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Abstract

Tree bark, an abundant by-product of the timber industry, represents a promising feed-
stock for sustainable construction. This study investigates the thickness swelling, water
absorption, hygroscopicity and mechanical (compressive strength) properties of insulation
panels produced from hardwood bark (Tilia spp. and Robinia pseudoacacia) via hydrome-
chanical treatment and a wet-forming process. The panels were produced without added
adhesives, relying on the formation of hydrogen bonds during the drying phase to ensure
structural integrity. Both bark-based insulation boards (thermal conductivity coefficient
0.055–0.057 W/m·K) showed similar hygroscopic behavior, reaching equilibrium moisture
contents of max. 25% at 93.9% RH. Water absorption after 24 h immersion was highly
material-dependent; Tilia-based panels showed 57.11 ± 5.81%, and Robinia-based panels
320.61 ± 11.34%. Thickness swelling remained low (max. 6% for Robinia), showing signifi-
cant orthotropic anisotropy. At 10% compressive strain, the Tilia and Robinia bark-based
panels showed compressive strengths of 188 ± 14.6 kPa and 298 ± 18.1 kPa, accordingly.
These findings demonstrate that hardwood bark can be successfully valorized into high-
performance, binderless insulation, supporting circular economic strategies.

Keywords: tree bark; thermal insulation; sustainable construction; bio-based materials;
circular economy; wet-forming process; Robinia pseudoacacia; Tilia spp.

1. Introduction
1.1. Global Context

Anthropogenic GHG (greenhouse gas) emissions contribute to global warming and in-
crease the risk of persistent and widespread food insecurity and malnutrition, especially
among vulnerable population groups [1]. The construction sector is one of the largest
contributors to climate change, accounting for significant emissions due to the fossil-
fuel-intensive production of materials and high energy consumption during building
operations [2,3]. Reducing both operational and embodied energy requires a fundamental
transition toward sustainable building materials. Investment in thermal insulation offers a
“triple win” (economic, environmental, and social) and is a central element of sustainable
construction, especially for aging building stocks with poor thermal performance [4]. While
the transition toward natural materials and industrial by-products aligns with circular
economy principles, the return to bio-based sources must be managed carefully. It should
not be assumed that natural materials automatically result in carbon neutrality [5]. Every
production step requires energy input, which impacts the total CO2 emissions associated
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with the material’s life cycle [6]. Predictive models for time, cost, energy, and emissions are
essential at early development stages to ensure true sustainability [7].

1.2. Conventional vs. Natural-Based Insulation Materials

Materials such as mineral and glass wool, petroleum-based foams (polystyrene,
polyurethane, phenolic), perlite or aerated concrete are market-dominant due to their
efficiency and low cost. However, they are based on non-renewable resources, contain toxic
additives, and pose significant recycling challenges [8].

Bio-based alternatives derived from wood by-products, recycled paper, hemp, or
agricultural waste offer renewable and biodegradable solutions [9]. At the same time, wood
fiber- and grass-based insulation has a much more advantageous carbon footprint than that
of EPS (expanded polystyrene) and mineral wool [10].

Conventional insulation materials typically achieve thermal conductivity values be-
tween 0.028 and 0.034 W/(m·K) [11]. Recent advancements show that natural fibers like
hemp, flax, and straw can reach competitive ranges of 0.034–0.046 W/(m·K), while bio-
based aerogels can drop below 0.025 W/(m·K) [12]. However, to compensate for the
embodied CO2 of other components in case of timber and bamboo structures, bio-based
insulation may require thicknesses of up 0.58–1 m [13]. A key advantage of natural ma-
terials is their high vapor permeability, which enables moisture buffering and improves
indoor air quality [14]. Compared to expanded polystyrene (EPS), bio-based materials can
be up to three times more vapor-permeable [15]. Hygroscopicity is a critical parameter to
characterize bio-based building materials because it directly dictates the durability, thermal
performance, and moisture buffering capacity. Key methods include determining the mois-
ture sorption isotherm, calculating the dynamic moisture buffer value (MBV), and assessing
pore structure [16,17].

The mechanical performance of bio-based materials is categorized by their density
and structural application into hard and soft materials. The mechanical behavior is charac-
terized by anisotropy (properties varying based on the direction of the fibers) and is heavily
influenced by the material’s mass density [9]. In the case of natural material-based compos-
ites, with increasing amounts of fibers, the material becomes more porous, which reduces
the density and makes materials more brittle, showing lower compressive strength [18,19].

The primary challenge of natural-based insulation remains durability, which can be
addressed through surface treatments or nanoparticle reinforcement [20].

1.3. Potential of Tree Bark in Thermal Insulation

Tree bark constitutes approximately 10–12% of a log’s volume and is a primary by-
product of the timber industry. Currently, bark is largely utilized for energy recovery
(burning) or the extraction of tannins and polyphenols; however, it is also used for the
development of high-value composite materials [21,22].

Historically, bark fibers have already been investigated for papermaking [23], demon-
strating their potential in panel production across various formats, including whole pieces,
particles, and fibers [24], even when sourced from insect-damaged trees [25] or used as
loose-fill insulation [26]. Research on Southeast Asian Gelam wood bark particles pressed
at 128 ◦C showed physical properties meeting Indonesian standards for particleboards [27].
Some studies suggest that bark boards produced with MUF (melamine urea formaldehyde)
adhesives may exhibit lower mechanical performance compared to wood chip boards but
offer superior thermal insulation [28]. For instance, spruce bark fiber boards achieved
thermal conductivity values of 0.044 W/(m·K) [29], while eucalyptus bark fibers ranged
from 0.036 to 0.059 W/(m·K) depending on density (80–220 kg/m3) and binder type [30].
Mechanical properties like Internal Bond (IB), Modulus of Rupture (MOR), and Modulus of
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Elasticity (MOE) are highly dependent on particle orientation and density [31]. For example,
bark-based panels with a density of 500 kg/m3 have reached an MOR of 2.94 N/mm2

and an MOE of 502 N/mm2 [32].

1.4. Research Rationale and Objectives

In studies of thermal insulation materials, softwood species such as spruce and larch
predominate, while hardwood species are less represented, specifically Tilia spp. (lime)
and Robinia pseudoacacia (black locust), indicating a gap in the literature. Softwood
species provide a lower thermal conductivity (0.044 to 0.063 W/(m·K)) [29], while hard-
wood species, for example, gelam, demonstrate significantly higher thermal conductivity
0.14 W/(m·K) [33]. This is explained by the morphology of the fibers and the lower density
of coniferous bark. In questions of moisture resistance, hardwood species (oak) show
stability with swelling at a thickness of about 10%, while in conifers this range is wider,
from 10% to 30% [34]. However, deciduous species, such as eucalyptus, can reach extremely
low thermal conductivity values (0.036 W/(m·K)) with deep chemical and mechanical
processing [30]. Conifers are more often used for thermal insulation because of their avail-
ability, porous structure and self-adhesion ability in wet production without synthetic
resins. The use of hardwood species is limited by their high variability of density and the
difficulty of extracting high-quality fiber, which requires additional processing stages, such
as alkaline cooking.

While existing studies have primarily focused on panels produced through air-laid
techniques [35] or hot-pressing methods [34], this study aims to evaluate the mechanical
and hygrothermal properties of hardwood (Robinia pseudoacacia and Tilia spp.) bark panels
fabricated via a hydromechanical wet-forming process. This wet-processing approach is
underrepresented in the literature, but highly advantageous as it facilitates the production
of binderless, self-bonding panels, which makes the material recyclable and significantly
reduces the environmental impact associated with chemical additives still used for fiber
board production.

The novelty of this study lies in the investigation of the performance (hydroscopic
and mechanical properties) of insulation panels made from hardwood bark using a wet-
processing method without any adhesives. The scope of this study includes the determina-
tion of compressive strength, thickness swelling, moisture content, and moisture solubility,
which represents a valuable addition to existing data. In our previous experimental work,
bark-based panels made of Tilia spp. and Robinia pseudoacacia showed thermal conductiv-
ity [36] ranging from 0.055 to 0.057 W/m·K. These values indicate high potential for further
testing of eco-friendly thermal insulation materials and reasonable consideration of them
as an alternative to traditional insulation materials.

2. Materials and Methods
2.1. Material Preparation and Board Formation

Binderless insulation panels were fabricated using bark from Robinia pseudoacacia
(black locust) and Tilia spp. (European lime). The barks were collected from a sawmill in
the Bakony mountains (Hungary). The production process was carried out according to
the methodology described in our previous work [36]. Specifically, raw bark (Figure 1a)
was milled using a 12 mm sieve. Following this, the bark particles were immersed in water
and refined using a laboratory refiner (Valmet Oyj, Espoo, Finland). The resulting pulp was
poured into a circular mold for mat formation. After dewatering, the samples were placed
in a drying chamber for 3–5 days at 60 ◦C (Figure 1b). The resulting boards (Figure 1c) had
a thickness of 47 mm and a diameter of 50 cm. Mean densities are 218 ± 4 kg/m3 for Tilia
spp. (lime bark insulation panel—LIP) and 231 ± 9 kg/m3 for Robinia pseudoacacia (black
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locust insulation panel—BIP), where ± represents the standard deviation. Post-defibration
fiber lengths ranged from 0.2 to 4.5 mm, with a primary fraction of 0.2–0.5 mm; fiber widths
ranged from 0 to 80 µm [36].

Figure 1. Material processing stages: (a) raw bark prior to impact milling; (b) milled bark prior to
immersion and defibration; (c) dried panels after sanding and prior to testing (BIP on the top, LIP on
the bottom).

2.2. Testing Methods
2.2.1. Hygroscopic Sorption

Hygroscopic behavior of the insulation panels was evaluated in accordance with ISO
12571:2021 [37] using the desiccator method. Cubic specimens (20 × 20 × 20 mm3) were
dried to constant mass at 105 ◦C. Overall, 10 samples of each material type (total n = 20)
were used per desiccator.

After reaching constant weight, the samples were placed into six desiccators, each
maintained at a controlled relative humidity (φ) via saturated salt solutions. The actual
average RH for the six desiccators was 15, 34, 48, 70, 82, and 91% respectively. Equilibrium
moisture content (u) was determined upon mass stabilization using Equation (1):

u =
m − m0

m
× 100 (1)

where m is the equilibrium mass (g) of the wet sample and m0 is the oven-dried sample
mass (g). The relationship between u and φ is graphically represented in the sorption
isotherm for each specific panel (Figure 2).

Figure 2. Schematic representation of the specimen geometry (30 × 30 × 30 mm3) for thickness
swelling measurements. Arrows along the X, Y, and Z axes indicate the directions of measurement of
the linear dimensions used to calculate swelling in three directions.
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2.2.2. Thickness Swelling and Water Absorption Measuring

Thickness swelling (TS) was measured according to EN 317:1993 [38]. Water absorption
(WA) was determined per ASTM C1763-20 [39]. A total of 32 specimens (30 × 30 × 30 mm3)
were tested, with 16 replicates per material type. To ensure the repeatability of the results
and account for potential material heterogeneity, specimens were obtained from four inde-
pendent panels (two per material). From each panel, eight specimens were selected using a
systematic random sampling method. Both TS and WA were measured concurrently on the
same set of specimens after a 24 h immersion period.

Measurements of TS were taken across three planes: perpendicular to the plane (Z axis)
and parallel to the plane (X and Y axes) (Figure 2).

Thickness swelling in the direction parallel to the plane was calculated as the arithmetic
mean of the measurements along the X and Y axes. Thickness swelling was calculated as (2)

TS =
t2 − t1

t1
× 100 (2)

where t1 is the thickness before immersion (mm) and t2 is the thickness after immer-
sion (mm).

Water absorption by weight was calculated as (3)

WA =
W2 − W1

W1
× 100 (3)

where W1 is the pre-immersion weight (g) and W2 is the weight after immersion, draining,
and blotting (g).

2.2.3. Compressive Properties

The compressive strength was tested with some modification to EN 826:2013 [40]
using 5985 Universal Testing Machine (Instron, Norwood, MA, USA).

For each material type, two panels were produced. A total of n = 64 cubic specimens
(30 × 30 × 30 mm3) were prepared for the study. From each panel, 16 specimens were
selected using a systematic random sampling method. Prior to testing, all specimens
were conditioned at 23 ◦C ± 2 ◦C and 50% ± 5% RH for 24 h. Testing was performed in
two loading directions relative to the panel orientation: parallel and perpendicular to the
panel surface. For each material type, 16 specimens were tested per loading direction.

Loading was applied at a rate of 3 mm/min until 10% deformation. Compressive
strength at 10% deformation (σ10) (4) and maximum compressive strength (σmax) (5) were
calculated as follows:

σ10 =
F10

A0
(4)

σmax =
Fmax

A0
(5)

where F10 is the force at relative 10% deformation (N), Fmax is the maximum force (N),
and A0 is the initial cross-sectional area of the specimen (mm2).

Young’s modulus (E) was calculated as (6):

E =
∆F × L0

A0 × ∆L
(6)

where ∆F is the change in applied load between two selected points on the elastic linear
region of the curve (N), A is the cross-sectional area of the specimen (mm2), ∆L is the
change in the specimen’s height (deformation) corresponding to the force ∆F (mm), and L0

is the length of the specimen before applying compression load [41].
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2.2.4. Thermal Conductivity

The thermal insulation performance was evaluated following ISO 8301 [42] /EN
12667 [43] standards using a steady-state heat flow meter. Tests were performed on samples
with a 45 cm diameter and 47 mm thickness, maintaining a constant temperature difference
of 10 ◦C (5 ◦C cold side, 15 ◦C warm side). The thermal conductivity coefficient (λ) was
calculated based on the one-dimensional heat flow in Equation (7), with results averaged
over 100 data points after reaching steady-state conditions.

λ =
q

dT
dx

(7)

2.3. Statistical Analysis

To assess the significance of experimental factors and quantify intergroup differences
in the physical and mechanical properties of the studied materials, Linear Mixed-Effects
Models (LMMs) were applied to perform Mixed-Effects Analysis of Variance (ANOVA). In
all models, material and, where applicable, loading or thickness swelling direction (parallel
vs. perpendicular) were treated as fixed factors, including their interaction terms [44].
Panel (Batch) was included as a random effect. To solve observed heteroscedasticity,
models were balanced using a variance function (varIdent) to assign for group-specific
variances. Standard assumptions (normality of residuals and homoscedasticity) were
verified via Shapiro–Wilk tests, Q–Q plots, and Levene’s tests. Post hoc comparisons were
conducted using Tukey or Bonferroni adjustments, with effect sizes reported as Partial
Omega Squared. All statistical analyses were performed using RStudio (Version 2025.09.2,
Build 418) with the R programming language. Full ANOVA tables are provided in the
Supplementary Materials.

3. Results and Discussion
3.1. Hygroscopic Sorption Behavior

The sorption isotherms for the BIP and LIP (see Figure 3) demonstrate the typical
hygroscopic behavior of lignocellulosic materials (type II isotherm) [45], characterized by
a non-linear increase in moisture content with relative humidity. Both materials exhibit
a relatively linear moisture uptake until approximately 50% RH. In this range, water
molecules bind to the internal pore surfaces via hydrogen bonding or Van der Waals
forces, forming a monomolecular layer. Between 70% and 80% RH, a slight plateau or
“straight section” indicates the saturation of primary adsorption sites and the onset of
polymolecular layer formation. Beyond 80% RH, MC increases exponentially caused by
capillary condensation. According to the Kelvin equation, reduced vapor pressure over
curved menisci ensures that pores of a specific radius fill with liquid water at a given
RH [45]. These results align with findings by Petcu et al. [46] for cardboard and cellulose
waste, which remained stable until 75% RH. At 90% RH and above, these materials showed
rapid growth that exceeded the levels observed for polystyrene [47].

LIP showed a higher sorption capacity than BIP above 50% RH. At 93.9% RH, LIP
reached approximately 25% MC compared to 21.4% for BIP, likely due to the high degree of
porosity of the material. The MC values for both materials at high RH are comparable to
wood fibers, which can exceed 25% at 90% RH [48], and are notably higher than the 18.7%
reported for C. obtusa (French Guiana species) bark fiber-based insulation materials [35].

The high moisture fixation capacity of bio-based materials directly impacts thermal
efficiency. Petcu et al. [46] in the study showed that a 1% increase in MC can elevate the
thermal conductivity (λ) by 1.25–2%. Fibrous materials are sensitive to significant increases
in thermal conductivity when wet; in some cases, a 2–3% (vol. %) increase in moisture
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content can increase λ by more than 2.5 times due to the formation of “water bridges”
between the fibers [49].

Figure 3. Sorption isotherms obtained for BIP and LIP. Data points mark equilibrium measure-
ment points.

Good hygroscopic properties also allow these materials to function as effective mois-
ture regulators. The speed of vapor movement through pores is often more critical to
building health than the maximum water capacity [48]. In this study, at higher humidity
levels (>80% RH), the materials reached 50–80% of their total moisture capacity within the
first 24–48 h. While initial water uptake was rapid, the panels did not reach full equilibrium
even after 10 days of observation. For dense bark structures, as presented in [35], the
“slow-saturation” behavior showed a beneficial “buffer effect” for indoor climate regulation

It should be noted that the results presented in this study reflect the potential sorption
capacity of the materials, rather than the full cyclic profile of the moisture buffer value
(MBV), which is strongly influenced by adsorption/desorption hysteresis. Porous materials
such as bio-based materials (hemp, wood) retain more moisture during desorption than
they can adsorb at the same relative humidity [50]. However, for practical construction
applications of natural-based materials, sorption kinetics may be more significant than
static hysteresis. Ranefjard et al. [48] showed that despite differing isotherms and hysteresis
widths, wood fiber, grass, and seagrass exhibit similar MBV performance.

Materials that retain moisture due to the desorption hysteresis effect create a favorable
environment for microorganisms [46].

Although this study was not primarily designed to evaluate biostability, visual signs
of mold were detected during sorption testing. Specifically, mold growth appeared af-
ter incubation in a desiccator at 90% relative humidity, which corresponds to a material
moisture content of approximately 20%. At these humidity levels, untreated biomaterials
are vulnerable to fungi and insects, which prevent their effective use in construction [9].
Strategies for protecting these materials include environmental humidity control and active
air circulation, natural antimicrobial additives (essential oils, chitosan, propolis), which
can be incorporated into the material matrix or applied as functional coatings [51], or
thermomechanical processing and alkali pretreatment (4% NaOH) [52]. The use of biocom-
patible, breathable coatings, such as lime or clay mortars, can preserve the material’s natural
moisture-buffering properties without the risk of critical moisture accumulation [47].
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3.2. Thickness Swelling and Water Absorption

The dimensional stability of LIP and BIP demonstrated an orthotropic swelling pattern,
reflecting the material’s tendency to increase in volume at different rates along three
mutually perpendicular axes. Statistical analysis confirmed that thickness swelling (TS)
in the perpendicular direction (Z) is significantly higher (p < 0.001) than in the parallel
directions (X, Y) for both panel types (Figure 4).

Figure 4. Thickness swelling anisotropy by sample direction for BIP and LIP samples.

This anisotropy is likely caused by the preferential horizontal orientation of defibrated
fibers during gravitational sedimentation as water was removed during the wet-forming
process. When elongated fibers settle in a liquid medium, their behavior is governed by
an interplay of gravitational force, buoyancy, and viscous resistance [53]. Under slow
sedimentation, particles tend to settle into a predominantly horizontal orientation relative
to the vertical axis of the forming mat [54]. During the drying phase, surface tension forces
pull the fibers into tight closeness, causing transverse contraction. When the material is
subsequently exposed to water, it tends to “expand” primarily in the direction of its original
compression (i.e., along the panel thickness) [55]. This mechanism remains a theoretical
assumption within the scope of the present study. Direct verification of fiber alignment X-
ray micro-computed tomography (micro-CT) or advanced microscopic analysis are required
to provide definitive structural evidence.

According to the EN 622-4 [56] standard, the manufactured bark fiber panels
(218–231 kg/m3) are classified as softboards. However, their exceptional dimensional
stability, with a TS of only 4.5–6.04% after 24 h of immersion, exceeds the requirements
for the moisture resistance of softboards. In contrast, dry-processed wood-based panels
have reported TS values as high as 60% [57] using urea–formaldehyde (UF) or polymeric
diphenylmethane diisocyanate (pMDI) as a binder. In other study, wet-processed insulation
materials derived from softwood bark fibers showed a TS of max 25% [29].

Statistically significant differences in water absorption (WA) were observed between
materials (p < 0.001, ANOVA and Tukey’s post hoc test). BIP exhibited significantly higher
WA (320.61 ± 11.58%) compared to LIP (57.11 ± 9.23%). A significant variation between
two produced boards of the same material was also identified; this discrepancy may be
due to slight differences in pressing conditions, as the panels were formed under gravity
and water pressure during mat formation. Visually (Figure 5), it can be seen that the LIP
samples remained more cohesive and drier inside, while the BIP samples showed minor
delamination and were highly saturated with moisture.
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Figure 5. Material after 24 h of complete immersion in water. LIP (a) and BIP (b) samples after
immersion in water. Samples were hand-damaged for the visualization.

This behavior is attributed to the lower density of certain specimens and the higher
fiber fraction in lime bark, which creates a more intricate fiber network [36]. Upon immer-
sion, fiber swelling and capillary action transport water molecules along the fiber–matrix
interface, followed by the leaching of water-soluble substances. This process resulted in
a pH shift from 7.5 to 8.0 for LIP and 7.5 to 8.2 for BIP prior to delamination [58]. Similar
trends have been noted in softwood bark panels, where WA values ranged from 55% to
380% [29].

3.3. Compressive Strengths

At 10% deformation (3 mm), BIP is 65.4% stronger in parallel (to the panel surface)
and 59.6% stronger perpendicular than lime (p < 0.01). A Two-Way ANOVA was applied
(Figure 6). The residual standard error of the model was approximately 20 kPa, which
is significantly lower than the observed difference between species. The unevenness of
the panel density is manifested in the scatter of individual measurements (gray dots in
Figure 6) with a coefficient of variation (CV) of less than 10.6%. Specimens were taken
from different sections without density correction. Density within the panels is distributed
non-uniformly, differing by approximately 25% between the lowest and highest points [36].
The average density of BIP samples is approximately 6% higher (231 ± 9 kg/m3) compared
to LIP (218 ± 4 kg/m3) [36]. As density increases, compressive strength rises due to
a higher ratio of solid material per unit volume and fewer internal air voids [59]. BIP
showed a lower percentage of long fibers and a higher percentage of fine particles that also
influenced the difference in compression, as panels from the coarse fiber fraction for wood
fiber panels are lower than those of panels from the fine fiber fraction [60]. Compared to
the LIP material, BIP showed a simultaneous increase in both fine content (from 85.3% to
96.5%, a 13.1% relative increase) [36] and in-plane compressive strength (from 186.4 kPa
to 297.8 kPa, a 59.8% relative increase). The increase in specific strength (calculated as the
ratio of compressive strength to the fine content percentage) is 41% when comparing LIP to
BIP, which may indicate not only the influence of the increased fine content but also the
distinctive properties inherent to BIP. However, to build a reliable predictive model, more
data points (more fine fraction levels) are needed for correlation.

Test results for force application in the parallel and perpendicular directions do not
confirm a specific effect from the loading direction. Although the difference is statistically
insignificant (p > 0.05), the variance and difference in means are of interest for further study.
Since anisotropy was identified during thickness swelling tests, samples were analyzed to
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observe material behavior before reaching 10% displacement. The compressive strength
maximum force σmax was used [61], which represents the absolute breaking point or the
peak load the material can sustain before total structural failure occurs.

Figure 6. Compressive strength at 10% deformation and maximum force for BIP and LIP made panels
in parallel and perpendicular loading directions.

The σmax of BIP remains significantly higher than LIP, depending on the loading
direction. Results show that while anisotropy disappeared at 10% deformation, at the
moment of peak load, the maximum load-bearing capacity of LIP along the fibers is 25%
higher than across the fibers (p < 0.001). For BIP, the difference between directions is
statistically insignificant (p > 0.05). At 10% deformation, structural differences between
parallel and perpendicular fibers cease to play a role, and strength equalizes.

For porous materials, this means that the material has entered the compaction stage,
where fiber orientation loses its determining influence on compressive strength [62]. High
porosity is the main cause of reduced mechanical stability in materials, as voids disrupt
the homogeneity of the matrix, which reduces the material’s ability to withstand compres-
sion [63]. LIP exhibits lower σmax and σ10% and slightly higher sorption capacity than BIP,
which may indicate its higher porosity of the material.

Fiber orientation in natural fiber-based composites significantly influences the ma-
terial’s mechanical properties [64]. For composites made using a bamboo bundle layup,
the minimum compressive strength is achieved when the fibers are oriented at 90◦ to the
direction of the applied load [65]. In MDF produced via hot pressing, fiber orientation is
predominantly through the thickness rather than in-plane, a characteristic that is verified
using computed tomography (CT) [66]. In the current study, the fiber orientation was not
controlled during the production process, and the orientation can be indirectly explained
based on the relative anisotropy at σmax.

Absolute displacement values were taken as an additional measurement to observe dif-
ferent behaviors in various loading directions for the two materials, as shown in Figure 7. The
predominant fiber orientation, which affects the mechanical properties of the material [64],
was expected from the wet forming used in the current study. In the direction of force
toward the formation surface, points are grouped near 10% deformation (3 mm, red line
in Figure 7), which is characteristic of the densification process. When composites enter
the densification stage under load, pores and cracks gradually compress and decrease,
while fibers continue to bear the load. This contributes to a significant increase in the
load-bearing capacity of porous composites [62]. For LIP, the material reaches maximum
load in the perpendicular force application earlier than in the parallel application, indicat-
ing anisotropy. For BIP, the influence of direction is not statistically confirmed; however,

https://doi.org/10.3390/pr14091450

https://doi.org/10.3390/pr14091450


Processes 2026, 14, 1450 11 of 17

the wider confidence ellipse suggests that the structure opposite to the mat formation
direction is more porous and non-homogeneous, possibly due to particle size and fiber
content percentage.

Figure 7. Compressive strength at maximum force versus displacement for BIP and LIP bark insula-
tion panels under parallel and perpendicular loading directions. Red vertical dash line represents
10% of material deformation. Dotted ellipses represent 95% confidence assuming a multidimensional
normal distribution.

The parameter combining displacement and maximum load is Young’s modulus. No
differences were identified for BIP. LIP is more sensitive to fiber direction; its stiffness
and maximum strength decrease under perpendicular compression (Table 1). The high
variability in mechanical properties is due to the asymmetric density profile across the
entire surface of the panels, which is typical for this type of board [67]. The random
sampling of specimens captured these local density fluctuations, leading to the observed
standard deviation in compressive strength. Bark-based insulation panels (BIP and LIP)
show stiffness under compressive loads comparable to that of other bio-based materials.
For example, at low densities (≈290 kg/m3), the apparent Young’s modulus for hempcrete
ranges from 7 to 25 MPa [68]; for bio-composites made of sunflower stalks and a chitosan
binder, the compressive modulus is 25 MPa [69].

Table 1. Mechanical properties of bark-based insulation panels.

Insulation
Panel

Direction of Applied Force
Relative to the Plane

Young’s Modulus
(kPa)

Compressive Strength at
Maximum Force (kPa)

Compressive Strength
at 10% (kPa)

Displacement at
Maximum Force (mm)

BIP Parallel 12.9 × 103 (±2.53) 319.0 (±38.9) 295.0 (±31.3) 1.70 (±0.29)
Perpendicular 8.94 × 103 (±1.29) 300.0 (±18.4) 298.0 (±18.1) 2.93 (±0.03)

LIP Parallel 8.52 × 103 (±1.31) 230.0 (±27.3) 178.0 (±17.2) 1.08 (±0.04)
Perpendicular 4.32 × 103 (±0.49) 188.0 (±14.5) 187.8 (±14.6) 2.86 (±0.05)

±—standard deviation.

For insulation materials made from hardwood species (beech, oak) via thermome-
chanical pulping, compressive strength is 18 kPa [60]. For non-woody natural insulation,
the compressive strength at 10% deformation range for composites made from banana
peels [70] ranged between 20 and 170 kPa. Wood fiber panels produced by a dry method
from hardwoods (pure birch) showed very low strength, about 11.0 kPa, with pMDI
binder [71]. Boards produced with 4% pMDI adhesive using hot-steam or hot-air methods
showed compressive strengths over 200 kPa [72]. In the current study, no pressing was
applied. The primary strength was achieved during drying, where surface tension forces
pull the fibers together as water is removed and hydrogen bonds are formed [73]. Fine
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fibers in the hydro-mechanical mass contribute not only to bonding but also to segment
activation, a process where initially deformed fiber sections begin to fully support the
mechanical load [55].

3.4. Comparison with Other Insulation Materials

The selection of thermal insulation materials for building applications is primarily
determined by a combination of climatic conditions, budget constraints, building codes,
practical installation considerations, and the physical properties of the material itself [74].

As shown in Table 2, LIP and BIP panels have high compressive strength properties
compared to conventional insulation materials, such as EPS, mineral wool, and wood
fiber boards. The relatively high compressive strength values for LIP and BIP indicate
their potential for use under heavy loads. However, before using the materials in building
structures (e.g., under floor loads or as façade insulation boards), additional testing is
needed to determine their stability, wear resistance, and flexibility, as well as to address the
issue of high water absorption.

The BIP material exhibits extremely high values in water absorption, which is unac-
ceptable for the future use of this material in construction. Therefore, hydrophobization
(fiber treatment, bio additives) or constructive protection are necessary [75,76].

Synthetic polystyrene foam (EPS) shows very low water uptake compared to LIP
and BIP (<5%), which is a significant advantage for construction applications to maintain
high thermal efficiency and ensure long-term durability. However, the structure of ex-
panded polystyrene (EPS) provides low vapor permeability, unlike mineral wool or wood
fibers, which have a porous structure and more efficient regulate humidity [77].

Table 2. The comparative characteristics of thermal insulation panels from the current study and
traditional insulation materials.

Property LIP BIP EPS (Expanded
Polystyrene) Mineral Wool Wood Fiber Boards

Thermal conductivity (λ) (W/(m·K)) 0.055 [36] 0.057 [36] 0.031–0.046 [78] 0.032–0.045 [79,80] 0.038–0.055 [81,82]
Density (kg/m3) 218 [36] 231 [36] 8–64 [78,83] 26–150 [80,84] 40–250 [81,82]
Compressive strength at 10% deformation (kPa) 186.40 * 294.85 * 52–250 [83,85] 50.9–142.4 [86] 120–230 [72]
Water absorption after 24h full immersion (%) 57.11 * 320.61 * <5 [78] >150 [87] 15–122 [88]

* Current study.

Natural materials have been on the market for a long time, but in most cases, chemi-
cally synthesized formaldehyde-based adhesives are still used [89]. As an alternative to
such materials, binder-free panels made from wood, agricultural waste or animal wool,
produced primarily by hot pressing, as well as less common methods, such as the wet
method [29,67], needle-punching [90] and mycelial cultivation, are presented in the liter-
ature. The compressive strength of mycelium-based panels can reach 3992 kPa [91], but
these values depend on the substrate; for example, for wheat straw and beech sawdust,
the compressive strengths are about 17.2–53.3 kPa, which is lower than LIP and BIP pan-
els [92,93]. The mycelium-based insulation material with wood chip substrate shows a
moisture absorption of 5.9% at 35% relative humidity, which is comparable to the LIP
and BIP values of 5.8 and 5.2%, respectively, at 34% relative humidity [94].

Depending on particle size, binder-free panels made from hot-pressed olive leaf have
better water absorption, ranging from 25% to 75% after 24 h of immersion, than BIP panels,
but their thickness swelling ranged from 13.66% to 39.35%, which is higher than that of BIP
and LIP panels [95].

In insulation panels, the adhesive acts as a structural matrix that binds fibers or parti-
cles, ensuring a balance between mechanical strength and water resistance [12]. Therefore,
when developing binder-free solutions, it is important to consider that the high water
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absorption of natural-based binderless insulation panels is an issue that may impact com-
petitiveness compared to traditional options.

4. Conclusions
This study evaluated the thickness swelling, water absorption, hygroscopicity, and me-

chanical (compressive strength) properties of binderless insulation panels fabricated from
the bark of Robinia pseudoacacia (black locust, BIP) and Tilia spp. (European lime, LIP) using
a wet fabrication process. The experimental results demonstrate potential to use bark-based
panels as thermal insulation materials.

• Both materials (LIP and BIP) showed similar sorption behavior, reaching approximately
25 and 21.4% moisture content for LIP and BIP accordingly at 93.8% relative humidity.

• Thickness swelling after 24 h of immersion was 4.5% for LIP and 6.0% for BIP. For both
materials, the swelling in the perpendicular direction (Z axis) was higher (p < 0.001)
than in the parallel-to-plane direction (X, Y axes), which indicates the anisotropy of
the materials.

• Significant differences between materials in water absorption were observed. After
24 h of immersion, the BIP specimens absorbed significantly more water (320.61%)
than LIP (57.11%).

Compressive strength at 10% deformation differed between BIP and LIP specimens
(p < 0.01), showing 298 ± 18.1 kPa and 188 ± 14.6 kPa accordingly, with the load applied
perpendicular to the plane of the specimen.

The studied porous materials have high water absorption compared to EPS, but can be
competitive in their mechanical properties (compressive strengths), which are comparable
to existing commercial materials on the market (EPS, mineral wool, wood fiber boards).

Future studies should focus on improving material properties, such as reducing
moisture absorption, as well as exploring and improving performance characteristics such
as biostability, and investigating thermal performance under varying moisture content. To
determine the feasibility of producing materials using the wet method without adding an
adhesive, it is necessary to conduct a LCA study.
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//www.mdpi.com/article/10.3390/pr14091450/s1. Table S1: ANOVA results for Thickness Swelling
Test; Table S2: Mean results for Thickness Swelling Test; Table S3: Post-hoc results for Thickness
Swelling Test; Table S4: ANOVA results for Water Absorption Test; Table S5: Mean results for Water
Absorption Test; Table S6: Post-hoc results for Water Absorption Test; Table S7: ANOVA results
for Compressive Properties Test; Table S8: Mean results for Compressive Properties Test; Table S9:
Post-hoc results for Compressive Properties Test; Table S10: Mean results for Sorption Test.
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EPS Expanded polystyrene
GHG Greenhouse gas
IB Internal bond
LIP Lime bark insulation panel
LCA Life-cycle assessment
MBV Moisture buffer value
MC Moisture content
MOE Modulus of elasticity
MOR Modulus of rupture
MUF Melamine–urea–formaldehyde
pH Potential of hydrogen
pMDI Polymeric diphenylmethane diisocyanate
RH Relative humidity
TS Thickness swelling
UF Urea–formaldehyde
WA Water absorption

References
1. Mirzabaev, A.; Bezner Kerr, R.; Hasegawa, T.; Pradhan, P.; Wreford, A.; Cristina Tirado von der Pahlen, M.; Gurney-Smith, H.

Severe Climate Change Risks to Food Security and Nutrition. Clim. Risk Manag. 2023, 39, 100473. [CrossRef]
2. United Nations Environment Programme. Yale Center for Ecosystems + Architecture Building Materials and the Climate:

Constructing a New Future. Available online: https://wedocs.unep.org/xmlui/handle/20.500.11822/43293 (accessed on
23 April 2025).

3. United Nations Environment Programme. Global Alliance for Buildings and Construction Not Just Another Brick in the
Wall: The Solutions Exist—Scaling Them Will Build on Progress and Cut Emissions Fast. Global Status Report for Buildings
and Construction 2024/2025. Available online: https://www.unep.org/resources/report/global-status-report-buildings-and-
construction-20242025 (accessed on 9 July 2025).

4. Adamczyk, J.; Dylewski, R. The Impact of Thermal Insulation Investments on Sustainability in the Construction Sector. Renew.
Sustain. Energy Rev. 2017, 80, 421–429. [CrossRef]

5. Eickhoff, H. The Appeal of the Circular Economy Revisited: On Track for Transformative Change or Enabler of Moral Licensing?
Humanit. Soc. Sci. Commun. 2024, 11, 301. [CrossRef]
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