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Abstract
The current trend for sustainable utilisation of limited resources is stimulating the scientific research for previously neglected 
raw materials that could also be used for new value added products. Bark, which is a natural insulation material of trees, 
could be used as technical insulation material. This paper focuses on the effects of particle orientation in light larch (Larix 
decidua) bark insulation boards on their physical–mechanical and thermal properties. The experimental design is based 
on the variation of the particle orientation (orthogonal or parallel to the panel plane) and the board density (200–500 kg/
m3). The mechanical properties, water absorption, thickness swelling and thermal conductivity of the boards were tested. 
The results showed a significant influence of the particle orientation and the density on the measured properties of the bark 
panels. This implies that the bark particle orientation is an important factor when producing insulation panels with specific 
characteristics. Suggestions for efficient use of bark particleboard are given.

1 Introduction

In recent years, sustainable and resource-efficient use of 
raw materials has become more and more important. Fur-
thermore, there is a strong increase in the use of wood for 
energy production, which intensifies the competition for the 
available resources, and as a result prices increase (Paulitsch 
and Barbu 2015). Due to this fact, the use of tree bark as raw 
material is pushed by industry and research (Naundorf et al. 
2004; Pásztory et al. 2016). Bark is the outer layer of a tree, 
consisting of phloem and periderm, the latter is made up by 
phellem, phellogen and phelloderm. After some time a new 
phellogen is built in the living cells of the phloem and the 
outer cells store suberin in their cell walls and die off. This 

process and its iteration rate is very diverse with different 
tree species causing the great variety of bark appearance and 
bark morphology (Vaucher 1997).

The cork of Quercus suber has been used since antiquity 
for floating devices, sealing products and insulation materi-
als (Pereira 2007; Gil 2015). Thermal insulation materials 
are especially made from cork residues like consolidated 
cork dust (Flores et al. 1992) with a thermal conductivity of 
0.045 W/(m K) on average (Matias et al. 1997). Structural 
use of cork composites is not feasible due to low mechanical 
resistance (Knapic et al. 2016), but multi-layered sandwich 
panels with cork core have been proposed to overcome this 
problem (Lakreb et al. 2017). The environmental impact of 
insulation cork board was proven to be low compared to 
other insulation materials (Tártaro et al. 2017). Whilst the 
bark of central European trees was a valuable resource in 
ancient times (e.g. raw material for ropes, clothes, roof deck-
ing, nutrition; Pásztory et al. 2016), nowadays tree bark is 
primarily used for products with low added-value.

Thus, there is an unrealized potential for future indus-
trial value. Bark is currently mostly incinerated or used as 
mulch and bark compost (Naundorf et al. 2004). A possible 
future application for larch (Larix decidua) bark is the use 
as thermal insulation material (Liu et al. 2017). Larch bark 
would basically be suitable due to its low density (Miles 
and Smith 2009), relatively high proportion of cork cells 
(Holdheide and Huber 1952; Pereira 2015) and extractives 
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preventing the attack of microorganisms (Doi and Kurimoto 
1998; Nemli et al. 2006).

Insulation materials are applied in various application 
fields and have to meet various needs (Papadopoulos 2005). 
Often an optimum between mechanical stability and thermal 
conductivity has to be found (Pfundstein et al. 2007). Larch 
bark insulation panels are mechanically stable compared 
with common insulation materials (Kain et al. 2012), have a 
higher thermal conductivity (TC) (minimum 0.05 W/(m K); 
Kain et al. 2014), and high thermal mass (Kain et al. 2013) 
compared to standard insulation materials. This combina-
tion of properties suggests specific applications, but also 
gives the direction for further material optimization. On the 
one hand, the thermal conductivity should be reduced below 
0.05 W/(m K). On the other hand, the mechanical stability of 
such boards should be improved in order to enable insulation 
application with structural requirements.

Bark insulation panels consist of relatively large particles 
(6–30 mm). They are necessary to enable low panel density 
(Miranda et al. 2012; Kain et al. 2012). To bind these par-
ticles, 8–10% UF or tannin resin is used. The orientation of 
particles is a key design parameter regarding a panel’s TC 
(Kain et al. 2016b).

Materials can exhibit a structure on more than one length 
scale. In some of them, also the structural elements are ani-
sotropic. This is the case with bark particles. The structural 
hierarchy may be a means to characterise materials but may 
also be a source for material innovation and optimisation 
(Lakes 1993; Paris et al. 2010). The structure of wood and 
wood-based materials has a significant influence on their 
properties. As an example, the thermal conductivity of 
spruce wood parallel to grain is 50% higher than perpen-
dicular to it (Vay et al. 2015). The mechanical properties of 
particle-based composites like OSB are orthotropic, twice 
as high in grain direction of particles than perpendicular to 
it (Dunky and Niemz 2002; Wang and Chen 2007; Shupe 
et al. 2001).

Bark board porosity and pore size correlate well with 
the board density (Kain et al. 2016a), thus it is possible to 
influence the thermal conductivity by means of targeted 
production technology. The thermal conductivity of bark 
boards with particles aligned horizontally to panel plane 
is on average 13% lower than with orthogonally oriented 
particles (Kain et al. 2016b). The mechanical properties of 
wood composites can be influenced by a targeted particle 
orientation as well. In the production of OSB panels, for 
example, the structural configuration is specifically manu-
factured. Thereby the strands in the face layers are oriented 
in production direction and thus, the bending strength is 
optimized (Deppe and Ernst 2000; Paulitsch and Barbu 
2015). In contrast, particle orientation vertical to the panel 
plane, like in the manufacturing process of extruded par-
ticleboard, has a negative effect on the bending strength. 
However, the compressive strength and the internal bond 
is increased and the thickness swelling is minimized in this 
case (Soiné 1995).

The target of this work is to evaluate to which extent 
bark particle orientation and panel density influence elasto-
mechanic, moisture properties, and thermal conductivity of 
bark insulation board. Another subordinate goal is to predict 
meaningful parameter configurations for specific application 
needs.

2  Materials and methods

2.1  Material

All boards were produced from larch (L. decidua) bark parti-
cles, with a particle size between 10 and 30 mm (Fig. 1), and 
a moisture content (MC) of 8%. 50 g of particles were taken 
from the bark pile randomly. The single particles were meas-
ured for their width, thickness and length. The aspect ratio 
(AR) between width and thickness and length and width was 

Fig. 1  Cross section of a larch tree bark layer and particulate bark material
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determined. In total 82 particles were analyzed. Boards were 
pressed in a Höfer (Traiskirchen, Austria) laboratory heating 
press using urea formaldehyde (UF) PRIMERE TM 10F102 
from Metadynea (Krems, Austria) as a resin.

2.2  Methods

2.2.1  Manufacturing of boards

Boards were produced according to the DOE in Table 1 
with variation of panel density and particle orientation. 
Density was raised in steps of approx. 80 kg/m³ starting 
at 200 kg/m³ up to a maximum of 450 kg/m³. Moreover, 
one panel with 500 kg/m³ was produced to also study influ-
ences in heavier boards. Particle orientation within the pan-
els was controlled and oriented parallel and orthogonal to 
the panel plane. The panel size 28 × 240 × 350  mm3, parti-
cle size 10–30 mm, 10% UF resination (based on the oven 
dried mass of particles), press temperature 180 °C and press 

factor of 16 s per mm thickness were kept constant for all 
manufactured boards.

The panel density was determined following Eq. 1. Con-
siderations are based on the panel’s weight at a MC of 12%. 

mp Mass of panel at equilibrium moisture content of 12% in 
kg; mb Mass of bark at oven dry conditions in kg; mr Mass 
of resin based on solid content in kg; mw Mass of water in 
the panel at equilibrium moisture content in kg.

At first the bark particles were blended with 10% UF (by 
weight) using a ploughshare mixer.

Boards with orthogonal particle orientation were pro-
duced in the style of extruded particleboard manufactur-
ing. Therefore, a special pressing mold was deployed. Dur-
ing the process, the glued particles were strewed in the 
vertical mounted mold and gradually manually oriented as 
well as pre-pressed. Finally, the mat was fixed in the press-
ing mold in the Höfer (Traiskirchen, Austria) laboratory 
press with a plate temperature of 180 °C, and pressed to 
the target thickness of 28 mm for 448 s (16 s/mm). Boards 
with parallel oriented particles were produced by strewing 
particles into the mold in horizontal position. Particles 
were manually oriented, pre-pressed and cured in a final 
hot press process (Figs. 2, 3). All boards were stored at the 
reference climate [20 °C/65% relative air humidity (RH)] 
to constant weight.

2.2.2  Determination of board properties

Samples were cut according to ÖNORM EN 326-1 (2005) 
into the respective size for mechanical and physical tests. The 
bulk density (ÖNORM EN 323 2005) was determined for all 

(1)

mp = mb + mr + mw

mb =
1

1.22
× mp, mr =

1

12.2
× mp, mw =

(

1

1.22

)

× 0.12 × mp

Table 1  Panel configuration in the experiment with the factors den-
sity and particle orientation

Particle orientation Identifier Target 
density in 
kg/m³

Parallel to plane 3H 200
4H 283
5H 366
2H 450
6H 500

Orthogonal to plane 5V 200
6V 283
7V 366
4V 450
3V 500

Fig. 2  Mat strewing of panels with horizontal (left) and vertical particles (right)
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boards and specimens. For one specimen of each board the 
moisture content was determined according to ÖNORM EN 
322 (2005). Density profiles were generated for two speci-
mens of each board applying a EWS (Beaverton, OR) Dense-
Lab X meter.

The mechanical board properties were determined using a 
Zwick Roell (Kennesaw, GA) Z 250 universal testing machine. 
For each of the 10 boards five samples were tested for inter-
nal bond (IB) according to the European standard (ÖNORM 
EN 319 2005). The modulus of rupture (MOR) and modulus 
of elasticity (MOE) were evaluated for two samples respec-
tively in a three-point bending test following ÖNORM EN 
310 (2005). Testing of thickness swelling (TS) and water 
absorption (WA) after 24 h immersion in water was conducted 
according to ÖNORM EN 317 (2005) for five samples from 
each board. The panels’ thermal conductivity was determined 
using a lambda-meter EP 500 (Lambda Measurements Tech-
nologies Corporation, Cincinnati, OH) at an average specimen 
temperature of 10 °C and a temperature difference of 15 K 
between the two panel surfaces.

2.2.3  Data analysis

Data analysis was performed with the statistical software 
package SPSS 21. To determine the influence of the bulk 
density on the results, Pearson correlation coefficients were 
evaluated. To analyse the influence of the independent vari-
ables target density and particle orientation, an analysis of 
variance (ANOVA) and partly an analysis of covariance 
(ANCOVA) were performed. To visualise the explanatory 
power of the factor influence, partial eta-squared values 
(Eq. 2) were determined. 

�i
2 Partial eta-squared value for factor i ; dfi Number of 

degrees of freedom of factor i ; Fi Empirical F-value of fac-
tor i ; dferror Number of degrees of freedom for unexplained 
residual variance.

(2)�i
2 =

dfi × Fi

dfi × Fi + dferror

3  Results

3.1  Particle shape, moisture content and panel 
density

The particles have a size (width × thickness × length) 
of 16.2 (standard deviation (SD) = 3.6)  ×  7.38 
(SD = 2.9) × 28.97 (SD = 9.76) mm³ on average. The AR 
between width and thickness of the particles is on aver-
age 2.6 (SD = 1.24), that between length and width 1.9 
(SD = 1.05).

On average the board’s MC accounted for 12.4% 
(SD = 0.4%).

The average panel density is visualized in Table 1. 
The average mean absolute deviation from target density 
accounted for 3.3% (SD = 3.7%). The boards with a density 
of 500 kg/m³ have a distinct density profile (Fig. 4) with 
on average 33% higher density at the surface layer than in 
the core layer (peak density on the surface referred to the 
average core density). The lighter boards have the highest 
density in the core (area of 10–20 mm in the board cen-
tre), on average 44% higher than at the surface (average of 
1 mm area from the surface on both sides).

Fig. 3  Bark panel with horizon-
tal and vertical particle orienta-
tion (28 × 50 × 50  mm3, density 
450 kg/m3)

Fig. 4  Density profiles for 28 mm bark-based insulation boards with 
varying particle orientation
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3.2  Mechanical characteristics

Focusing on MOR and MOE, coefficients of correlation 
between 0.96 and 0.99 prove a highly significant influence 
of the panel density for both particle orientations (Table 2). 
The ANOVA confirms that with regard to MOR, the particle 
orientation does not have a significant effect, but the MOE is 
significantly (p < 0.05) influenced by the particle orientation 
(Table 3). The very light boards (200 kg/m³) have a MOR of 
0.04 N/mm2 on average, whilst the heavy boards (500 kg/m³) 
achieved MOR values between 1.8 and 2.5 N/mm2. MOE 
ranges from 2.5 to 482 N/mm2 depending on density, but 
also on particle orientation, because panels with horizontal 
particles had an on average 27% lower MOE than panels 
with vertical particles (Table 4; Fig. 5).

Focusing on scatter in IB, 85% for boards with vertically 
oriented particles and 95% for boards with horizontal par-
ticles can be highly significantly (p < 0.001) explained by 
density (Table 3). The particle orientation within the panels 
has a highly significant (p < 0.001) effect and is likely to 
explain 0.826% of the variation within IB values. The IB 
of panels with horizontal particles is on average 62% lower 
than that of those with vertical particles (Fig. 6).

TS is not strongly influenced by density, only boards 
with horizontal particles show a significant (p = 0.01) 
effect of density, although only 40% of the variation is 
explained by density with this board type. The effect of 
the particle orientation nonetheless, is highly significant 
(45 and 73% of the variation is explained by the particle 
orientation). Panels with horizontal particles showed a 
TS depending on density between 4 and 10% on average, 
whereas it is 3.4% lower for boards with vertical parti-
cles. Water absorption is highly significantly (p < 0.001) 
negatively correlated with panel density for both board 
types (coefficient of correlation (R) vertical particles 

= − 0.88, R horizontal particles = − 0.91). Both board 
types are highly significantly affected by particle orienta-
tion (85% of the variation with vertical particles and 42% 
with horizontal particles can be explained). Boards with 
horizontal particles showed, depending on panel density, a 
WA between 33 and 57%, lower with higher panel density 
and on average 4.7% lower when using vertical particles 
(Fig. 7).

3.3  Thermal conductivity

The influence of the particle orientation on the TC was 
tested with an ANCOVA including the panel density as a 
covariate. Both variables have a statistically highly signifi-
cant (p < 0.001) influence. Regressions were calculated, 
which are very significant (p < 0.01) for both particle ori-
entations (Eq. 3). The panel’s thermal conductivity is very 
significantly (p < 0.01) linked to panel density (R = 0.99 
for panels with vertical particles, R = 0.98 for panels with 
horizontal particles). In addition, the regression coeffi-
cients are very significant for both regression functions. 
The TC of horizontal particleboards is on average 16% 
lower than that of boards with vertical particles (Fig. 8). 

�h Thermal conductivity of panels with horizontal parti-
cles in mW/(m K); �v Thermal conductivity of panels with 
vertical particles in mW/(m K); � Panel density in kg/m3.

(3)
�h(�) = 0.095 × � + 35.25

�v(�) = 0.129 × � + 35.75

Table 2  Correlations (Pearson 
R, p-value (P) and sample size 
(N)) between density and panel 
properties

Particle orientation MOR MOE IB TS WA TC

Vertical Density 0.957 0.961 0.922 0.262 − 0.878 0.987
P 0.000 0.000 0.000 0.195 0.000 0.002
N 10 9 25 26 26 5

Horizontal Density 0.969 0.987 0.976 0.629 − 0.907 0.981
P 0.000 0.000 0.000 0.010 0.000 0.003
N 9 8 24 25 25 5

Table 3  Results of ANOVA for 
the influence of target density 
and particle orientation (p-value 
and eta-squared values)

MOR MOE IB TS WA

Target density P 0.000 0.000 0.000 0.000 0.000
η2 0.954 0.984 0.888 0.450 0.853

Particle orientation P 0.078 0.014 0.000 0.000 0.000
η2 0.306 0.604 0.826 0.729 0.424
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4  Discussion

The structure of solid wood, as well as the one of wood-
based products has a strong influence on the product’s 
properties (Niemz 1993; Renner et al. 2010). In the inves-
tigated panels, the orientation of particles was controlled 
in one dimension (parallel or perpendicular to panel plane) 
and must be assumed randomly oriented in the other two 
dimensions. This is an important restriction, because in 
plane strand alignment is a means of significant strength 
improvement shown for OSB (Suzuki and Takeda 2000; 
Sumardi et al. 2007). The density of the studied specimens 
showed a comparatively low deviation from the target den-
sity, because both densities were referred to the density at 
equilibrium moisture content (20 °C/65% RH − 12% MC). 
Density profiles (Fig. 4) did not show a clear difference for 
panels with varying particle orientation—structural study 
of boards therefore calls for more sophisticated methods 
like X-ray tomograms (Kain et al. 2016a). The outcome 
confirmed a slightly higher equilibrium moisture content 
of bark at the given climate conditions, compared with 
solid wood, an effect already mentioned by Standke and 
Schneider (1981) and Niemz (1993).

The results of the current study show a highly signifi-
cant (p < 0.001) influence of bulk density on all tested 
board properties. This strong effect was confirmed for bark 
insulation boards by Kain et al. (2012, 2014).

This research shows on average a 70% increase in IB 
for boards with orthogonally oriented particles. This affect 
has already been approved by Soiné (1995), concerning 
extruded particleboard. However, the outcome of the 
investigation could not confirm the expected clear influ-
ence of the particle orientation on MOR and MOE, which 
could be due to the fact that in low-density particleboard 
the limiting strength factor is inter-particle-contact-area 
and not particle interior strength. That would also explain, 
why MOR/MOE was even slightly better with vertical par-
ticles (Fig. 5) than with horizontal ones, because verti-
cal particles result in better particle stacking (Kain et al. 
2016a).

The determination of water absorption (WA) and thick-
ness swelling (TS) after 24 h immersion in water resulted 
in unequal results in terms of the influence of the parti-
cle orientation. The averaged result of TS for boards with 
vertical particles showed a 3.4% lower TS than for the 
boards with horizontal particles. Possibly this is due to a 
lower compaction of cells in boards with vertical particles 
due to the different production process. Similarly, but even 
stronger, the WA is on average 4.7% lower with vertical 
particles than the one of respective boards with horizontal 
particles. TS is limited in ÖNORM EN 312 (2010) for 
particleboard in moist surroundings for non-load-bearing 
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applications (P3) with 13%—a requirement, which was 
clearly met by the presented boards.

The TC is on average 16% lower when aligning the bark 
particles perpendicular to the direction of the heat flow. 
This finding can be explained by the theory of optimal 
heat conduction pathways (Carson et al. 2005), according 
to that vertical particles form conduits for the heat energy 

flow, which results in a higher TC. Other investigations 
confirmed this coherence for bark particleboard (Kain 
et al. 2016b), wood fibre boards (Sonderegger and Niemz 
2012) and wood composites in general (Joščák et al. 2012).

Optimisation of mechanical parameters like MOR or IB 
and TC is a competing target (Fig. 9). In building industry 
there is a growing interest for insulation materials based 
on renewable natural resources (Korjenic et al. 2011; Liu 

Fig. 5  MOR/MOE of bark-based panels with horizontal/vertical particles

Fig. 6  Effect of particle orientation on IB

Fig. 7  TS and WA after 24 h for bark-based panels with horizontal/vertical particles

Fig. 8  Thermal conductivity of bark board with varying density and 
particle orientation
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et al. 2017). For some insulation applications, damage 
robustness of insulation layers, load-bearing capabilities, 
opportunity of building site adaption cutting, and dynamic 
thermal insulation are necessary (Jelle 2011). For high 
stability requirements, extruded polystyrene with a tensile 
strength of maximum 0.35 N/mm² is a standard material 
(Papadopoulos 2005). Bark insulation panels with verti-
cal particles partly have an equally high IB and could be 
an easily recyclable, natural alternative. Moreover, it was 
shown that bark panels have a rather low thermal diffu-
sivity (Kain et al. 2013), making them also an effective 
dynamic thermal insulation material. Bark insulation 
boards offer a means to prioritize either insulation per-
formance or stability by choosing the appropriate panel 
structure (Fig. 9).

5  Conclusion

The results show that with regard to physical–mechanical 
characteristics (IB, TS, WA), boards with vertical particles 
are clearly superior. Horizontal particle orientation leads 
to significantly lower TC. Both mechanical stability (espe-
cially IB) and TC can be targeted in the production pro-
cess by varying panel density and panel structure. In the 
present study, 28 mm thick panels with a density between 
200 and 500 kg/m³ were produced with IB ranging from 
0.01 to 0.38 N/mm² and a TC ranging from 56 to 100 mW/
(m K). Targeted particle orientation is a means to optimize 
TC applying horizontal particles, or IB aligning particles 
vertical to the panel plane.

The presented bark insulation panels would occupy a 
niche between classical wall materials, such as solid wood, 
with a TC higher than 100 mW/(m K) and specialized 
insulating materials, such as mineral wool or polystyrene 

with an IB of less than 0.1 N/mm². Bark insulation panels 
have a lower TC than the mentioned wall materials and 
better IB than most insulation materials (Fig. 10). Their 
advantage compared to polystyrene is the natural resource 
basis and superior dynamic thermal insulation (Kain et al. 
2013).

Potential applications are insulation layers with 
increased mechanical stability requirements (roof, floor-
ing, facade) and efficient solid constructions with targeted 
mechanical and thermal properties. Further work will 
have to concentrate on the determination of other relevant 
material properties, which is predominantly flammabil-
ity, steam diffusion resistance and ecological performance 
using newly developed eco-resin-formulations. Finally, an 
upscaling from laboratory trials to industrial production 
would be necessary to make the product available to the 
market.

Fig. 9  IB, MOR, and TC of 
bark-based insulation boards 
with horizontal/vertical particle 
orientation depending on 
density

Fig. 10  TC and IB of insulation materials in comparison (data apart 
bark according to Pfundstein et al. (2007))
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