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Abstract
Transparent wood is a modern bio-renewable material with great potential for both science and industrial applications. 
However, the fire hazard of transparent wood is still almost unexplored. This study aims to investigate the impact of pristine 
basswood modification to epoxy-based transparent wood on the fire hazard and to train neural networks for the prediction 
of heat release rate from mass loss rate of pristine basswood, epoxy-based transparent wood, and epoxy resin. Transparent 
wood was prepared by lignin modification in pristine small-leaved basswood (Tilia cordata Mill.) and subsequent vacuum 
infiltration by epoxy resin. The fire hazard of the samples was determined by the cone calorimeter at four heat fluxes of 
20–50 kW m−2. The fire hazard of investigated materials was compared based on the critical heat flux, ignition temperature, 
heat release rate, effective heat of combustion and time to flashover. Transparent wood showed higher resistance to ignition 
(higher critical heat flux and ignition temperature) than pristine wood. However, other parameters (heat release rate and 
effective heat of combustion) were higher (worse) and the time to flashover was lower (worse) for transparent wood than 
for pristine wood. Trained neural networks for predicting heat release rate from the mass loss rate of wood (both pristine 
and transparent) and epoxy resin showed coefficients of determination from 0.70 to 0.92. Trained neural networks with a 
coefficient of determinations above 0.90 are usable for low-cost heat release rate measurements in both science and industrial 
applications.
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Introduction

Transparent wood is a relatively new bio-renewable com-
posite material. It is produced by delignification or lignin 
modification of wood, subsequent vacuum infiltration of the 
delignified matrix with a synthetic monomer (or a mixture of 
monomers) and finally by polymerization of this monomer. 
Transparent wood is produced from high porosity woods, 
mainly from ash, balsa, birch, paulownia, pine, poplar or 
basswood. Epoxide resins and Poly(methyl methacrylate) 
are the most used polymers for the preparation of trans-
parent wood. Delignification of wood is done by methods 

commonly used in the paper-making industry such as kraft 
pulping (NaOH + Na2S), sulFite pulping (NaOH + Na2SO3) 
and chlorite delignification (NaClO2 + acetic acid, NaClO). 
The most common method for lignin modification uses 
hydrogen peroxide in an alkaline environment. In this study, 
the mixture containing H2O2, Na2SiO3, MgSO4, ethylenedi-
aminetetraacetic acid (EDTA) and NaOH was used for wood 
preparation.

The first transparent wood was produced in 1992 by Fink 
[1] from a 1 mm thick pine veneer. The quoted author did 
not make transparent wood for its application as a material 
but as a new way of researching wood structure. The first 
transparent material based on transparent (acrylic) resin 
reinforced with cellulose nanofibers (fiber content 70%) was 
produced in 2005 by Iwamoto et al. [2]. Fukuzumi et al. [3] 
produced the first transparent film from cellulose nanofibers 
in 2009. In addition, the study reported that at a wavelength 
of 300 to 1000 nm, the film made of softwood cellulose 
fibers is approximately 15% more transparent than the film 
made of hardwood cellulose fibers (transparency of 85% and 
70%, respectively). In the same year, Nogi et al. [4] produced 
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optically transparent nanofiber paper with a transparency 
in the visible part of the spectrum of 60 to 80%. The first 
transparent wood intended for technical applications was 
produced and described in 2016 in the studies of Li et al. 
[5] and Zhu et al. [6, 7]. The transparent woods described 
in the mentioned studies achieved (under ideal conditions 
in the visible part of the spectrum) transparency of approxi-
mately 90% and haze of almost 100%. Authors [5–7] also 
proved that the transparency and haze of transparent wood 
are determined by the direction of the fibers (in the perpen-
dicular orientation of fibers, transparency and haze are about 
15% and 10% lower than in longitudinal fiber orientation).

Since 2016, much attention has been paid to research on 
the properties of transparent wood and their improvement. 
Research is mainly focused on improving transparency 
and mechanical properties. The results of scientific works 
[8–11] proved that multilayer transparent wood has better 
mechanical properties than single-layer transparent wood 
(of the same thickness). Other studies [12, 13] dealt with 
the optimization of the delignification process (to improve 
transparency and mechanical properties and reduce the 
impact of the production process on the environment). The 
production procedure of large-size transparent wood for 
energy-saving building applications was investigated and 
described in detail in a study [14]. Other studies [15–20] 
dealt with the research of transparent wood with enhanced 
thermal, electrical and magnetic properties (possibly for 
energy storage). The effect of UV radiation on the change 
of the key properties of transparent wood and the reduction 
of its negative impact was investigated in scientific works 
[21, 22]. Among the most interesting applications of 
transparent wood are photoresponsive, photochromic and 
thermochromic transparent wood described in scientific 
works [23–25].

The process of producing transparent wood 
(decomposition of the most thermally resistant component: 
lignin and infiltration with a synthetic monomer) changes 
the fire characteristics of pristine wood (e.g., the impact of 
lignin content change in some wood species on effective 
heat of combustion was investigated in detail by Todaro 
et al. [26]). In addition, transparent wood is considered as a 
substitute for plate glass (e.g., for windows and photovoltaic 
panels). However, there is a significant difference between 
glass and transparent wood. Glass is a non-flammable 
material and does not release heat during a fire. Therefore, 
the replacement of the glass with transparent wood can 
contribute to an increase in the fire hazard in the fire 
compartment.

Despite this, so far only several studies have been devoted 
to researching the fire hazard of transparent wood. The 
impact of modification of pristine wood to polyimide-based 

transparent wood on fire hazard has been investigated by 
Chen et al. [27] and the impact of modification of pristine 
balsa wood to melamine formaldehyde-based transparent 
wood on fire hazard has been investigated by Samanta 
et al. [28]. The scientific work of Chen et al. [27] lacks data 
on the type of pristine wood from which the investigated 
polyimide transparent wood was made. In addition, both 
papers [27, 28] investigated the fire hazard at only one heat 
flux (50 kW m−2). In addition, no research on the effect of 
the modification of pristine wood to epoxy-based transparent 
wood on fire hazard has been conducted yet, even though 
the production of epoxy-based transparent wood has great 
potential (especially due to the technological simplicity and 
minimal impact on the environment).

Considering all the key criteria (porosity, availability 
both in Europe and in the USA and the possibility of future 
import restrictions of other suitable woods, e.g., paulownia 
from other countries), basswood is potentially the most 
suitable for industrial production of transparent wood. The 
spread of basswood in Europe was described by De Jaegere 
et al. [29]. As the polymer component, epoxy resins appear 
to be very suitable for the production of transparent wood 
(mainly due to the simple technological management and 
relatively low impact on the environment).

The main fire characteristics of the epoxy transparent 
wood, including the critical heat flux, ignition temperature, 
effective heat of combustion, heat release rate, the maximum 
average rate of heat emission, and flashover category, have 
not yet been comprehensively studied. Therefore, the main 
aim of this study is comprehensive research on the impact of 
lignin modification and subsequent epoxy resin infiltration 
of small-leaved basswood (Tilia cordata Mill.) on the fire 
hazard of prepared epoxy-based transparent wood. Due to 
the growing interest of the scientific community in the fire 
hazard of transparent wood (and the main components from 
which it is produced), the second goal of this study was 
set. The second goal is to enable scientists and researchers 
who do not have a cone calorimeter (a relatively expensive 
and time-consuming device to purchase and operate) to 
indirectly measure the heat release rate from epoxy-based 
transparent wood (also from pristine wood and epoxy resin) 
based on mass loss. To achieve this goal, machine learning 
tools (neural networks) were applied, which leads to training 
neural networks so that they can predict the heat release rate 
from pristine wood, epoxy resin and epoxy-based transparent 
wood based on their mass loss. Training neural networks to 
predict the heat release rate from the mass loss of the listed 
materials and products will mean a significant contribution 
to further research into the fire hazard of these materials, 
as it will allow measuring the heat release rate using only 
basic technical equipment. This will allow many research 
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institutions and laboratories around the world to be involved 
in the fire hazard research of these materials.

Material and methods

Material and sample preparation

Transparent wood was prepared from air-dried small-
leaved basswood (Tilia cordata Mill.), hereinafter 
only basswood. Air-dried basswood water content 
was in interval from 12 to 15% by mass. Basswood 
was sawn into transverse prisms with dimensions of 
100 × 100 × 4 ± 0.2 mm (tangential × radial × longitudinal). 
The samples of air-dried wood were dried at a temperature 
of 103 ± 2 °C to a water content of 0% by mass (based on 
the criteria prescribed by ISO 13061–1:2014 [30]) before 
the production of transparent wood and before the test on a 
cone calorimeter. Samples with visible cracks after drying 
were excluded. Wood samples were supplied by JESPR 
s.r.o., Druzstevna pri Hornade, Slovakia.

Epoxy resin Veropal UV PLUS 100 (hereinafter only 
Veropal) was used as the synthetic monomer, supplied 
by EPOXY s.r.o., Vysoka pri Morave, Slovakia. The 
Veropal epoxy resin was chosen for its low viscosity 
and wide hardening temperatures, which allow delayed 
hardening, so more vacuum infiltration cycles can be 
repeated. It is a two-component epoxy resin, consisting 
of components A and B (the mixing ratio of components 
A:B was 100:40). Component A is the product of the 
oligomeric reaction of 4,4'-isopropylidenedicyclohexanol 
(C15H28O2) with 1-chloro-2,3-epoxypropane (C3H5ClO). 
Component B is the propoxylated reaction product of 
1,1,1-trimethylolpropane (C6H14O3) with ammonia (NH3).

The lignin modification solution was prepared by mix-
ing chemicals in the following order: deionized water, 
sodium silicate (3.0% by mass), sodium hydroxide (3.0% 
by mass), magnesium sulfate (0.1% by mass), ethylenedi-
aminetetraacetic acid (0.1% by mass) and hydrogen perox-
ide (4.0% by mass). The wood substrates were submerged 
in the lignin modification solution at 80 °C until the wood 
became white (approx. 5 to 6 h). The samples were then 
thoroughly washed with deionized water and kept in water 
until epoxy infiltration [31]. Before polymer infiltration, 
wood samples were dehydrated with ethanol. The solvent-
exchange step was repeated three times. Polymer infiltra-
tion for transparent wood fabrication was done. All the 
chemicals were purchased from Centralchem s.r.o., Brati-
slava, Slovakia. Subsequently, the bleached wood matrix 
was fully vacuum infiltrated (negative pressure approx. 97 
to 98 kPa) in the pre-mixed epoxy resin. Vacuum infiltra-
tion and pressure release (relaxation) were repeated three 
times for 30 min. Finally, the infiltrated wood was placed 

into a silicone mould, covered by a silicone sheet loaded 
with a heavy flat object. Curing (hardening) took place at 
ambient temperature (25 °C) for 48 h.

Epoxy resin samples were prepared by pouring the epoxy 
mixture into the silicone mould with the dimension of 
100 × 100 mm to a final thickness of 4 mm and subsequently 
cured at ambient temperature (25 °C) for 48 h.

The basic properties of the investigated samples (pristine 
basswood, epoxy resin and prepared epoxy-based transparent 
wood) are in Table 1.

The wood content in transparent wood expresses the level 
of bio-renewability of transparent wood. Table 1 shows that 
the prepared samples of epoxy-based transparent wood are 
approximately 30% bio-renewable material. The reason for 
the higher ash content in transparent wood than in pristine 
wood (Table 1) is the fact that after the lignin modification, 
residues of chemical substances used in the process remain 
in the modified matrix (e.g. SiO3,)

Table 1   Basic properties of investigated basswood, epoxy resin and 
epoxy-based transparent wood

TW: Epoxy-based transparent wood; the value after sign ± indicates 
standard deviation

Properties Wood Resin TW

Density/kg m−3 560 ± 43 1007 ± 78 1130 ± 46
Volatile matter/% 88.20 ± 0.25 98.59 ± 1.03 90.73 ± 1.49
Ash content/% 0.46 ± 0.04 0.05 ± 0.04 3.21 ± 1.02
Fixed carbon/% 11.34 ± 0.29 1.36 ± 1.02 6.06 ± 0.56
Lignin content/% 18.8 ± 0.9 [32] 0 5.8 ± 0.2 [22, 33, 

34]
Wood content/% 100 0 29.5 ± 2.2

Fig. 1   Investigated samples of pristine basswood a and prepared 
epoxy-based transparent wood b 
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Samples of pristine basswood and prepared epoxy-based 
transparent wood are shown in Fig. 1. The position of place 
from which pristine wood samples were obtained from the 
trunk together with sample orientation is shown in Fig. 2.

Fire performance test

Fire performance of pristine basswood, epoxy resin and 
epoxy-based transparent wood samples was measured by 
the cone calorimeter (Classic CZ, Revnice, Czech Republic) 
located at the Faculty of Forest and Wood Sciences 
of the Czech University of Life Sciences Prague. The 
dimensions of the samples were (100 × 100 × 4) ± 0.2 mm 
(tangential × radial × longitudinal). The cone calorimeter, 
measurement procedure, test time and the number of 
measurements repetition on one sample kind were according 
to ISO 5660–1:2015 [35]. The only difference from the 
requirements of the cited ISO standard was the thickness 
of the sample. ISO 5660–1:2015 [35] recommends samples 
with a thickness of 6 to 50  mm (requires justification 
when testing samples with other thicknesses). According 
to scientific works (e.g., [5–7, 36–40]), the vast majority 
of produced transparent wood is below 4 mm in thickness. 
Therefore, samples with a thickness of 4 mm were used 
for this research. The samples were examined at four heat 
fluxes of 20, 30, 40 and 50 kW m−2. The measurement of 
each sample at each heat flux was repeated three times 
(according to the requirements of ISO 5660–1:2015 [35]), 
and the average values  ± standard deviation are reported as 
the results.

Time to ignition, heat release rate and mass loss rate were 
measured on the cone calorimeter. Ignition temperature 
and critical heat flux (by methods according to [41, 42]), 
total heat release (as an integral of heat release rate value) 
and effective heat of combustion (as the ratio of total heat 
release to mass loss) were calculated from obtained values. 

The maximum average rate of heat emission was calculated 
according to [43] and the flashover category according to 
[44, 45]. The thermal thickness of investigated samples was 
estimated by the method described by Babrauskas and Parker 
[46] from heat flux (20–50 kW  m−2), density (Table 1) 
and physical thickness of the samples (4 ± 0.2 mm). In 
accordance with the mentioned scientific work [46], the 
samples behaved as thermally thin, therefore, in accordance 
with [41, 42], the critical heat flux was calculated from the 
dependence of the time to ignition powered to -1 on the 
heat flux. The method [41] recommends adding a constant 
of 3 kW  m−2 to the calculated value (representing heat 
loss during ignition), and the method according to [42] 
recommends dividing the obtained value by the constant 
0.76 (also representing heat loss during ignition). For 
thermally thin materials, the apparent product of density 
and heat capacity (ρc) is an important parameter from the 
point of view of their resistance to ignition. This parameter 
was calculated from the data measured on a cone calorimeter 
using the Babrauskas method [47].

The process of preparing samples and measuring fire 
characteristics on a cone calorimeter is illustrated in Fig. 3.

Data analysis

The statistical significance of the differences of the main 
fire characteristics of pristine basswood, epoxy-based 
transparent wood and epoxy resin was evaluated by Duncan's 
test in STATSOFT Statistica 10 software.

A neural network for predicting the heat release rate from 
pristine wood, epoxy resin and epoxy-based transparent 
wood from mass loss was created and trained in the MAT-
LAB 2022a program (in the Deep Learning Toolbox 14.4). 
A three-layer feed-forward Neural Network Fitting (input 
layer, hidden layer, and output layer) was used. The impact 
of the number of neurons in the hidden layer (5, 10, 15, 20, 

tangential
radial

longitudinal

Fig. 2   The position of places from which pristine wood samples were obtained from the trunk together with sample orientation
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25, 50 and 100) and training algorithm (Levenberg–Mar-
quardt, Bayesian Regularization and Scaled Conjugate Gra-
dient) on the neural network accuracy were investigated. 
Data division for training, validation and test of neural 
networks was 70%, 15% and 15%, respectively (excluding 
Bayesian Regularization, where no validation is applied, and 
80% of data were used for training and other data were used 
for test of neural network). The structure of the neural net-
work used for heat release rate prediction is shown in Fig. 4 
(the number of hidden neurons in this figure varies in the 
interval from 5 to 100).

Results and discussion

Time to ignition (TTI), maximum heat release rate (mHRR), 
maximum average rate of heat emission (MARHE), 
maximum mass loss rate (mMLR) and effective heat of 
combustion (EHC) of pristine basswood, epoxy resin and 
epoxy-based transparent wood are in Table 2.

The data in Table 2 prove that the difference in time to 
ignition of pristine basswood and epoxy-based transparent 
wood (at heat fluxes from 20 to 50  kW  m−2) is not 

statistically significant. However, the decisive criteria 
for sample resistance to ignition are critical heat flux and 
ignition temperature. More details concerning this issue can 
be found e.g. in [48].

In almost all investigated conditions, epoxy-based trans-
parent wood samples showed higher values of maximum 
heat release rate, the maximum average rate of heat emis-
sion, effective heat of combustion and maximum mass loss 
rate compared to pristine basswood samples (Table 2). This 
behavior can be explained as follows. Both the maximum 
heat release rate and maximum average rate of heat emis-
sion are directly derived from the heat release rate (HRR). 
Thus, as the HRR increases, the parameters derived from it 
also increase. The HRR of the material is determined by the 
effective heat of combustion and mass loss rate (MLR). The 
effective heat of combustion of epoxy resin is higher than 
the EHC of pristine basswood (Table 2). Similarly, materials 
with a higher content of volatile matter and lower content of 
fixed carbon generally show higher MLR values compared 
to materials with opposite values of proximate parameters. 
Table 1 shows that epoxy-based transparent wood has in 
comparison with pristine basswood slightly higher content 
of volatile matter on the one hand and on the other hand 

Fig. 3   Process of epoxy-based 
transparent wood preparation 
and cone calorimeter test

BASSWOOD SAMPLE

      PREPARATION

T RANSPARENT WOOD PREPARATION
      LIGNIN MODIFICATION

(6 Hours in 90ºC)

EPOXY RESIN VACCUM INFILTRATION
3 cycles (30min vaccum --> 30min relaxation)

CONE CALORIMETER TESTING
HEAT FLUX 20 – 50 kw m – 2

Fig. 4   Structure of the neural 
network design (the number 
of neurons in the hidden layer 
varies from 5 to 100) used for 
prediction of heat release rate 
from mass loss rate of pristine 
basswood, epoxy-based trans-
parent wood and epoxy resin

Input

Output layerHidden layer

Output

1 1

50 1

b b

ww
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significantly lower content of fixed carbon. Therefore, 
epoxy-based transparent wood shows higher values of MLR 
and thus also HRR and all parameters derived from it (under 
almost all test conditions).

Epoxy-based transparent wood shows values of effective 
heat of combustion which are on the one hand comparable 
to epoxy resin but on the other hand significantly higher 
(by 15% to 25%) than pristine wood (Table 2). This result 
is rather surprising, as according to Table 1, epoxy-based 
transparent wood contains 29.5 ± 2.2% of wood and the rest 
is epoxy resin. Effective heat of combustion of epoxy-based 
transparent wood should therefore be approximately equal 
to 0.295 EHC of pristine basswood + 0.705 EHC of epoxy 
resin. The reason that the EHC of epoxy-based transparent 
wood is approximately equal to the EHC of epoxy resin is 
probably the fact that with increasing hydrogen content, the 
combustion efficiency of hydrocarbon fuels usually increases 
(the concentration of carbon monoxide in the combustion 
products decreases), and with increasing combustion effi-
ciency, the amount of released heat also increases during 
tests on a cone calorimeter. The conclusion about increasing 
combustion efficiency with increasing hydrogen content is 
confirmed by, e.g., Rajpara et al. [49]. The hydrogen content 
in the examined samples was as follows: pristine basswood 
(approx. 6 ± 0.2% by mass), epoxy-based transparent wood 

(approx. 8.9 ± 0.15% by mass) and epoxy resin (approx. 
10.1 ± 0.1% by mass).

For comparison, the average effective heat of combustion 
of wood and wood-based materials is according to Günther 
et al. [50] 17.72 ± 0.91 MJ.kg−1. The reason for the higher 
value of effective heat of combustion for pristine basswood 
(Table 2) is mainly the lower water content in the pristine 
wood samples examined in this study (0% by mass). In 
contrast, the effective heat of combustion in the cited work 
[50] was determined for samples with a water content of 
6.5 ± 1% by mass.

Table 2 presents the summary values of fire parameters 
of investigated materials. For assessing the fire hazard of 
materials and products, the time dependence of HRR has a 
better predictive value. Figure 5 shows the heat release rate 
and total heat release (THR) of investigated samples exposed 
to a heat flux of 20, 30, 40 and 50 kW m−2.

Pristine basswood, epoxy-based transparent wood and 
epoxy resin show a very similar burning pattern (Fig. 5). 
Pristine basswood samples behave in the same way as 
common natural polymers (based on lignocellulose). 
Immediately after the ignition of pristine basswood, a sharp 
increase in the heat release rate to a maximum value is 
evident, followed by a gradual decrease (Fig. 5). The cause 
is the formation of a solid charred layer on the surface of 

Table 2   Main fire 
characteristics of investigated 
basswood, epoxy resin and 
epoxy-based transparent wood

TTI: Time to ignition, mHRR: Maximum heat release rate, MARHE: Maximum average rate of heat 
emission, mMLR: Maximum mass loss rate, EHC: Effective heat of combustion, TW: Transparent wood, 
The value after sign ± indicates standard deviation, Upper indexes a); b) represents results of Duncan´s test 
and denotes values (in one row) with statistically insignificant differences

Properties Heat flux/kW 
m−2

Wood Resin TW

TTI/s 20 61.3 ± 9.5a) 98.3 ± 3.8 61 ± 7.1a)

30 32 ± 7.5a) 36.7 ± 5a) 28.5 ± 3.5a)

40 17 ± 1.7a) 18.3 ± 5.7a) 15 ± 1.4a)

50 12.3 ± 3.2a)b) 15 ± 2a) 8 ± 2.8b)

mHRR/kW m−2 20 679 ± 30a) 714 ± 45a) 764 ± 116a)

30 773 ± 80a) 971 ± 80a)b) 1119 ± 119b)

40 854 ± 92 1422 ± 172a) 1414 ± 154a)

50 949 ± 127 1480 ± 227a) 1472 ± 205a)

MARHE/kW m−2 20 168 ± 4 228 ± 30 296 ± 27
30 227 ± 13 338 ± 17a) 381 ± 43a)

40 244 ± 21 441 ± 20a) 474 ± 28a)

50 276 ± 43 515 ± 60a) 566 ± 36a)

mMLR/g m−2 s−1 20 0.348 ± 0.003a) 0.300 ± 0.028 0.339 ± 0.013a)

30 0.463 ± 0.047 0.363 ± 0.035 0.457 ± 0.124
40 0.482 ± 0.060a) 0.571 ± 0.019a)b) 0.630 ± 0.047b)

50 0.546 ± 0.081 0.622 ± 0.177 0.640 ± 0.060
EHC/MJ kg−1 20 20.4 ± 0.8 23.8 ± 2.6a) 24.2 ± 0.7a)

30 18.1 ± 0.3 24.3 ± 1.1a) 24.5 ± 0.8a)

40 18.4 ± 0.6 25.7 ± 1.1a) 24.8 ± 1.3a)

50 19.4 ± 1.4 25.9 ± 0.2a) 24.6 ± 0.7a)
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the wood sample, which retards the burning process (the 
so-called auto-retardation of the burning process by charring 
layer). This conclusion is consistent with the results of 
several scientific works, e.g., [51–53].

Both epoxy resin and epoxy-based transparent wood show 
a very similar course (rapid increase followed by gradual 
decrease) of heat release rate as pristine basswood. The 
reason is the fact that epoxy resin is a thermosetting polymer. 
Thermosetting polymers generally show properties similar to 
natural polymers based on lignocellulose under thermal load 
and fire (they form a solid carbonized layer on their surface, 
similar to wood and wood-based materials, which retards 
the burning process). Since pristine wood and epoxy resin 
show a very similar course of heat release rate, it is logical 
to expect that epoxy-based transparent wood will also have 
a similar course of HRR (which is also confirmed by Fig. 5).

Course and values of the heat release rate of pristine 
basswood and epoxy resin in Fig. 5 roughly correspond to 
the values published in the scientific works of Parker [54], 
Tran [55] and Hirschler [56] for other woods and plastics. 
The difference was only in the burning time (the investigated 
materials in most cases showed a shorter burning time than 
the materials in the cited scientific works). The reason was 
the fact that the burning time is determined by the thickness 
of the sample, and today majority of transparent wood is 

produced with a maximum thickness below 4 mm (which is 
lower than the thickness of most other materials tested by 
cone calorimeter).

Scientific works [27, 28] report a different course of 
heat release rate for pristine and transparent wood than 
Fig. 5. The difference is mainly that in the cited scientific 
works, transparent wood showed a lower local maximum 
of heat release rate compared to pristine wood. The reason 
is the fact that in the cited scientific works [27, 28] flame-
retardant transparent wood was investigated (while in 
this study transparent wood without flame-retardant is 
investigated). In contrast, the total heat release (THR) of 
the investigated samples (Fig. 5) shows the same trend 
as in the scientific paper [28] (in both cases, transparent 
wood shows a significantly higher THR value than pristine 
wood). The results of the scientific work [27] show at first 
glance a different trend, as according to the cited scientific 
work, the THR from transparent wood is approximately 
10% lower than from pristine wood. However, this 
conclusion is drawn from data measured on a micro-
combustion calorimeter, which expresses THR in units of 
J (kJ) per unit mass and not J (kJ) per unit area (such as on 
a cone calorimeter). In connection with this, however, it 
should be noted that transparent wood has approximately 
twice the density compared to pristine wood (Table 1). 
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Fig. 5   Heat release rate (HRR) and total heat release (THR) from basswood (Wood), epoxy resin (Resin) and epoxy-based transparent wood 
(TW) at heat fluxes of 20 kW m−2 (a), 30 kW m−2 (b), 40 kW m−2 (c) and 50 kW m−2 (d)
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Therefore, from a product of the same dimensions, the 
same THR value (related to a unit of mass) and twice the 
density, twice as much heat is released from transparent 
wood as from pristine wood. According to the results of 
scientific works [27, 28], even protecting transparent wood 
with flame retardants does not solve this problem.

The course of both HRR (Fig. 5) and MLR (Fig. 6) is 
usual for thermally thin materials. Thermally thin materials 
commonly show only one peak of both HRR and MLR, 
as also reported by other scientific works, e.g., [57, 58]. 
Comparison of obtained values of HRR and MLR with other 
studies is quite difficult because:

(a)	 Epoxy resin includes a number of materials with 
various chemical compositions, properties and fire 
characteristics, which common feature is often only 
the epoxide functional group;

(b)	 There are no other studies (for comparison) that 
investigated the impact of the modification of pristine 
wood to transparent wood in a similar way (for similar 
materials and method of modification) that is presented 
in this paper.

Nevertheless, obtained values of HRR (Fig. 5) lie between 
values reported by [59, 60].

The flashover category (time to reach the fully developed 
fire stage - flashover) was calculated from the HRR using the 
method according to [44, 45]. The cited method allows pre-
dicting the time to flashover in intervals from 0 s up to 120 s; 
120 s up to 600 s; 600 s up to 720 s; 720 s up to 1200 s; and 
above 1200 s (no flashover). Predicted times to the flashover 
of investigated materials are in Table 3.

The data in Table  3 show that the modification of 
wood to transparent wood worsens its flashover category 
(shortens the time needed to reach the flashover fire stage). 
The reason is a higher content of volatile combustibles and 
a lower content of fixed carbon (Table 1).

The time dependence of residual mass and mass loss 
rate of investigated samples during the cone calorimeter 
test is shown in Fig.  6. The heat release rate and the 
mass loss rate (Figs. 5 and 6) have a very similar course. 
Likewise, the course of the total heat release (Fig.  5) 
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Fig. 6   Time dependence of mass loss rate (MLR) and residual mass (Mass) of basswood (Wood), epoxy resin (Resin) and epoxy-based transpar-
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Table 3   Time to flashover of pristine basswood, epoxy resin and 
epoxy-based transparent wood

Material Time to flashover/s

Wood 120–600
Resin 0–120
Transparent wood 0–120
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corresponds with the inverse value of the time dependence 
of the residual mass of the sample (Fig. 6). The inverse 
value of the time dependence of the residual sample mass 
is not shown in Fig. 6, but it is valid that at the beginning 
of the test the total heat release has a value of 0 MJ kg−1 
and the mass of the sample started at 100%. At the end of 
the test, the total heat release reaches a local maximum 
and the sample mass, on the contrary, reaches a local 
minimum.

The similarity of the heat release rate (Fig. 5) and mass 
loss rate (Fig. 6) indicates that it is possible to create and 
train a neural network (Neural Network Fitting) to predict 
the heat release rate from the mass loss rate with high 
accuracy.

The resistance of the samples to ignition was assessed 
based on the critical heat flux (minimal heat flux necessary 
for piloted ignition of material during 30 min). The depend-
ence of the ignition time (powered to − 1) on the heat flux is 
shown in Fig. 7. Parts of Fig. 7 also show equations for the 
statistical relationship between the inverse value of the igni-
tion time and heat flux, from which critical heat fluxes, igni-
tion temperatures and apparent products of density and heat 
capacity were determined using the techniques described in 
[41, 42, 47]. The ignition characteristics of the investigated 
materials are in Table 4.

Epoxy-based transparent wood shows a higher critical 
heat flux and ignition temperature than pristine basswood 
and epoxy resin (Table 4). The modification of natural wood 

into transparent wood thus increases its resistance to ignition 
compared to the raw materials from which it was made. The 
reason for the higher critical heat flux and ignition tempera-
ture of epoxy-based transparent wood compared to pristine 
wood is the significantly higher density of transparent wood 
(Table 1). This conclusion is also consistent with the results 
of the scientific work of Nagaoka et al. [48]. Epoxy-based 
transparent wood shows higher resistance to ignition even 
compared to epoxy resin. The reason is probably a combi-
nation of the following factors: higher density, lower con-
tent of volatile matter and higher content of fixed carbon in 
transparent wood (Table 1). A secondary reason may also 
be the fact that during lignin modification, wood releases 
part of the volatile matter (loses part of the most thermally 
labile components). The issue of the release of volatile mat-
ter during wood delignification was studied in detail in the 
scientific works of Wu et al. [61], Ilyas et al. [62], Chen et al. 
[63] and Selambakkannu et al. [64].

At first glance, it might seem that the critical heat fluxes 
(Table 4) do not correspond to the ignition time (Table 2). 
For example, the time to ignition of epoxy resin and epoxy-
based transparent wood (at 20 kW m−2 heat flux) is 98 and 
61 s, respectively. In contrast, critical heat fluxes of resin and 
transparent wood are 17.6–20.9 kW m−2, respectively. The 
reason is the fact that the critical heat flux is determined by 
the dependence line slope of the inverted ignition time on 
the heat flux and not only by the ignition time at the lowest 
heat flux.

The obtained values of critical heat fluxes (Table 4) are 
higher than the critical heat fluxes of wood and wood-based 
materials (6 to 8 kW m−2) published by Xu et al. [65], and 
conversely, approximately the same as the critical heat fluxes 
of wood published by Xu et al. [66] (16–19 kW m−2, for 
Merbau wood even up to 40 kW m−2), or values published 
by Dai et al. [67] (12–22 kW m−2). The cause of the afore-
mentioned dispersion is the dependence of the material's 
critical heat flux on a large number of parameters, which 
are divided into parameters associated with the properties of 
the material and parameters associated with the properties 
of the environment. The calculation method also has a non-
negligible effect on the resulting critical heat flux. Among 
the most important parameters of material (with the same 
or very similar chemical composition) affecting its critical 
heat flux are mainly thermal thickness (which is determined 

Wood Resin TW

Wood : TTI–1 = 0.0022 HF - 0.0308

Resin : TTI–1 = 0.002 HF - 0.0292

Tw : TTI–1 = 0.0036 HF - 0.0643

R 2 = 0.9882

R 2 = 0.9806

R 2 = 0.9407

0.16

0.12

0.08

0.04

0
0 10 20 30 40

Heat flux/kW m–2

50 60

T
im

e 
to

 ig
ni

tio
n–

1 /
s–

1
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flux (HF) for basswood (Wood), epoxy resin (Resin) and epoxy-based 
transparent wood (TW)

Table 4   Ignition parameters 
of basswood, epoxy resin and 
epoxy-based transparent wooda

ρ: Density (kg m−3), c: Heat capacity (kJ kg−1 K−1), the value after sign ± indicates standard deviation

Properties Wood Resin TW

Critical heat flux in accordance with [41]/kW m−2 17 17.6 20.9
Critical heat flux in accordance with [42]/kW m−2 18.4 19.2 23.5
Ignition temperature in accordance with [42]/°C 418 ± 11 426 ± 13 465 ± 18
ρc in accordance with [47]/kJ2 m−3 K−1 232 ± 13 245 ± 15 105 ± 9
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by physical thickness, density, thermal capacity and ther-
mal conductivity), water content and roughness. The most 
important environmental parameters include temperature, 
relative humidity and air pressure. For example, the effect of 
air pressure (65–101 kPa) on the critical heat flux and igni-
tion temperature was investigated by Yafei et al. [68]. The 
results of the cited scientific work prove that the difference 
in the critical heat flux (with the mentioned difference in air 
pressure) can be up to 50%. Since the values in Table 4 were 
determined under comparable environmental conditions and 
identical calculation methods were used (for all investigated 
materials), the obtained values enable a relative compari-
son of the resistance of pristine basswood, epoxy resin and 
epoxy-based transparent wood to ignition.

Ignition temperature represents the surface temperature 
of the material at the moment of ignition (for ignition by 
heat flux in 30 min of intervals). This value of ignition 
temperature is valuable, e.g., for fire modeling (e.g., [69, 
70]) but does not correspond to the temperature at which 
wood starts rapid thermal decomposition (e.g., approx. 
300 °C according to [71, 72]). The reason is the fact that 
in the cited scientific papers [71, 72] the temperature at 
which the wood begins to quickly thermally decompose was 
determined by the thermogravimetry method (sample mass 
in the order of milligrams and heating at a rate of several °C 
min−1), while in this study the temperature of the material 
was determined on the surface using the cone calorimeter 
method (sample mass in the order of hundreds of grams and 
exposure to heat flux in the order of tens of kW m−2, these 
conditions correspond much better to the conditions of a real 
fire). The ignition temperature of epoxy-based transparent 
wood was not published yet in any scientific paper. However, 
e.g., Zachar et al. [73] published the spontaneous ignition 
temperature of spruce wood (433 ± 30 °C) and Yafei et al. 
[68] published the ignition temperature of Chinese scholar 
tree (413 ± 44 °C). Based on these results, the data from this 
study (Table 4) seem plausible.

The residue of transparent wood after loading by 
50 kW m−2 heat flux during 1,800 s was almost none. A 
photograph of the residue of transparent wood loaded by 
20 kW m−2 heat flux during 1,800 s is shown in Fig. 8.

The coefficients of determination (R2) of neural networks 
(to predict the heat release rate from mass loss of pristine 
basswood, epoxy-based transparent wood and epoxy resin) 
are illustrated in Table 5. Neural networks were trained to 
predict the heat release rate from each investigated material 
(pristine wood, epoxy resin and epoxy-based transparent 
wood). This means that all trained neural networks (with 
a sufficiently high R2 value) are applicable for predicting 
the heat release rate from epoxy-based transparent wood as 
well as the main input raw materials used for its production 
(pristine wood and epoxy resin).

Fig. 8   Char residue of transparent wood after being loaded by 
20 kW m−2 heat flux during 1,800 s

Table 5   Impact of learning algorithm and number of neurons in the 
hidden layer on the coefficient of determination (R2) of neural net-
work (for prediction of heat release rate from mass loss rate of bass-
wood, epoxy-based transparent wood and epoxy resin) during train-
ing, validation and test

NA: Validation is not applicable for Bayesian regularization

Training algo-
rithm/-

Hidden neu-
rons/-

Coefficient of determination 
R2/-

Training Validation Test

Levenberg–mar-
quardt

5 0.9062 0.8735 0.9200
10 0.9035 0.9097 0.8916
15 0.9014 0.9113 0.9006
20 0.9002 0.9002 0.9247
25 0.9057 0.8850 0.7615
50 0.9073 0.882 0.8704
100 0.8946 0.8261 0.7014

Bayesian regulari-
zation

5 0.9011 NA 0.9141
10 0.9084 NA 0.8814
15 0.9070 NA 0.9004
20 0.9122 NA 0.8818
25 0.9059 NA 0.8583
50 0.9203 NA 0.8278
100 0.9311 NA 0.8163

Scaled conjugate 
gradient

5 0.9031 0.8876 0.8849
10 0.9008 0.8969 0.9023
15 0.9009 0.8687 0.9107
20 0.9022 0.8909 0.8992
25 0.8881 0.9112 0.8983
50 0.8981 0.8891 0.9101
100 0.8974 0.8670 0.8321
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The coefficient of determination (R2) has the highest 
informative value for the neural network test (validation is 
performed in the training phase with values that were not 
used for training; the test is performed after training with 
data that was not used for training or validation). The high-
est R2 values in the test (for the studied training algorithms) 
are shown by Levenberg–Marquardt for 20 neurons in the 
hidden layer; Bayesian Regularization for 5 neurons in the 
hidden layer; and Scaled Conjugate Gradient for 15 neurons 
in the hidden layer (Table 5). Trained neural network with 
the best coefficient of determination R2 is in the supplemen-
tary materials, files S1 Net_LM_20 (Levenberg–Marquardt 
algorithm and 20 neurons in hidden layer), S2 Net_BR_5 
(Bayesian Regularization algorithm and 5 neurons in hid-
den layer) and S3 Net_SCG_15 (Scaled Conjugate Gradient 
algorithm and 15 neurons in hidden layer).

A higher informative value than the coefficient of deter-
mination (R2) is a direct comparison of the heat release rate 
of epoxy-based transparent wood determined from a cone 
calorimeter (in the standard way from oxygen consumption) 
and predicted from the mass loss in the investigated neural 
networks (with the highest R2 for the individual algorithms 
investigated). A comparison of the heat release rate from the 
investigated epoxy-based transparent wood (at a heat flux of 
50 kW m−2) measured by a cone calorimeter and predicted 
by trained neural networks from mass loss is illustrated in 
Fig. 9.

Prediction of used algorithms shown in Fig. 9 (at a heat 
flux of 50 kW m−2) achieved approximately 11 (Bayesian 
Regularization and Scaled Conjugate Gradient learning 
algorithms) to 22% (Levenberg–Marquardt learning 
algorithm) lower maximum heat release rate values than 
values measured with a cone calorimeter from oxygen 
consumption (standard method). The best prediction was 
achieved by a neural network with a Bayesian Regularization 
training algorithm and 5 neurons in the hidden layer, which 
predicted an 11% lower maximum value of heat release rate 
compared with the standard method on the cone calorimeter. 
A difference of 11% (in maximum heat release rate) is not 
significant in fire engineering in most applications. A larger 
(more than 11%) variance between two measurements of 
the maximum heat release rate from two samples of the 
same type of wood is common (e.g., Table 2). On the other 
hand, Fig. 9 demonstrates that in the flame combustion 
phase (at a heat flux of 50 kW m−2) the values of the heat 
release rate predicted by trained neural networks show a 
systematically lower value (than the value measured from 
oxygen consumption). It is necessary to remember this 
conclusion when applying and interpreting the heat release 
rate values obtained by the prediction from the mass loss in 
the trained neural network.

Comparison of the heat release rate measured by a cone 
calorimeter at a heat flux of 20 to 50 kW m−2 (from oxygen 
consumption) and predicted from mass loss by the trained 
neural network (Bayesian Regularization algorithm and 5 
neurons in hidden layer) is illustrated in Fig. 10.

Figure  10 proves that at heat f luxes of 20 and 
30  kW  m−2, the maximum heat release rate values 
measured in a standard way on the cone calorimeter and 
predicted by the trained neural network from the mass loss 
rate almost coincide. The difference between the measured 
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Fig. 9   Heat release rate from epoxy-based transparent wood at a heat 
flux of 50  kW  m−2 measured by cone calorimeter based on oxygen 
consumption (the standard method of measurement) and predicted 
from mass loss rate by trained neural networks for following training 
algorithm and number of neurons in a hidden layer Levenberg–Mar-
quardt (20 neurons) a, Bayesian Regularization (5 neurons) b, and 
Scaled Conjugate Gradient (15 neurons) c 
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and predicted maximum heat release rate increases with 
increasing heat flux. However, the differences between the 
measured and predicted value of the heat release rate (in 
the studied interval of heat fluxes from 20 to 50 kW m−2) 
are relatively small (for neural networks with Bayesian 
Regularization algorithm and 5 neurons in the hidden layer 
are differences approx. 11%), which makes the proposed 
and created method for predicting (measuring) of the heat 
release rate of epoxy-based transparent wood possible for 
the practical use.

Conclusions

The presented paper dealt with the fire hazard research of 
epoxy-based transparent wood. In addition, this study dealt 
with training a neural network to predict the heat release 
rate from pristine basswood, epoxy-based transparent wood 
and epoxy resin from their mass loss rate. The obtained data 
proved that:

1.	 Epoxy-based transparent wood is more resistant to 
initiation than pristine wood (critical heat flux of 
transparent wood is approximately 20% higher, and 
ignition temperature is approximately 10% higher than 
pristine wood).

2.	 Epoxy-based transparent wood, on the other hand, shows 
higher values of maximum heat release rate (from 10 to 
40%, depending on the heat flux) and maximum aver-
age of heat emission (from 40 to 50%, depending on 
the heat flux). Differences in both parameters increase 
with increasing heat flux. In addition, epoxy-based trans-
parent wood shows a shorter time to flashover (lower 
resistance to fire propagation in the flashover phase) than 
pristine wood.

3.	 In addition, epoxy-based transparent wood shows higher 
values of effective heat of combustion (from 15 to 25%, 
depending on the heat flux) and approximately 50–60% 
higher values of total heat release rate than pristine 
wood.

4.	 The heat release rate from pristine wood, epoxy-based 
transparent wood and epoxy resin can be predicted from 
their mass loss rate by trained neural networks. The best 
value of the coefficient of determination (R2 > 0.90) 
for these predictions shows neural networks with the 
following training algorithms: Levenberg–Marquardt 
(20 neurons in hidden layer), Bayesian Regularization (5 
neurons in hidden layer) and Scaled Conjugate Gradient 
(15 neurons in hidden layer).

The obtained data prove that epoxy-based transparent 
wood is more resistant to the initiation, but on the other 
hand, it releases approximately 50–60% more heat than 
pristine wood under real fire conditions. The collected data 
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Fig. 10   Heat release rate from epoxy-based transparent wood meas-
ured by cone calorimeter based on oxygen consumption (the standard 
method of measurement) and predicted from mass loss rate by trained 

neural networks with Bayesian Regularization algorithm (5 neurons) 
at a heat flux of 20 kW m−2 (a), 30 kW m−2 (b), 40 kW m−2 (c), and 
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further demonstrate that the heat release rate of pristine 
wood, epoxy-based transparent wood and epoxy resin 
can be predicted with a relatively high (determination 
coefficient R2 > 0.90) prediction in trained neural networks 
from the mass loss rate of these materials. The achieved 
accuracy of neural networks is sufficient for the practical 
application of the heat release rate measurement method.
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