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ABSTRACT 

Transparent wood (TW) shows interesting optical properties and offers a sustainable alternative to 

petroleum-based polymer glasses. The influence of the TW internal structure (e.g. fiber alignment, 

volume fraction of cellulose, lignin content, defects from preparation process) on the optical 

properties is poorly understood, which limits its use in various applications. It is also true for 

transparent cellulose biocomposites in general. In this thesis, eco-friendly TW biocomposites are 

investigated. The work focuses on experimental characterization, structure-optical property 

relationships and possibilities to quantify such relationships.   

 TWs made of delignified wood substrates with longitudinal direction of the tree parallel to the 

specimen surface are prepared. Relationships between anisotropic scattering and fiber alignment are 

studied by scattering angle measurement. Anisotropic photons distributions are compared between 

two fiber directions and various sample thicknesses. Next, attenuation coefficients (related to the 

anisotropic diffusion coefficients and absorption coefficient) for TWs are obtained by combining the 

photon diffusion equation with total transmittance measurements. The results indicate strong 

influence from the air gaps between wood substrate phase and polymer in the lumen pores on the 

scattering. Beside the airgaps between wood substrate and polymer, refractive index mismatch 

between polymer and wood substrate strongly influences the scattering. Thus, immersion liquid 

method (based on the total transmittance measurement) combined with a light transmission model 

(based on Fresnel reflection theory) is applied to estimate the refractive index of the delignified wood 

substrate. This facilitates TW design (i.e. the proper polymer selection for various applications) and 

modelling of the optical properties of delignified wood based transparent materials. Finally, 

extinction coefficients, Rayleigh scattering and absorption coefficients of TW are extracted from 

photon budget measurements combined with a light diffusion model developed. With higher volume 

fraction of cellulose, all these parameters are increased, although polymer-cellulose refractive index 

mismatch is the dominating factor controlling transmittance. The strong forward scattering in TW is 

analysed, and Rayleigh scattering has a strong effect on haze. The influence of lignin content on the 

absorption coefficient is also discussed. 

 

Keywords: Transparent wood, cellulose, biocomposite, light transmission, anisotropic scattering, 

Rayleigh scattering, photon budget, photon diffusion theory, light-transparent wood interaction. 

 

 

 

 

  



 

SAMMANFATTNING 

Transparent trä (TW) har intressanta optiska egenskaper och erbjuder ett hållbart alternativ till 

petroleumbaserade polymerer. Förståelsen för inverkan av mikrostruktur hos TW (t.ex. 

fiberinriktning, volymandel av cellulosa, ligninhalt, defekter från beredningsprocessen) på de optiska 

egenskaperna är ofullständig, vilket begränsar dess användning i olika tillämpningar. Det gäller också 

generellt för transparenta cellulosabiokompositer. I denna avhandling studeras miljövänliga TW 

biokompositer, med fokus på experimentell karakterisering, samband mellan struktur och optiska 

egenskaper samt möjligheterna att kvantifiera sådana samband. 

 TW baserade på delignifierade träsubstrat har i denna studie trädets fiberriktning parallell med 

provytan. Samband mellan anisotrop ljusspridning och fiberorientering studeras genom mätning av 

spridningsvinkel. Anisotropa fotonfördelningar jämförs mellan två fiberriktningar och olika 

provtjocklekar. Därefter erhålls koefficienter för ”attenuering” (försvagning), som är relaterade till de 

anisotropa diffusionskoefficienterna och absorptionskoefficienten för TW. De bestäms genom att 

kombinera en modell för fotondiffusion med mätningar av total optisk transmittans. Resultaten 

indikerar en stark påverkan på ljusspridningen av luftspalter mellan träsubstrat och polymer i lumen, 

som är en form av debondsprickor. Utöver debondsprickor mellan träsubstrat och polymer, så 

påverkas ljusspridningen även av skillnaden i brytningsindex mellan polymer och träsubstrat. Av det 

skälet utvecklas en metod för att mäta brytningsindex hos träsubstratet. Det porösa substratet sänks 

ned i en vätska med känt brytningsindex och optisk transmittans mäts och kombineras med en modell 

för ljustransmission baserad på fresnelreflektion. Goda data för träsubstratets brytningsindex 

underlättar vid formgivning av TW biokompositer (dvs. rätt polymerval för olika applikationer) och 

är också viktigt för modellering av de optiska egenskaperna hos transparenta material från 

delignifierat trä. I avhandlingens sista del kombineras en modell för ljusdiffusion med systematiska 

mätningar av ljusspridning, reflektion och transmittans hos olika materialprover. Data 

för ”extinktionskoefficienter”, Rayleigh-spridning och absorptionskoefficienter kan bestämmas, 

liksom hela fotonbudgeten för materialet. Med högre volymfraktion av cellulosa ökar värdena för alla 

dessa parametrar, även om skillnaden i brytningsindex mellan polymer och cellulosa är den 

dominerande faktorn som styr transmittansen. Den starka ljusspridningen framåt (”haze”) i TW 

analyseras, och även Rayleighspridningen har en stor effekt på ljusspridning. Ligninhaltens inverkan 

på absorptionskoefficienten diskuteras också. 

 

Nyckelord: Transparent trä, cellulosa, biokomposit, ljustransmission, anisotropisk spridning, 

Rayleigh-spridning, fotonbudget, fotondiffusionsteori, ljus-transparent trä interaktion. 
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1.  Introduction

The 17 Sustainable Development Goals adopted by United Nations in 2015,1 provide clear 

development directions aiming for a more sustainable world by 2030. To achieve these goals, many 

obstacles need to be tackled. For example, polymeric materials are widely used due to their versatile 

and tailorable properties. However, the majority of polymeric materials are produced from non-

renewable resources, which is not in line with the sustainability goals. Transparent wood (TW) is an 

emerging optical and structural biocomposite made from wood. Chromophores are removed from 

wood, and the wood pore space is filled with a polymer of matching refractive index of the cellulosic 

wood reinforcement phase, to form a transparent biocomposite material. It may be a more eco-

friendly replacement for petroleum-based polymers and has attracted wide attention both in 

academia and industry during recent years, which would have a positive effect on the sustainable goal 

9 (industry, innovation, and infrastructure) and goal 13 (climate change). TW is a load-bearing semi-

structural material with a transmittance normally > 80% at 1 mm thickness, optical haze normally > 

50%, high mechanical toughness, low thermal conductivity, etc.2,3 These properties provide potential 

for TW in various applications ranging from energy efficient buildings to opto-devices, such as for 

light trapping in solar cells,4,5 as a scaffold for functional nanoparticles,6–8 or a substitute of glass in 

smart windows, etc.9–13 The material may also contribute to sustainable development goal 12 

(sustainable consumption and production) through the use of trees as a renewable resource, and even 

combining the wood substrate with a bio-based polymer.14  

 TW is a new and interesting optical material due to the anisotropic, but partially random wood 

microstructure. The structure is also hierarchical, which means that scattering phenomena and 

optical effects in the material can originate from features at several length scales, both nanoscale, 

microscale and even mm-scale since many wood species have an annual ring structure. 

Understanding light-TW interaction is essential for scientific reasons, but also for further 

development and application of this type of material. 

 

1.1  Background of transparent wood 

The wood nano- and microstructure and wood components influence TW properties, including 

optical properties. Wood is divided into two categories, hardwoods (angiosperms) and softwoods 

(gymnosperms), with different evolutionary background and characteristics. Softwoods show a 
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relatively simple and uniform structure (85-95% tracheid and 5-15% rays) compared with hardwoods 

(37-70% tracheid, 10-32% rays, 6-55% vessels).15 There is a clear distinction between earlywood and 

latewood in fiber diameter and cell wall thickness in softwoods, leading to difficulties to achieve 

homogeneous chemical wood treatment in bulk form. Hardwoods are more complex in their 

anatomical structure than softwoods.16 Based on the vessels distribution, hardwoods are divided into 

three types: 1) ring porous wood with the vessel diameter in the earlywood (beginning of the growth 

ring) larger than that in the latewood (end of the growth ring) with a clear separation in between; 2) 

semi-ring porous wood with the vessel diameter gradually decreasing from earlywood to latewood; 

and 3) diffused porous wood with vessel diameter similar in both early- and latewood.16–19 Figure 1.1 

shows a typical hardwood structure with three orthogonal planes. Hollow vessels and fibers are 

preferentially aligned in the longitudinal direction and provide both mechanical support (fibers) and 

liquid transport (water, nutrients etc.) for tree growth. Rays are perpendicular to the longitudinal 

direction and play a vital role for transport and nutrients storage in the radial direction of the tree.19–

21 In this thesis, diffuse-porous hardwood is selected for the study due to the fairly homogeneous 

cellular structure and lack of annual ring features. 

 

Figure 1.1 Three-dimensional structural representation of hardwood, with three orthogonal planes. Figure reproduced 

from Paper III. 

 Native wood is not optically transparent because of light absorption and strong light scattering. 

The wood cell wall is a biocomposite of cellulose “nanofibers” in a mixture of hemicelluloses, lignins 

and extractives,  where proportions depend somewhat on the wood species and location in the tree.16–

18 Among these, extractives and lignin, are the main light absorbents and contribute to darker wood 

colors.22 Lignin can account for around 90% of wood light absorption.23 Therefore, in order to obtain 

optically transparent wood, lignin or its chromophores need to be removed. Chemical delignification 

is widely used, for instance NaClO2,3 and NaOH-NaS2O3.24 It is also possible to do lignin-retaining 
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bleaching treatments, where chromophores are targeted, leading to better mechanical strength of the 

substrate, which becomes easier to handle.2 

 Figure 1.2a shows the typical appearance of wood before and after delignification. The brownish 

color of native wood was removed and a white delignified wood substrate is obtained. The cellular 

structure of native wood is preserved, see Figure 1.2b and Figure 1.2d. At smaller scale, microscale 

pores are formed in lignin-rich areas, such as cell wall corners (Figure 1.2c and 1.2e). In addition, 

removal of lignin in the cell wall results in mesoscale porosity. The specific surface area is high (19.8 

m2/g) in the delignified wood substrate compared with 1.2 m2/g for native wood.3 This is beneficial 

for further chemical treatment, monomer impregnation and nanoparticle functionalization.  

 

Figure 1.2 a) Photographs of native balsa (top) and delignified balsa (bottom). Macro- and microstructure of b, c) 

native balsa and d, e) delignified balsa at different scales. 

 After chemical treatment, the wood substrate is whitish because of light scattering at interfaces 

between the cell wall and air due to the refractive index (RI) mismatch.25 In order to address this, 

infiltration of a RI-matched polymer (e.g. pre-polymerized methyl methacrylate-PMMA and epoxy 

resin) is needed to reduce light scattering.2,10,24,26,27 TW is then obtained as shown in Figure 1.3a, with 

high optical transmittance (90 % at thickness = 1 mm). The SEM images in Figure 1.3b and 1.3c show 

the internal cross-sectional TW structure. Cell lumen and cell wall corners are filled with polymer 

matrix, essentially removing porosity, lowering scattering and increasing transmittance. However, 

due to air gaps between cell wall and polymer in lumen space27 and RI mismatch (e.g. 1.49 for PMMA,3 

1.536 for delignified wood substrate28) between cell wall and polymer, the scattering in TW varies with 

preparation process, polymer, and specimen thickness. Functionalized TWs have also been prepared 

using functional particles or chemicals, such as quantum dots for luminescent TW,8 dyes for wood 

lasers,29 phase change materials for energy storage,30 etc. 
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Figure 1.3 a) Photograph of transparent wood placed on top of colored leaves. Microstructure of transparent wood 

showing b) filled lumen pores and cellular wood structure and c) cell wall corner, ref.27 

1.2  Optical properties of scattering materials 

Light-turbid material interaction is a complex process, such as in aerosols31–33 and biological 

tissues.34–38 TW is a “new” transparent material with complex structure, perhaps better described as 

translucent or semi-transparent for millimeter-range thicknesses. Typical light-turbid material 

interactions are illustrated in Figure 1.4. When the light reaches the turbid sample (such as TW), a 

specular reflection takes place at the surface. Next, light travelling into the material will be partially 

absorbed by light absorbing components in the material (such as residual lignin in TW). Light will 

also scatter due to micro- or nanostructural features (such as fibers, nanofibrils and nanovoids in TW). 

Due to many cells, this results in many events of both back-scattering and forward-scattering, where 

some forward-scattered light is also transmitted. Light which has not been absorbed or scattered will 

go straight through the material and be transmitted from the back surface as ballistic transmission.38 

In the following sections, more details will be introduced for each distribution.   

 

Figure 1.4 Light interactions with a turbid material, such as transparent wood (TW). Figure adapted from Paper IV. 
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1.2.1 Light reflection 

Reflection describes the process when the incident light from one medium reaches the surface of 

another medium, as shown in Figure 1.5. Reflection takes place due to the difference in RIs between 

these two optical media (refraction also happens if the incident angle ˃ 0˚).39–41 For a smooth surface 

of an amorphous material such as glass, as shown in Figure 1.5a, the reflected light is in the same 

plane as incident light. The angle between light beam and material is the same for reflected and 

incident light. The reflectance could be described by Fresnel reflection theory, which depends on RI 

values of the two media. The term used for this reflection is specular reflection (SR). However, for a 

rough surface as shown in Figure 1.5b, the light will be randomly reflected, and this is termed diffused 

reflection (DR). It takes place at paper and other rough surfaces. It is typically out of the incident 

plane and specular reflection depends on details of surface roughness.42–47 For transparent 

composites, such as TW, reflection from the interior of the material also contributes to DR as shown 

in Figure 1.5c, and total reflection is a combination of DR and SR. For a smooth TW surface, SR takes 

place at this outer surface, while DR takes place at scattering sites inside the material, such as wood 

fibers. Thus, in analysis of optical properties of TW, the origin of the diffusely reflected light needs to 

be identified. 

 

Figure 1.5 Light reflection on a a) smooth surface, b) rough surface and c) transparent composite with a smooth surface. 

 

1.2.2 Light absorption 

Absorption of light takes place in nature and most biological materials. The phenomenon takes place 

due to particles in the atmosphere, in seawater and in objects such as leaves.48–50 The process depends 

on the wavelength (λ) of the light and the natural frequency of the atoms in the material.39,40 If they 

are complementary, light is absorbed and converted into other types of energy, such as heat. 

Otherwise, light is reflected or transmitted through the material, and the object shows color.51,52 The 

absorption coefficient (µa) describes the absorption property of a material. For a non-scattering 

medium as shown in Figure 1.6a, the absorption coefficient could be described by Beer-Lambert Law: 

 𝑇𝑇 exp 𝜇 𝑑                                                                     (1.1) 

where TT is the total transmittance, d is the sample thickness, and µa is the absorption coefficient. In 

this case, the transport length of a single photon is equal to the sample thickness.53,54 For a scattering 

material, such as biological tissue and TW biocomposites, however, the transport length (path length) 
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of a single photon is larger than the sample thickness due to multiple scattering events in the 

medium53,55–57 as shown in Figure 1.6b. In an absorbing material, multiple scattering also increases 

absorption, and the total transmittance TT is lowered. Thus, Beer-Lambert Law is not strictly 

applicable to scattering TW biocomposites. Modified Beer-Lambert Law versions have been 

suggested for scattering media to characterize the absorption process,58–62 although most of them do 

not describe “angle-integrated transmittance”. 

 

Figure 1.6 Light absorption in a) non-scattering medium and b) scattering medium showing altered path lengths of 

the photons through the medium with thickness d. 

 

1.2.3 Light scattering 

Light scattering means that photons in the light wave are forced to change their original propagation 

directions by a particle or other non-uniform scattering centers in the optical medium,38,63,64 such as 

in Figure 1.5b, c and 1.6b. Scattering depends on the wavelength of the light and the particle size (i.e. 

micro- and nanoparticles, molecules, atoms, etc.). Types of scattering include symmetric Rayleigh 

scattering (Figure 1.7a, particle size much smaller than the wavelength of incident light), Mie 

scattering (Figure 1.7b, particle size about the same as the wavelength of incident light) and 

geometrical scattering (Figure 1.7c, particle size is much larger than the wavelength of incident light). 

The latter two cases are mainly forward-scattering.65 A scattering coefficient is normally used to 

describe the scattering properties of a medium. Similar to the absorption coefficient described earlier, 

the scattering coefficient (𝜇 ) can be estimated for a non-absorbing medium by measuring the ballistic 

light transmittance (BT) and medium thickness:38 

𝐵𝑇 exp 𝜇 𝑑                                                                 (1.2) 

 For materials where absorption and scattering take place simultaneously during light-material 

interactions, it is difficult to separate the two processes. TW is a good example of this case, where the 

cellular structure of the wood substrate and nanovoids inside cell wall act as scattering centers and 

residual lignin is absorbing light. In addition, light transmitted through TW samples also shows an 

anisotropic scattering pattern due to the fiber alignment in TW with fibers parallel to the surface and 

edge of the specimen.66  
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Figure 1.7 Light scattering with different particle size. a) Rayleigh scattering from particles smaller than about one 

tenth of the wavelength of incident light, which shows a nearly isotropic distribution. b) Mie scattering from particles 

about the same size as the wavelength of light and c) geometric scattering from centers much larger than the wavelength 

of incident light. Strong forward scattering takes place in the latter two cases. 

 

1.2.4 Light transmission 

Optical transmittance describes the fraction of incident light that is transmitted through a material. 

For a non-scattering material as shown in Figure 1.6a, transmittance is mainly decided by the 

absorption (the absorption coefficient). However, for TW which combines scattering and absorption 

the total optical transmittance TT is the sum of ballistic transmittance BT and forward diffused light 

transmittance DT, taking place after multiple absorption and scattering events in the material. From 

earlier explanations, TT is influenced by three phenomena: reflection (Figure 1.5, higher reflectance 

means lower TT), absorption (Figure 1.6, higher absorption means lower TT) and scattering (Figure 

1.7, the stronger the scattering, the longer optical path length, higher absorption, and lower TT). Thus, 

when comparisons of total transmittance TT are made between transparent but scattering 

biocomposites such as TW, it is helpful to consider both the scattering and absorption properties of 

the material. 

  

1.3 State of the art – optical properties of transparent wood 

Although TW materials are at an early development stage, their optical properties are important for 

the applications considered, e.g. solar cells may need increased optical path length/higher haze for 

trapping of photons.4,5 Previous studies on TW optical properties are mainly focused on reporting 

transmittance and haze data as shown in Table 1.1, which are influenced by the chosen wood species 

(i.e. density of native wood and volume fraction of wood in the TW biocomposite), cutting directions 

(i.e. fiber alignment in TW), treatment method (i.e. wood substrate modification), polymer matrix (i.e. 

refractive index and compatibility with the wood substrate) and specimen thickness. There are also 

studies on materials design strategies to improve optical properties. As an example of high 

transmittance and low haze, TW made from NaClO-based delignification combined with epoxy resin 

impregnation shows a relatively high transmittance (90%) combined with low haze (10%) at a 

wavelength of 550 nm with a sample thickness around 0.7 mm.10  The total wood and cellulose content 

in the material, however, is very low (2.5%),which means that this material does not combine high 

transmittance with mechanical properties suitable for load-bearing structures. Other studies from the 
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present laboratory successfully improved TW transmittance by chemical modification of the 

delignified wood substrate, by acetylation or succinic anhydride treatment.27,67 These treatments 

appear to reduce the extent of optical defects, such as interface gaps between cell wall and polymer, 

so that scattering is reduced. For instance, an acetylated wood substrate infiltrated with PMMA shows 

increased transmittance to about 92% at 550 nm with a sample thickness of around 1.5 mm and wood 

content of 5 vol%.27 Succinic anhydride (SA) treatment resulted in TW of relatively high transmittance 

(83.8%) at 550 nm for a thickness of around 2 mm at wood content of 6.2 vol%.67 In another study, 

bio-based poly(limonene acrylate) (PLIMA, RI = 1.5214) showed a better matched RI with the wood 

substrate, and was combined with a SA-treated wood substrate, and the transmittance was 89% for a 

sample thickness of 1.2 mm and a wood content of 12 vol%.14 Comparisons between data from 

different TW materials are difficult, since the samples often have different thickness and volume 

fractions of cellulose (from variations in wood species used). In addition, anisotropic scattering has 

been reported.3,10,24 However, no systematic investigation on the relationships between TW internal 

structure and optical properties was reported before the present investigation started.  

Table 1.1 Optical properties of transparent wood from literature. (*L: wood fiber direction in the plane of the 

transparent wood sample. T: wood fiber direction in the thickness direction of the transparent wood sample.) 

Wood 

species 

Wood 

direction* 

Treatment 

method 

Polymer Volume fraction 

of wood (%) 

Thickness 

(mm) 

Transmittance 

(%, 550 nm) 

Haze  

(%, 550 nm) 

Balsa3 L NaClO2 PMMA 5 1.2 85 65 

Balsa68 L NaClO2 

+Acetylation 

PMMA - 2.4 86 66.7 

Balsa2 L H2O2 PMMA - 1.5 83 75 

Balsa67 L PAA + SA PMMA 6.2 2 83.8 66.9 

Balsa14 L PAA + SA PLIMA 12 1.2 89 41 

Balsa13 L NaClO PVA - 0.8 91 15 

Birch27 L NaClO2 

+Acetylation 

PMMA 30 1.5 90 52 

Beech9 T NaClO2 PMMA - 0.1 70 49 

Beech7 L NaOH + 

Na2SO3+H2O2 

PMMA - 5 86 90 

Basswood L NaOH + 

Na2SO3+H2O2 

Epoxy - 2 ≈ 78 ≈ 84 

Basswood24 T NaOH + 

Na2SO3+H2O2 

Epoxy - 2 90 ≈ 96 

Basswood69 L NaOH + 

Na2SO3+H2O2 

Epoxy - 5 90 95 

Basswood5 L NaOH + 

Na2SO3+H2O2 

PVP - 1 90 80 

Basswood10 L NaClO Epoxy 2.54 0.7 90 10 

Basswood70 L H2O2 steam Epoxy ≈ 13 5 87 90 

Poplar71 L NaClO2 Epoxy - 1 82 61 

Poplar72 L NaClO2 + 

H2O2 

PMMA - 0.5 90.4 - 

Douglas fir11 T NaClO2 Epoxy - 2 ≈ 80 ≈ 93 
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1.4 Thesis objectives 

There are not many eco-friendly materials available which can combine mechanical performance with 

optical transmittance,3 and photonic functions by the use of additives such as quantum dots,8 dyes,29 

plasmonic nanoparticles,73 photochromic and thermochromic74 or electrochromic 

particles/polymers75 as well as phase-change materials for heat storage.30 Transparent wood (TW) is 

therefore an interesting alternative to glass and transparent plastics and has potential for new 

applications. The key objective of this thesis is therefore to lay the foundation for investigations of 

relationships between micro- and nanostructure of TW (primarily composition, with volume fraction 

of “wood” as the main parameter) and optical properties. For such studies and material comparisons, 

the thesis aims to develop experimental protocol for anisotropic scattering measurements, to describe 

specimen thickness effects, to measure refractive index of the porous wood substrate and to 

understand scattering and absorption mechanisms. New knowledge in this field would be helpful for 

the development of cellulosic biocomposites with a favorable balance between mechanical and optical 

properties. 

 The following optical properties of TW are investigated: anisotropic scattering of TW (Paper I), 

the relationship between total transmittance and sample thickness (Paper II), a method for estimation 

of refractive index of delignified wood (Paper III) and the relative importance of different mechanisms 

for scattering and absorption in TW (Paper IV).    
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2. Experimental

2.1 Materials and chemicals 

Materials for transparent wood preparation: balsa wood specimens (Ochroma pyramidale; 

density: 79, 120, 137, 160, 183 kg/m3, purchased from Wentzels Co. Ltd., Sweden) with longitudinal 

wood fiber direction parallel to the specimen surface and two edges were prepared with size: 2 cm × 

2 cm, with thicknesses varying from 0.1 cm to 1 cm. Birch wood specimens (Betula; density 620 kg/m3, 

purchased from Calexico Wood AB, Gothenburg, Sweden) and ash wood specimens (Fraxinus 

excelsior; density 650 kg/m3, purchased from Calexico Wood AB, Gothenburg, Sweden) with 

longitudinal wood fiber direction parallel to the specimen surface and two edges were prepared with 

size: 2 cm × 2 cm, with thicknesses varying from 0.07 cm to 0.3 cm.  

Materials for refractive index (RI) measurement: balsa (120 kg/m3) and birch wood 

specimens with longitudinal wood fiber direction either parallel or perpendicular to the specimen 

surface with the size 0.09 cm × 0.09 cm and the thickness of 0.1 cm. 

Chemicals for wood delignification: Acetic acid (VWR, 96 wt%) and sodium acetate 

(CH3COONa, Fisher) were used for preparing acetate buffer with a pH of 4.6. Sodium chlorite 

(NaClO2, Sigma Aldrich); Ethanol and acetone (VWR). 

Chemicals for modification on delignified wood: N-methyl-2-pyrrolidone (NMP, Sigma 

Aldrich), pyridine (Sigma Aldrich), acetic anhydride (Sigma Aldrich) and succinic anhydride (SA, 

Sigma Aldrich). 

Chemicals for polymer preparation: Methyl methacrylate (MMA, Sigma Aldrich), 2,2′-

Azobis(2-methylpropionitrile) (AIBN, Sigma Aldrich), Aluminium Oxide (Al2O3, Sigma Aldrich).  

Chemicals for refractive index (RI) matching: ethanol (VWR), 1,2,4-trichlorobenzene (Merck), 

hexadecane, toluene, anisole and 1,2-dichlorobenzene (Sigma Aldrich). 

 

2.2 Preparation of transparent wood 

TW samples are prepared based on the procedure shown in Figure 2.1.   

Sodium chlorite delignification: Samples were delignified at 80 °C using 1 wt % of sodium 

chlorite with acetate buffer solution for 6 hours (12 hours for sample thickness > 0.3 cm to make sure 
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all the substrates have similar composition). After that, the delignified samples were washed with 

deionized water, ethanol, and finally acetone, each step repeated 5 times and finally the samples were 

kept in acetone until further use. 

Acetylation of delignified wood: the delignified wood substrates were treated with acetic 

anhydride in the solvent of N-methyl-2-pyrrolidone with pyridine as the catalyst. The ratio of wood 

substrate (g): acetate anhydride (mL): pyridine (mL): NMP (mL) is 2: 7: 6: 100. The reaction was 

performed under 80 °C for 6 h.27 After the reaction, the acetylated wood was treated with sodium 

chlorite delignification process until white and washed with deionized water, ethanol, and finally 

acetone. 

Esterification of delignified wood: Delignified wood substrates were modified by esterification 

of succinic anhydride. Shortly, delignified wood substrates were immersed in succinic anhydride at 

130 ̊ C for 30 minutes.67 After the reaction, the samples were washed in acetone 5 times under vacuum. 

In order to remove any residual color from the reaction, the substrates were again subjected to sodium 

chlorite delignification for 10 min and finally washed with deionized water, and dehydrated to ethanol 

and finally acetone. 

Pre-polymerized methyl methacrylate (PMMA) preparation: Methyl methacrylate pre-

polymerization was performed in a round bottom flask at 75 °C for 15 min with 2,2′-Azobis(2-

methylpropionitrile) as initiator and terminated with ice-water bath.3 

Preparation of the sustainable transparent wood biocomposites: the delignified or 

acetylated or esterified wood substrates were infiltrated by monomer-oligomer mixtures to form 

PMMA and PLIMA (poly(limonene acrylate), a polymer from renewable resources),14 respectively. 

After that, the monomer-impregnated wood substrates were sandwiched between two glass slides, 

packaged in an aluminium foil, and then polymerized. The polymerization proceeded as follows 

(unless otherwise stated in the Papers): 45 °C for 24 h, and then 70 °C for 6 h to complete the 

polymerization process. 

 

Figure 2.1 Transparent wood fabrication process. Various wood substrate preparation processes including 1) 

delignification of wood substrate, 2) acetylation on the delignified wood substrate, and 3) succinic anhydride (SA) 

esterification of the delignified wood substrate. Monomer infiltration including 1) PMMA and 2) PLIMA. 
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2.3 Characterization methods 

Field-emission scanning electron microscope (FE-SEM): the cross sections of the samples 

were characterized with FE-SEM (Hitachi S4800, Japan) operating at an acceleration voltage of 1 kV. 

The samples were prepared by fracture in liquid nitrogen and coated with platinum-palladium before 

observation.  

Atomic force microscopy (AFM): topographic height images of the TW surface were recorded in 

air using a ScanAsyst mode on a MultiMode 8 atomic force microscope system (Bruker, Santa Barbara, 

CA, USA) with a scan area of 5 µm × 5 µm. 

Refractive index (RI) of the liquids was measured through J457 Automatic Refractometer 

(Rudolph Research Analytical, USA). 

Klason Lignin content of wood sample was measured according to the TAPPI method.76 200 mg 

dried wood sample (40 meshes) were dissolved in 3 mL 72 wt% H2SO4 at low vacuum for 1 h, and 

stirred with glass rod for 0.5 h in order to facilitate the reaction, then 84 mL of Milli Q water was 

added and the solution was hydrolysed in autoclave at 120 ± 5 ˚C for 1 h. After that, the solution was 

separated by filtration with a glass microfibers filter. Finally, the precipitate (Klason lignin) was dried 

in the oven at 105 ± 3 ˚C for 4 h. The lignin content was determined by: 

𝐿𝑖𝑔𝑛𝑖𝑛 % 100%                                                        (2.1) 

where Ml (mg) is the weight of precipitate (lignin) and Ms is the weight of the originally dried wood 

sample. 

Volume fraction of wood (Vf) in TW was calculated based on the following equation: 

𝑉                                                                     (2.2) 

where ρc is the density of the TW biocomposite, ρf is the density of the wood substrate (1500 kg/m3), 

Wf is the weight fraction of wood substrate. It is assumed that the composite contains no porosity. 

Angular distribution of the transmitted photons was measured using the setup schematically 

presented in Figure 2.2. A He-Ne laser (633 nm) is used with a beam diameter of 1.5 mm which is 

circularly polarized by the use of a linear polarizer (LP) and a properly oriented quarter wave plate 

(QWP) for the visible spectral range of light. A detector/power meter (D) is positioned on the rotation 

stage with the radius of 13.6 cm. The input aperture of the power meter was limited to 1.8 mm, which 

roughly corresponds to the scattering angle of 1°. The laser beam is passing through a TW sample in 

the middle of the rotation stage with the wood fiber direction perpendicular or parallel to the scanning 

plane (X). Each measurement is carried out with a step of 3˚. 
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Figure 2.2 Set-up for anisotropic scattering distribution measurements. LP: linear polarizer, QWP: quarter wave plate, 

TW: transparent wood sample, D: detector. X-plane: detector moving/scanning plane. Figure reproduced from Paper 

I. 

Ultra-fast time resolved measurements: the measurements were performed using the set-up as 

shown in Figure 2.3a.  This was carried out with 150 fs pulses from Ti:sapphire laser (λ = 790 nm) 

with streak camera as a detection instrument (4 ps resolution). Ballistic photons were blocked using 

beam blocker.  

Ballistic transmittance (BT) was measured using the setup as shown in Figure 2.3b. Incident light 

(550 nm) for the measurements was obtained from a laser-driven xenon plasma white-light source 

(Energetiq EQ-99) coupled with a tunable monochromator (SP2150i, Princeton Instruments). An 

optical power meter was used to detect the transmitted light, and a “bucket”76 was connected to the 

optical power meter to reject all scattered light and ensure that only ballistic photons were collected 

by the optical power meter. 

 

Figure 2.3 Setups for a) ultra-fast time resolved measurements and b) ballistic transmittance measurements. Figure 

adapted from Paper IV. 
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Specular reflectance (SR) was collected using the setup as shown in Figure 2.4a, where the sample 

was positioned in the middle of a round plate; the incident light (laser-driven xenon plasma white-

light source (Energetiq EQ-99) was coupled with a tunable monochromator (SP2150i, Princeton 

Instruments)) set at the edge of the round plate with an input angle 6o and the detector (integrating 

sphere) was set in the corresponding position. The aperture of the detector was similar to the directly 

reflected beam size in order to reject the diffusely reflected light. 

Angle-integrated total transmittance (TT) of the samples was measured with an integrating 

sphere according to ASTM D1003 “Standard Test Method for Haze and Luminous Transmittance of 

Transparent Plastics”77 as shown in Figure 2.4b, The sample was set in front of an input port of the 

integrating sphere, a light source was applied as the incident beam (quartz tungsten halogen light 

source, model 66181 from Oriel Instruments) with strong, stable output mainly in the visible and NIR 

region. The output light was collected through an optical fiber connected to the output port of the 

integrating sphere. Each sample was measured 3 times; and the results show statistically averaged 

values with < 1 % error. 

Haze was measured according to ASTM D1003 “Standard Test Method for Haze and Luminous 

Transmittance of Transparent Plastics” and is defined using following equation: 

𝐻𝑎𝑧𝑒 % 100%                                                     (2.3) 

where T1 is the white background (100%, without sample), T2 is total transmittance TT of the sample, 

T3 is the black background (≈ 0%, without sample), and T4 is the diffused transmittance DT of the 

sample.  

Total reflectance (TR) of the TW samples was obtained by using the setup as shown in Figure 2.4c. 

Incident light (same as for SR measurements) within the visible range was applied.  The sample was 

set on the back hole of the integrating sphere at an angle to the incident light, to ensure that reflected 

(especially the SR part) photons could be collected by the detector. 

Diffused transmittance (DT) was measured using the set-up in Figure 2.4d. Based on the 

definition of Haze,77 the transmitted photons with the scattered angle ˃ 2.5˚were collected by the 

detector, which corresponds to T4 in the haze definition. 
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Figure 2.4 Setups for the measurement of a) specular reflectance, b) total transmittance, c) total reflectance and d) 

total diffused transmittance using integrating sphere, respectively. Figure adapted from Paper IV.
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3. Results and discussion

The interaction between light and transparent wood (TW) biocomposites is of basic research interest, 

it is important for materials development purposes and for materials applications. Investigations of 

relationships between material structure and optical properties can help in selection of material 

components and TW fabrication strategies for specific applications. The purpose is to lay the 

foundation for such studies by the development of experimental protocols, material comparisons and 

investigations of scattering and absorption mechanisms.  

 Anisotropic scattering properties of TW are discussed in Paper I. It was recognized that the wide-

spread application of the Beer-Lambert law in the literature to predict thickness effects on optical 

transmittance of transparent cellulosic materials is often debatable, since the model is strictly valid 

only for light absorption in non-scattering materials. The influence of sample thickness and optical 

defects on the optical transmittance was therefore investigated using photon diffusion theory. Both 

absorption and scattering can be taken into account in one model. A practically useful attenuation 

coefficient was determined, which in this particular study includes contributions from both scattering 

and absorption effects (Paper II).  

 The refractive index (RI) mismatch between wood substrate and polymer is another reason for 

light scattering; the RI of delignified wood substrate therefore needs to be measured, for instance to 

select appropriate polymers for TW. This problem is addressed in Paper III. Neat cellulose RI data 

from the literature may not be applicable to a specific wood substrate, since the chemical composition 

of a wood substrate is different than in pure cellulose and contains residual hemicellulose and some 

lignin. Since fibers are unidirectionally oriented in wood (Paper I), the material is also birefringent 

and RI depends on the propagation direction of light. Both RI parameters are determined 

experimentally in Paper III.  

 Finally, light scattering mechanisms in TW are quantified in Paper IV. The complete photon 

budget is measured for the first time, using more precise methods than previously used for 

transparent polymer composites. The data are combined with photon diffusion theory. It was possible 

to determine the extinction coefficient, scattering coefficients and absorption coefficient of TW for 

different wood substrate volume fractions (Paper IV). Light scattering mechanisms are dominant and 

the main reason is RI mismatch between the wood cell wall and the polymer phase. 
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3.1  Anisotropic scattering of transparent wood 

The anisotropic scattering of TW and other types of wood-based materials has been reported,78,79 

although the reason has not really been explained in other terms than that it is due to wood fiber 

alignment. Lamination of TW into plywood structures was also investigated to tune anisotropic 

scattering.80 Here, we analyse the anisotropic light scattering in TW, both qualitatively and 

quantitatively. In addition, the results were compared with haze77 (“forward-scattered light”) for this 

type of scattering material, which may be used for anisotropic scattering characterization in future.   

 In order to investigate the effect of TW structure on the scattering properties, angular distribution 

measurements were performed. First, TW samples were placed either perpendicularly (up in Figure 

3.1a) or parallelly (lower in Figure 3.1a) to the scanning plane (X-plane in Figure 2.2) based on the 

wood fiber alignment direction. The transmitted photon distribution shows a highly anisotropic 

scattering pattern for each case as shown in Figure 3.1b, with the higher scattering perpendicular to 

the fiber direction. This is mainly due to the dominance of wood fibers in the scattering process.  The 

highly oriented wood fibers are presented in Figure 3.1c, where the major scattering takes place at the 

interface between the curved fiber wall and the polymer so that light is scattered perpendicular to the 

axial fiber direction. This causes anisotropic scattering as shown in Figure 3.1b. 

 

Figure 3.1 a) Perpendicular (upper) and parallel (lower) orientation of fiber direction in transparent wood specimens 

during the scattering measurements. b) Forward scattered photons distribution from perpendicular (upper) and 

parallel (lower) positions of the samples (note X-axis is the scanning direction during measurement). c) 3D structure 

of wood containing aligned wood fibers, where scattering takes place at the fiber wall surface.  

 The normalized angular distributions related to the orientation of the fibers in TW biocomposites 

and the sample thickness are shown in Figure 3.2 (blue for parallel and pink for perpendicular fibers 

orientation). It is apparent that the light scattering is stronger in the plane perpendicular to the fiber 
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direction, while the distribution in the plane parallel to the fibers is narrower. Since the tubular fiber 

is the main structural component in wood, its geometry completely dominates scattering behaviour.  

With increased sample thickness (Figure 3.2a, b, c, d for 0.07, 0.36, 0.52 and 0.77 cm, respectively), 

the distribution of the scattered photons is broadening, showing stronger scattering for thicker 

samples due to the increased number of scattering centers. Besides the reason explained in Figure 3.1 

for anisotropic scattering, Rayleigh (random) scattering (introduced in section 1.2.3) from nanovoids, 

fibril aggregates or nano-inhomogeneities in the cell wall also contributes, primarily to isotropic 

scattering, which will be discussed in detail in section 3.4.  

 

Figure 3.2 Normalized angular intensity distribution of scattered light for samples with thickness a) 0.07 cm, b) 0.36 

cm, c) 0.52 cm and d) 0.77 cm at parallel (blue) and perpendicular (pink) fibers orientation, respectively. Figure adapted 

from Paper I. 

 In order to analyse light scattering via beam divergence, the full-width half maximum (FWHM) of 

the angular distribution is used. The dependence of FWHM on wood fiber orientation and on sample 

thickness is presented in Figure 3.3a. For sample thickness above around 0.2 cm, both curves are 

linear, and the light beam shows more scattering perpendicular to the fiber orientation (pink dots) 

than parallel to the fibers (blue dots). Below 0.2 cm, however, the FWHM values for the two fiber 

orientations show a different dependence on thickness. When sample thickness is below 0.2 cm, 

ballistic photons (transmitted but not scattered photons) are likely to constitute a much larger 

fraction of the transmitted light. In contrast, for thicknesses above 0.2 cm, there are essentially no 
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ballistic photons transmitted. Scattered photons instead dominate transmission. This result is 

associated with the transport mean free path (TMFP), which is defined as the distance that the photon 

direction of propagation is fully randomized,81 or in the other words, the ballistic photons are absent. 

For example, the TMFP in this case is around 0.2 cm, which is related to the scattering ability of the 

wood structure. 

 In addition, the result shows a limitation of the traditional haze parameter defined in ASTM 

standard77 for the case of highly scattering materials. For example, haze is defined as the ratio of 

diffusely transmitted light (with scattering angle ˃ 2.5˚) to the totally transmitted light.77 However, 

from Figure 3.2 and 3.3a, the diffusely transmitted light depends strongly on the sample thickness. 

As a consequence, for thick samples, part of the scattered light (perpendicular to the wood fiber 

direction in TW case) will be blocked by the input port of the detector. It is concluded that this 

standard77 is not suitable for highly scattering and thick materials, since it may give misleading results.     

 

Figure 3.3 a) FWHM of angular intensity distribution of scattered light in two directions of TW samples, as a function 

of thickness. b) Degree of anisotropic scattering (defined in text below) in two directions of TW samples as a function 

of the thickness of the TW samples. Figure adapted from Paper I.  

 The parameter “degree of anisotropic scattering” (DAS) is thus further developed in this study to 

describe the anisotropic scattering quantitively. It is defined as the ratio of FWHM (parallel or 

perpendicular to the fiber orientation) to the sum of FWHMs of both fiber orientations as shown in 

Figure 3.3b. Thus, for an isotropic scattering material, the value of DAS is 0.5 in all the directions, 

while for TW in this study, it is 0.7 and 0.3 for perpendicular and parallel to the wood fiber directions, 

and for a highly anisotropic scattering material, it approaches 0 for the direction with minor 

scattering. In addition to the random Rayleigh scattering inside the cell wall, the ray cells cause 

scattering parallel to the fiber direction, and both mechanisms will contribute to DAS. DAS can 

therefore be used to characterize scattering performance of different scattering materials, regardless 

of sample thickness, especially for materials with highly anisotropic structure and substantial 

scattering.  
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3.2 The attenuation coefficient of transparent wood 

As discussed previously, sample thickness influences the scattering of TW, and thus, total 

transmittance TT of the TW sample will also be influenced. In the literature, most reports focus on 

TT of TW based on a specific wood species and measured at a single, arbitrary thickness value.10,69,78 

This makes it difficult to compare the optical performance of TW from different investigations and 

learn what the important materials design parameters are to control optical properties. Diffusion 

theory is suitable to describe the photon propagation in a scattering material.82–85 In such materials,  

photons will lose directionality and the process becomes stochastic. In this section, anisotropic 

photon diffusion theory is developed for TW biocomposites in order to investigate the relationship 

between sample thickness (d) and TT. The commonly used Beer-Lambert law for thickness 

dependence of total transmittance38 is not strictly applicable to scattering materials. 

 First, photon diffusion equation based on Figure 3.4 for TW is developed as follows 

𝑝 𝑥,𝑦, 𝑧, 𝑡 𝐷 𝐷 𝑝 𝑥, 𝑦, 𝑧, 𝑡 𝛽𝑝 𝑥, 𝑦, 𝑧, 𝑡                           (3.1) 

where p(x, y, z, t) is the photon position in TW at time t, Dxy (in the plane perpendicular to the fiber 

direction) and Dz (along the fiber direction) are the diffusion coefficients, β = µac is the absorption 

rate for TW, µa is the absorption coefficient and c is the speed of light in TW. The equation describes 

the photon probability density (concentration) evolution as a function of time.  

 

Figure 3.4 Schematic image illustrating light scattering in TW with coordinates related to the wood structure, where 

the xz plane is the input surface with x perpendicular to the fiber direction and z parallel to fiber direction, y is the 

sample thickness direction and is also perpendicular to the fiber direction. Figure reproduced from Paper II. 

 Next, by using a method of images for a point source, the time-dependent solution for p(x, y, z, t) 

can be obtained. The resulting p(d) is regarded as a fraction of transmitted photons for a unity point 

source. Thus, total transmittance TT of the TW as a percentage value of incoming light is obtained as 
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𝑇𝑇 𝑒𝑥𝑝 / 𝑑                                                        (3.2) 

It shows that TT of TW has an exponentially decaying dependence on thickness d with the constant 

𝛼 /  as attenuation coefficient. The attenuation coefficient of TW is not only related to 

the absorption rate, but also to the anisotropic diffusion (scattering) coefficients. In order to obtain α, 

the TT for nonacetylated and acetylated TW is measured as shown in Figure 3.5a and 3.5b, 

respectively. It is apparent that TT decreases with increasing d in the visible light region for both types 

of TW samples. Note that acetylated TW is expected to have improved wood-polymer interface 

interactions, and less optical defects in the form of interface debond gaps. 

 

Figure 3.5 Total transmittance spectra in the visible range of the a) nonacetylated TW and b) acetylated TW with 

various thicknesses. Linear fit between total transmittance (in log scale) and the sample thickness for c) nonacetylated 

TW and d) acetylated TW at wavelength of 550 nm, respectively. Figure reproduced from Paper II. 

 Finally, TT at a wavelength of 550 nm for the two materials was summarized and fitted with 

Equation 3.2 as shown in Figure 3.5c and 3.5d for nonacetylated and acetylated TW, respectively. The 

attenuation coefficient α, which reflects how fast light intensity is reduced with increasing sample 

thickness d of TW, was then determined to be 1.67 ± 0.08 cm−1 for nonacetylated TW, and 0.64 ± 0.01 
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cm−1 for acetylated TW. Acetylated TW has a lower α since the acetylation process improves the 

interaction between the wood cell wall and PMMA in central lumen space of wood fiber cells, which 

results in a reduction of wood/PMMA debonding gap defects.27 Thus, the scattering from air voids at 

wood/PMMA interfaces is reduced. Figure 3.6a and 3.6b show characteristic interface regions (white 

arrows) between the cell wall and PMMA for nonacetylated TW and acetylated TW, respectively. Air 

gaps are particularly apparent in nonacetylated TW, which are locations of light scattering (Figure 

3.6a, green arrows). The typical acetylated TW micrograph in Figure 3.6b does not show apparent 

debonding gaps, thus, light scattering is reduced and α becomes lower. Since images are fracture 

surfaces, some caution must be exercised in this interpretation. 

 

Figure 3.6 SEM micrographs of freeze-fractured cross-sections of a) nonacetylated TW and b) acetylated TW, the 

arrows show scattering centers (white arrows are the interface between PMMA and wood cell wall, greens are the air 

gaps). Figure adapted from Paper II. 

 In addition, α at the wavelengths of 500, 600, 650, and 700 nm were also determined for 

nonacetylated TW and acetylated TW, which are summarized in Table 3.1. The results show that α 

decreases as the wavelength increases for both acetylated and nonacetylated TW. This can be related 

to Rayleigh scattering (relationship between wavelength and particle size as introduced in section 

1.2.3).  

Table 3.1 Attenuation coefficients for nonacetylated TW and acetylated TW at different wavelengths. 

 500 nm 600 nm 650 nm 700 nm 

nonacetylated TW (cm−1) 1.75 ± 0.13 1.62 ± 0.08 1.58 ± 0.08 1.56 ± 0.07 

acetylated TW (cm−1) 0.71 ± 0.02 0.61 ± 0.01 0.58 ± 0.01 0.57 ± 0.01 

 

 The α introduced here can be used to predict the TT of a given material and to compare different 

TW materials but also other transparent cellulose biocomposites. As an example, results for TT of a 

nonacetylated TW material with a thickness of 0.59 cm and an acetylated TW material with a 

thickness of 1 cm are in good agreement with the predicted values from Equation 3.2 (details in Paper 

II). In addition, for nonacetylated TW based on birch and ash, α values were also determined, which 
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were 2.07 ± 0.05 cm−1 and 2.18 ± 0.02 cm−1, respectively (details in Paper II). The higher α values 

here are mainly due to the higher volume fraction of cellulose in these two TW materials, which leads 

to a higher concentration of scattering centers. Thus, the optical path lengths become longer and more 

absorption and scattering take place for these two TWs.  

 

3.3 Refractive index of delignified wood 

There is a need to know the refractive index (RI) of the wood substrate since the RI mismatch between 

wood and polymer is causing light scattering. This mechanism is important in materials with a low 

amount of debond gaps, such as in acetylated TW. In multi-phase composite materials, e.g. 

transparent plant fiber composites,86 the value of RI of the constituents is critical information for 

optical property tailoring. Previously reported RI values for cellulose-based materials were mainly for 

isolated wood fibers87,88 or wood powders,89 while wood substrates with complex and anisotropic  

structure were not considered. In this section, a measurement method for RI of a delignified wood 

substrate is introduced. 

 In order to do this, the liquid immersion method89–91 was combined with a light transmission 

model developed from Fresnel reflection/refraction theory39,40. The idea is that the liquid with the 

best matched RI compared with the delignified wood substrate will provide the highest total 

transmittance TT. Figure 3.7a shows images for delignified balsa (upper row) and birch (lower row) 

immersed in 6 liquids with various RIs (see Table 3.2). The best transparency is observed for liquids 

number 4 and 5 for both balsa and birch. The background is black, in order to help with interpretation.  

 

Figure 3.7 a) Delignified balsa (upper row) and birch (lower row) samples immersed in different liquids (see Table 

3.2) showing difference in transparency. Note the background is black. Data for total transmittance spectra for b) balsa 

and c) birch samples immersed in six different liquids showed in Table 3.2. Figure adapted from Paper III. 
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Table 3.2 Refractive index of the liquids, measured at wavelength of 589 nm at 25˚C 

Liquid number Chemical name Refractive index (589 nm) 

1 Ethanol 1.3596 

2 Hexadecane 1.4326 

3 Toluene 1.4939 

4 Anisole 1.5146 

5 1,2-Dichlorobenzene 1.5493 

6 1,2,4-Trichlorobenzene 1.5695 

 

 TT of samples immersed in liquids is shown in Figure 3.7b and 3.7c for delignified balsa and birch, 

respectively. The highest TT is for liquid no. 5 at wavelength of 589 nm. In addition, the RI of the 

delignified wood substrate depends strongly on the wavelength of light.89,90 For example, at shorter 

wavelength (around 450 nm), TT of sample no. 5 is lower than for no. 4. The exact values of the RI of 

delignified wood substrates are, however, still unknown. In order to find the maximum TT of the 

samples, a transmission model based on Fresnel theory is developed which describes the light 

reflection at the interface between two components with different RIs. See Figure 3.8 for two simple 

cases: no beam reflection (Figure 3.8a) and two beam reflections (Figure 3.8b) inside the wood 

material. In each case, the light beam will experience Fresnel reflection, which results in lower TT at 

the output surface of the sample. Based on this theory, TT of the photons can be described as (details 

in Paper III) 

𝑇𝑇 A 𝑁 𝑑 𝑒 A 𝑒                                   (3.3) 

where N is the linear density of the interfaces, n is the RI of the delignified wood substrate, x is the RI 

of the liquids in Table 3.2, and d is the sample thickness. Finally, to account for small absorption 

losses (low lignin content) a pre-factor (A) was added.  
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Figure 3.8 Transmission model for delignified wood substrate based on Fresnel reflection theory. The green “squares” 

are surrounding the lumen space of the delignified wood substrate, which is filled with liquid. With respect to beam 

reflection inside the material: (a) represents no reflection and (b) reflection 2 times. c) Transmission model fit of the 

transmittance values at wavelength of 589 nm for delignified balsa and birch samples in longitudinal section. Figure 

adapted from Paper III. 

 Next, TT (at wavelength of 589 nm) of all the samples was fitted with Equation 3.3 as shown in 

Figure 3.8c. When TT reaches the maximum value, the corresponding value of x is assigned as the RI 

of the delignified wood substrate. From the figure, it is apparent that the maximum value of TT for all 

the samples does not reach 100%. This may be due to that some light is absorbed by residual lignin in 

the wood substrate, or light scattering from other mechanisms related to the inhomogeneous 

structure of the delignified wood substrates. The RI values perpendicular to the wood fibers, obtained 

from the fitting, are 1.536 ± 0.006 and 1.537 ± 0.005 for delignified balsa and birch, respectively. 

Since chemical compositions are similar for the both wood species, this is encouraging and in support 

of the procedure. 

 The number of linear interfaces (LI:s) along a line through the sample thickness (1 mm) can also 

be obtained from the model, and is found to be 138 for balsa and 376 for birch, respectively. For 

comparison with the physical structure, SEM images of the delignified wood substrates are shown in 

Figure 3.9. From Figure 3.9a, the average diameter of a single cell for balsa is around 30 µm; the 

linear density of cells per mm is then between 30 to 40. Since each cell contributes with 4 interfaces: 

2 cell wall/middle lamella interfaces (green arrows in Figure 3.9b) and 2 cell wall/lumen interfaces 

(red arrows in Figure 3.9b), this yields 120-160 interfaces in the light propagation direction. Similar 

for birch, the number is between 320 and 400 obtained from Figure 3.9c and 3.9d, which agrees with 

the fitted values. 



26    ǀ    RESULTS AND DISCUSSION 

 

Figure 3.9 FE-SEM micrographs at different scales of balsa (a), (b) and birch (c) and (d), respectively (Note that red 

arrows indicate the cell wall/ lumen interfaces, green arrows point at cell wall/middle lamella interfaces). Figure 

adapted from Paper III.  

 Cellulose is a birefringent material, with different RI along and perpendicular to the fiber 

direction.92,93 This is also the case for delignified wood substrates. RI parallel to the wood fiber 

direction were obtained for delignified wood samples, and are 1.525 ± 0.008 for balsa and 1.529 ± 

0.006 for birch, respectively. In this case, however, the nature of interfaces is different and difficult 

to experimentally determine in terms of LI:s per unit length. The RI values from both directions 

support that also wood shows double refraction behavior. The obtained RI values can be used to select 

polymer matrix for TW composites fabrication and for modelling of light propagation in delignified 

wood composites. The liquid immersion method combined with the transmission model can also be 

used to investigate the RI of other types of layered or porous materials and composites. 

 

3.4 Scattering mechanisms in transparent wood 

Transparent wood shows a large extent of scattering as light travels through the material and it is of 

interest to quantify relative contributions from different mechanisms. In section 3.2, the development 

of a photon diffusion equation is described and an exponential relationship was found between 

sample thickness and total optical transmittance TT. The attenuation coefficient of the material in 

section 3.2 combines effects from scattering and absorption, which are not separated.68 Previous 

investigations have managed to separate those contributions for light propagation in turbid air,32,94 
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seawater,48,95–97 as well as in glass and its composites.98,99 Photon diffusion theory (as introduced in 

section 3.2) has been widely used to describe photon propagation in highly scattering materials.84,100–

103 Kienle et al. combined Monte Carlo simulations and diffusion theory to investigate light 

propagation in native wood,104 but the optical response of transparent wood (TW) has not yet been 

thoroughly examined. Nishiyama summarized possible scattering processes in TW without 

quantifying relative contributions.105 In this section, we will examine photon propagation  in TW in 

order to obtain scattering and absorption coefficients separately and also quantify relative 

contributions from different scattering mechanisms.  

 Figure 3.10 shows potential scattering processes during light-TW interaction. For a typical 

cylinder-like lumen representing the polymer (i.e. PLIMA) with RI = n2 (1.5214), forming an interface 

with a material with RI = n1 (wood cell wall or air gap), as shown in Figure 3.10a, the light is forward-

scattered with small scattering angles for the perfect wood cell wall-polymer interface and the 

illustrated case (Figure 3.10b, red curve) based on Snell’s law with negligible backscattering. For TW 

samples with microscopic air gaps, however, the scattering angles become large with broad 

distribution even at a single interface (Figure 3.10b, blue curve), and backscattering is significant: ~ 

3% (details in Paper IV). This is important since interface debonds (air gaps) have been verified by 

microscopy in several TW investigations.27,68 As an additional mechanism, Rayleigh scattering (Figure 

3.10c, nearly isotropic) will take place inside the cell wall due to the presence of individual cellulose 

nanofibrils106 and probably nanovoids from delignification, which would contribute to random 

scattering. Thus, the co-existence of different scattering processes in TW samples from numerous 

interfaces will increase the optical path length for photons inside the TW material. This causes a time 

delay of the scattered photons as is confirmed by data in Figure 3.10d for TW, based on sophisticated 

time-resolved measurements.107,108 The red curve in Figure 3.10d shows the normalized temporal 

profile of the reference pulse (λ = 790 nm) through air. For the light pulse passing through TW 

(thickness = 0.5 cm, black dots in Figure 3.10d, ballistic photons blocked as shown in Figure 2.3a), 

the profile exhibits a fast-rising edge with the duration of the light pulse with a slow decaying tail, in 

contrast to the reference curve. This result strongly supports the presence of multiple scattering 

processes during light-TW interaction.  



28    ǀ    RESULTS AND DISCUSSION 

 

Figure 3.10 Different elementary scattering events for a photon during propagation in transparent wood. a) Scattering 

at the polymer-filled lumen (blue, PLIMA, n2 = 1.52) interface with a cell wall (n1 = 1.536) or an air gap (n1 = 1) (0˚ 

means the photon direction is the same as for incoming light) and b) normalized forward angular distributions for both 

cases in a). c) Rayleigh (nearly isotropic) scattering at nano-voids or nano-inclusions in the cell wall. d) Data for the 

temporal profile of a transmitted laser pulse through a 0.5 cm thick TW sample (delignified wood-PMMA), revealing a 

delayed part. The data is obtained by counting photons at a position behind the sample as shown in Figure 2.3a. The 

solid red line is the normalized input pulse. Figure adapted from Paper IV.  

 To investigate the influence from the volume fraction of cellulose on the optical properties of TW, 

we prepared TW samples from balsa with various densities, varying both in sample thickness and 

volume fraction of cellulose (Vf). The main difference between the balsa samples of different densities 

is cell wall thickness and lumen diameter, as shown schematically in Figure 3.11. In addition, three 

different fabrication methods were used to control the interface between wood cell wall and polymer. 

Three types of TWs were obtained: DW-PMMA (delignified wood + PMMA), SA-PMMA (succinic 

anhydride (SA) treated delignified wood + PMMA) and SA-PLIMA (SA treated delignified wood + 

PLIMA (poly limonene biopolymer). The refractive index of PLIMA is better matched than PMMA to 

the wood substrate (1.52 vs 1.49, compared with 1.536 for the wood substrate). An important 

difference between these three types of TW composites is the nature of the interface between cell wall 

and polymer (as shown in Figure 3.11 and details in Paper IV). The difference in transparency of DW-

PMMA, SA-PMMA and SA-PLIMA is illustrated in the photographs in Figure 3.11 (lower right 

corner). It is apparent that the SA-PLIMA sample shows the clearest image of the symbol, which 

means scattering is weaker compared with the other two types of TWs. 
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Figure 3.11 Illustration of wood structure and cell wall-polymer interfaces for three TW biocomposites termed DW-

PMMA, SA-PMMA, SA-PLIMA, respectively. The inserted images in the lower right corner show photographs of TW 

samples with thickness = 0.2 cm and Vf = 4.5% on top of an “@” symbol. Figure from Paper IV. Note that RIs are 1.49 

for PMMA, 1.52 for PLIMA and 1.536 for the wood substrate. Figure adapted from Paper IV. 

 First, ballistic transmittance BT (at a wavelength of 550 nm) was measured as a function of 

thickness as shown in Figure 3.12a-c. It is apparent that the BT for all samples is much lower 

compared with pure glass (green in Figure 3.12a), due to the strong scattering in TW. In addition, 

comparing at similar thickness, the lower the wood substrate volume fraction Vf, the higher the BT. 

After a mono-exponential solid line fit, a constant rate µ is obtained and defined as an extinction 

coefficient µ [cm-1], see Figure 3.12d. For TW biocomposites with higher Vf, the constant µ becomes 

higher. Note the difference in ballistic transmittance scale between the highly scattering DW-PMMA 

biocomposite, Figure 3.12a, and the other two materials, Figure 3.12b and c. For example, DW-PMMA 

with Vf = 4.5% has µ = 47.5 ± 1.5 cm-1, while µ is 59.6 ± 1.7 cm-1 for Vf = 11.1%. The reason is the 

difference in microstructure of the TW material, as shown in Figure 3.13.  
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Figure 3.12 Ballistic transmittance and linear fit of a) DW-PMMA (with glass as reference), b) SA-PMMA and c) SA-

PLIMA, respectively. d) Extinction coefficients for all three types of TW with various Vf. Figure reproduced from Paper 

IV. 

 Figures 3.13a, b, c show the microstructural characteristics of TW with different Vf. Data for 

average cell wall thickness and lumen diameter for these three samples are presented in Figure 4d, 

obtained from ~ 100 cells.  The cell wall thickness for samples of Vf = 4.5% is mainly around 0.8 µm, 

and corresponding thicknesses for Vf = 7.6% and 11.1% are 1.5 µm and 2 µm, respectively. The lumen 

diameter is around 38 µm for TW with Vf = 4.5%, while it is 25 µm and 18 µm for samples with Vf = 

7.6% and 11.1%, respectively. The values show a linear relationship with Vf. For a certain sample 

thickness, higher Vf samples have shorter scattering length in the polymer phase between two 

scattering events. In addition, the number of cell wall-polymer interfaces is higher (smaller fiber 

diameter for higher Vf in balsa), which results in a larger number of scattering events. Thus, a higher 

µ is obtained for higher Vf samples. 
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Figure 3.13 Microstructure of DW-PMMA with Vf = a) 4.5%, b)7.6% and c) 11.1%, respectively. d) Comparison of cell 

wall thickness and lumen size between different Vf of DW-PMMA TWs. Microstructure of interface between cell wall 

and polymer of e) DW-PMMA, f) SA-PMMA and g) SA-PLIMA TW samples, respectively. Figure reproduced from Paper 

IV. 

 Returning to Figure 3.12d; if linear dependencies between extinction coefficients (scattering + 

absorption) and Vf are extrapolated to Vf = 0%, the fully biobased SA-PLIMA sample shows negligible 

scattering and absorption. In contrast, DW-PMMA and SA-PMMA biocomposites show quite large 

offset. Since PMMA and PLIMA both are amorphous polymers with low extinction coefficients, 

similar to glass (10-2 cm-1), it is apparent that optical defects dominate light-TW interaction for PMMA 

materials. SEM micrographs in Figure 3.13e-g show interface regions for these three types of TW 

biocomposites, illustrating effects from differences in wood-polymer interactions, as was introduced 

in Figure 3.11. There is a negligible amount of air gaps in transparent wood based on succinic 

anhydride pre-treated SA-PLIMA, which correlates with the covalent linkages between the wood cell 

wall and the PLIMA. We then expect forward scattering from wood-polymer RI mismatch at 

interfaces and random scattering from cell wall nanoporosity or cellulose agglomerates to be the main 

scattering mechanisms. Additional analysis is required in order to estimate their relative 

contributions. 
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 To exclude effects from debonding air-gaps between cell wall and polymer, SA-PLIMA samples are 

selected for the investigation. A relationship between ballistic transmittance BT and thickness d is 

first developed for SA-PLIMA: 

𝐵𝑇 1 𝑆𝑅 exp 𝜇 𝜇 𝜇 𝑑                                            (3.4) 

where 𝜇𝑠𝑟 is the Rayleigh (random) scattering coefficient, 𝜇𝑠𝑓 is the forward scattering coefficient,  𝜇𝑎 

is the absorption coefficient, d is the thickness of the TW material, and SR is the specular reflectance 

(≈ 4%). The sum of 𝜇𝑠𝑟, 𝜇𝑠𝑓  and 𝜇𝑎  is the extinction coefficient (µ), which describes the extinction 

properties of the TW with respect to the incoming light, as presented as µ versus Vf for the three 

materials in Figure 3.12d.  

 Total transmittance TT, in this case, can be expressed as (see details in Paper IV): 

𝑇𝑇 𝐷𝑇 1 𝑆𝑅 exp 𝜇 𝜇 𝑑                                            (3.5) 

where the first term 𝐷𝑇𝑟  is the diffused transmittance from random Rayleigh scattering, and the 

second term is the transmitted light exclude Rayleigh scattering and absorption. Finally, we assume 

that the diffusely reflected light (DR) originates solely from the Rayleigh scattering (details in Paper 

IV) 

𝐷𝑅 𝐷𝑅                                                                          (3.6) 

where DRr is the random reflected scattering caused by Rayleigh scattering. In order to obtain 𝜇𝑠𝑟 and 

𝜇𝑎  separately, photon diffusion theory is applied to describe both Rayleigh (random) scattered 

photons and absorbed photons. In this theory, forward scattering caused by RI mismatch does not 

affect photon trajectories. Thus, similar to equation 3.1 and Figure 3.4, when photons enter TW under 

normal incidence, their trajectory can be treated as a random walk after the first Rayleigh (random) 

scattering event. In this case, the propagation for such photons can be described by: 

𝑝 𝑥, 𝑦, 𝑡 𝐷 𝑝 𝑥,𝑦, 𝑡 𝛽𝑝 𝑥, 𝑦, 𝑡                                      (3.7) 

where 𝑝 𝑥,𝑦, 𝑡  is a spatial probability density of a photon at a point with coordinates (x, y) at a time 

t, and β = µac/n is the absorption rate, and  𝐷  is the diffusion coefficient where c is the 

speed of light and n is the refractive index of wood substrate. 𝛼 𝛽
𝐷 3𝜇 𝜇 𝜇  is the 

attenuation coefficient. Since the source of the diffused photons is a probabilistically spread 

distribution rather than a point, the probability density of random Rayleigh scattering at a point y for 

incoming photons can be described as 1 𝑆𝑅 𝜇 exp 𝜇 𝜇 𝑦 . Thus, DTr and DRr could be 

obtained (details in Paper IV):  

𝐷𝑇                           (3.8) 
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𝐷𝑅                                (3.9) 

 To apply this theory to the experimental results, total transmittance TT and total reflectance (TR) 

are measured. One example of the photon budget is shown in Figure 3.14a, where absorption (A) is 

obtained from  

𝐴 1 𝑇𝑇 𝑇𝑅                                                              (3.10) 

 Absorption is slightly higher at smaller wavelengths, as expected for minor, lignin-related 

absorption. Diffused reflectance is slightly higher than specular reflectance, and the sum of all 

contributions in Figure 3.14a is close to 100%. Figure 3.14b summarizes the TT (upper symbols) and 

TR (lower symbols) for SA-PLIMA samples with various Vf and d at a wavelength of 550 nm. With 

increased d, the total transmittance TT (in log scale) is decreasing in a linear relationship. This is in 

agreement with the conclusion from section 3.2. For all samples, TR also increases with increased d. 

This is reasonable because higher thickness d results in higher backscattering from scattering centers 

inside the TW sample.  

 

Figure 3.14 Photon budget of a SA-PLIMA sample (Vf = 4.5%, d = 0.31 cm). b) Total transmittance and total reflectance 

at wavelength of 550 nm for SA-PLIMA with various Vf and thicknesses d, respectively. c) Rayleigh (random) scattering 

and absorption coefficients of SA-PLIMA as a function of Vf. d) Contribution of DTr from Rayleigh scattering to total 

diffused transmittance DT in SA-PLIMA for different Vf as a function of thickness d. Figure reproduced from Paper IV. 
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 Combining equation 3.4 to 3.9, µsr and µa of the SA-PLIMA TW samples could be obtained as 

shown in Figure 3.14c. Both µa and µsr are increasing linearly with Vf. Their absolute values, however, 

are very low, meaning that effects from absorption and Rayleigh scattering are small. For example, 

the Rayleigh scattering coefficient µsr = 0.46 ± 0.06 cm-1 and the absorption coefficient µa = 0.18 ± 

0.03 cm-1 for SA-PLIMA (Vf = 4.5%). These values make up only a small contribution to µ (11.9 ± 0.5 

cm-1) from Figure 3.12d (blue). The results are similar for the other two biocomposites with other 

values for Vf. From this result we conclude that forward scattering (µsf = µ - µsr - µa) caused by RI 

mismatch between the wood cell wall and the polymer dominates the scattering process during light-

TW interactions.  

 The minor absorption in TW samples is likely to be from residual lignin.109,110 To verify this, non-

delignified TW samples made of native balsa (density = 79 kg/m3) were prepared and the photon 

budget (details in Paper IV) was compared with biocomposites based on delignified balsa.  The results 

show that absorption becomes much more pronounced with higher lignin content and a spectral 

dependence is observed. Stronger absorption especially in the blue range is a typical signature of 

lignin absorption.109  

 Finally, the low values for µsr, may result in the misleading conclusion that Rayleigh scattering is 

not important. Although the coefficient for forward scattering from RI mismatch µsf is 20-30 times 

the Rayleigh coefficient µsr, the Rayleigh scattering still causes total diffused transmittance (DT) to 

become very high, see Figure 3.14d.  For a sample with thickness 0.38 cm and Vf = 10.5%, the DTr 

/DT reaches 20%. The main reason is that randomly scattered photons contribute to haze 

immediately after the first scattering event, while for forward scattering from the RI mismatch 

mechanism, multiple events are needed to reach a beam deviation > 2.5˚ (as required from the 

definition of haze77). Thus, it is essential to reduce small-scale heterogeneities in the wood cell wall 

(nanopores, cellulose aggregates) in order to obtain low haze TW. 

. 
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4. Conclusions 

Wood based transparent biocomposites, such as transparent wood (TW), are of interest as eco-

friendly alternatives to glass and transparent plastics. This thesis lays the foundation to investigate 

structure-optical property relationships in TW biocomposites. TWs are prepared by infiltrating pre-

polymerized methyl methacrylate (PMMA) in the delignified wood (DW) substrate. In addition, 

interface modifications (i.e. acetylation and esterification) were performed on DW for TW fabrication. 

Poly(limonene acrylate) (PLIMA) is also used instead of PMMA for impregnation of esterified DW.  

 Anisotropic scattering of TW was investigated by measurements of scattering distributions in 

different directions. The results show that the anisotropic scattering of the transmitted photons is 

mainly caused by the orientation of the wood fibers inside TW. Sample thickness strongly influence 

scattering, and mechanisms are changed at high thicknesses (above the transport mean free path 

TMFP) where few ballistic photons are transported through the material. The results also show that 

the ASTM standard for haze is probably not suitable for highly scattering materials with relatively 

high thicknesses (> TMFP). Thus, the parameter “degree of anisotropic scattering (DAS)” was 

proposed for charactering TW; this parameter is also applicable for other types of scattering materials. 

As an illustration, DAS is 0.5 in all directions for an isotropic scattering material, while it is changed 

for anisotropic scattering materials. For TW in this study, it is 0.7 and 0.3 for perpendicular and 

parallel to the wood fiber directions. The transport mean free path (TMFP) obtained by varying 

specimen thickness is also a helpful parameter to characterize optical properties of TW biocomposites. 

 The relationship between sample thickness and total transmittance is also investigated by applying 

photon diffusion theory. Attenuation coefficients are obtained for various TWs prepared by different 

methods. The results show that air-gaps between cell wall and polymer are formed during sample 

fabrication and they strongly influence the scattering process. The attenuation coefficient (absorption 

+ scattering) is increased when debond gaps are more frequent in the material. In addition, cellulose 

content also contributes to scattering. The results suggest a methodology to compare total 

transmittance of TW biocomposites from different wood species and fabrication methods. In addition, 

the present results based on photon diffusion theory can be generalized to investigate total 

transmittance of other types of scattering materials. 

 Besides optical defects in the form of air-gaps, the RI mismatch between wood substrate and 

polymer is causing light scattering in TW. The RI value of a porous delignified wood substrate is 

unknown. Thus, the RI value of DW is measured by a liquid immersion method, in combination with 

a transmission model developed from Fresnel reflection/refraction theory. The value perpendicular 
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to the wood fiber direction of the sample is around 1.536, which can be used in designing TW 

composites. The method can be used to tune the optical properties of TW biocomposites by choosing 

polymers with suitable RIs and take effects from chemical wood substrate modification into account. 

Data are also helpful to model light propagation in transparent composites made of delignified wood. 

The developed method can also be applied to measure the RI of other types of porous materials.  

 The complete photon budget of the TW materials was determined by systematic experimentation 

and the application of photon diffusion theory. Based on this, forward scattering and Rayleigh 

(random) scattering coefficients were obtained, as well as absorption coefficients from lignin-related 

light absorption. The results show that forward scattering caused by RI mismatch between the cell 

wall and the polymer dominates the light-TW interaction process. Absorption caused by residual 

lignin is very minor, and also the contribution from Rayleigh (random) scattering from nanoscale cell 

wall inhomogeneities (nanopores, cellulose aggregates) is very small. The contribution of Rayleigh 

(random) scattering to haze, however, cannot be ignored. As the volume fraction of the wood cell wall 

and specimen thickness are increased, Rayleigh scattering provides significant contributions to 

diffused transmission and “haze”.  
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5. Future work 

For engineering purposes, high-density wood species for large-scale TW structures are needed. 

Mechanical properties would be improved, and building applications may be realized. Processing of 

large transparent/translucent wood biocomposite structures then becomes a challenge, especially in 

order to reduce optical defects contributing to light scattering and haze. Interface tailoring between 

wood substrate and polymer needs to be further explored, as well as even better refractive index-

matched polymers, which would help to reduce forward scattering and Rayleigh (random) scattering. 

In fact, although previous composites processing work have aimed to reduce defects which would 

reduce strength, the reduction of optical defects is more challenging since even submicron-sized 

defects are leading to reduced optical transmittance and increased haze. 

 For engineering science purposes, the methods developed in the present thesis can be used for 

systematic investigations into effects on optical properties from different wood species, chemical 

modification methods and new polymer matrices. It is of particular interest to quantify different 

scattering mechanisms in such studies, as was done in the present study for one material. Since wood 

fibers and nanocelluloses also can be used for transparent biocomposites, they should also be 

investigated, since they will behave differently and possibly show higher transmittance. 
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