturated polyester resin 
UV-Vis-NIR Ultraviolet-Visible-Near-infrared 
UVA Ultraviolet absorber 
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