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Hybrid components of wood-based materials offer a high potential for automotive lightweight applications.
To investigate the bending behavior of hybrid aluminum-wood plates, commercial 1-mm-thick sheets of EN
AW-6016-T4 aluminum alloy were adhesive-bonded with 4.2-mm-thick plates of birch wood. Orientations
of the wood fibers parallel (longitudinal) as well as perpendicular (transverse) to the rolling direction of the
aluminum alloy sheet and three different moisture contents of the wood plate were considered. The hybrid
aluminum-wood plates were subjected to three-point bending at room temperature. Simple wood plates
without aluminum alloy sheets were also tested. The bending force-bending angle curves monitored during
bending, the bending angles at maximum bending force and the surface strains were evaluated. Moreover, a
finite element model of the testing setup was created using the LS-Dyna software. The different moisture
contents did not significantly influence the bending angle; however, moisture decreased the maximum
bending force. Debonding was identified as critical failure mechanism. The FE model that considered the
experimentally determined material properties was able to predict the bending behavior for different
moisture conditions.
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1. Introduction

In recent years, the automotive industry has been facing
growing challenges regarding the reduction of greenhouse gas
emissions (Ref 1). According to Regulation (EU) 2021/1119,
the CO2 emissions of the European Union on the basis of 1990
should be reduced by 55 % until 2030, and the zero-emission

policy aims for climate neutrality in 2050 (Ref 2). In particular,
decreasing the vehicle weight in order to improve the fuel
efficiency can substantially contribute to the achievement of
these goals (Ref 3). Therefore, substituting conventional steels
by lightweight materials such as high-strength steels (HSS),
aluminum alloys, magnesium alloys and composites (e.g.,
carbon fiber-reinforced plastics, CFRP) has been in the main
focus of vehicle manufacturers (Ref 4, 5). Because of the high
strength-to-weight ratio and the good corrosion resistance,
especially aluminum alloys of the 5000 and 6000 series are
nowadays used in car bodies (Ref 6). Plastics and composites
are of increasing interest, as they possess low densities and high
strengths (Ref 5). Nevertheless, these materials have several
disadvantages in terms of costs and energy consumption during
production, and their recyclability is limited (Ref 7).

Wood as natural renewable resource does not have these
issues. It is biodegradable, has a high specific strength that
offers a great lightweight potential (the strength-to-weight
ratios of wood, automotive steels and aluminum alloys are quite
similar), and processing of wood with state-of-the-art tech-
nologies is straightforward and cost-efficient. However, wood
has highly anisotropic properties. For example, the tensile
strength transverse to the fiber orientation is only about 1/10 of
the tensile strength in fiber orientation (Ref 8, 9).

During the last centuries, structural wood components have
typically been used for building and construction applications
(Ref 10, 11). For this reason, testing has focused on the bending
behavior of comparatively large wood components. Uzel et al.
(Ref 12) conducted four-point bending tests on glue-laminated
(GLULAM) timber beams retrofitted with various types of nets
on the lamination surfaces. They evaluated the results in terms
of maximum load-bearing capacity and energy dissipation
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capacity and found out, that the nets notably increased the load-
bearing capacity of the specimens. Several studies focused on
the reinforcement of wooden structures by fiber-reinforced
plastic (FRP) laminates, which can effectively increase the
load-bearing capacity and the strength of timber beams (Ref 13-
16). Nevertheless, research on metal reinforcements, especially
on aluminum reinforcements, is still limited (Ref 17). Jasienko
et al. (Ref 18) studied four-point bending of historic timber
beams that were adhesive-bonded to steel plates. This measure
significantly increased the load-bearing capacity of the beams;
the capacity of the wood-steel hybrids was comparable with the
capacity of FRP.

The accelerating trend toward CO2-neutral sustainable
solutions increases the interest on wood-based materials even
for applications outside the classical field of civil engineering.
During the early decades of the last century, wood-based
structural components had already been used in automobiles
and aircrafts (Ref 19, 20), until they were finally substituted by
steel and aluminum alloy components. With regard to this
former use, Baumann et al. (Ref 21) investigated the feasibility
of using birch wood for crash-relevant automotive components
at different temperatures, and Müller et al. (Ref 22) demon-
strated that these components can fulfill the particular require-
ments under crash loading. Their research was focused on the
mechanical properties such as load-bearing capacity and energy
dissipation capacity of engineered wood products (EWP), but
not on the processing (formability and joinability) of wood.
Silvayeh et al. (Ref 23) and Domitner et al. (Ref 24)
investigated hybrid screw-bonding of cross-laminated birch
and beech plates with aluminum alloy sheets. They concluded
that choosing the appropriate adhesive is crucial, as the
adhesive provides the main contribution to the static and cyclic
load-bearing capacities, but the screws contribute only little.

The inherent anisotropy and the considerable scattering of
the mechanical properties makes the industrial serial production
of wood components challenging, and quantifying the mechan-
ical properties and the fracture behavior becomes difficult. The
poor tensile ductility of dry wood at room temperature does not
allow for multi-axial forming of complex-shaped components.
Therefore, the Thonet forming procedure, also known as
bentwood procedure, uses a metal strip for bearing the tensile
stress during forming of wooden furniture products at elevated
temperatures and moisture contents (Ref 25). In general,
increasing either the moisture content (MC) or the temperature
(T) tends to improve the tensile ductility and thus the
formability of wood (Ref 26). However, increasing the MC
just by 1 wt.% decreases the compressive strength by about 4-6
% and the tensile strength by about 1.5-3% (Ref 26-28).

Numerical simulations enable investigating the behavior of
wood to identify failure mechanisms or potential design issues
as demonstrated in the literature (Ref 29, 30, 31, 32, 33, 37).
Baumann et al. (Ref 34) studied the suitability of material
models that are available in the LS-Dyna finite element (FE)
software for modeling birch wood. They successfully described
the tensile characteristics of birch using the *MAT_58 model.
Ivanov et al. (Ref 35) studied the behavior of plywood loaded
in different directions by compact tension (CT) tests and
modeling using the ABAQUS FE software. They qualitatively
predicted the progressive failures occurring during CT testing.
Mackenzie-Helnwein et al. (Ref 36, 37) created a constitutive
model for studying the anisotropic inelastic behavior of
biaxially loaded clear spruce wood using the MSC.marc 2003

software. Their model was able to predict failure locations and
relevant failure modes.

Although previous studies have investigated the load-
bearing capacity of solid wood components with and without
different reinforcements in the construction sector, detailed
studies on the forming behavior of hybrid metal-wood com-
posites are quite rare. As (1) reinforcements may improve the
load-bearing capacity of wood-based components and (2)
external metal straps as used in the well-known Thonet process
improve the bendability of solid wood, the present work
combines both of these principles to achieve well-bendable
adhesive-bonded metal-wood composites. Therefore, a finite
element (FE) model that considers experimentally determined
properties of an 6016 aluminum alloy (Ref 38) and of birch
wood at different moisture conditions (Ref 39) was created for
investigating the bending behavior of hybrid aluminum-wood
plates. The results of the simulations were validated with three-
point bending experiments. The numerical model enables
predicting not only the structural response, but also the forming
behavior of hybrid metal-wood composites, which opens the
possibility for introducing wood into advanced applications
such as car bodies.

2. Materials and Methods

2.1 Sample Preparation

For producing hybrid aluminum-wood plates, sheets of EN
AW-6016-T4 aluminum alloy (250 mm 9 60 mm 9 1 mm)
were glued with air-dried plates of birch wood (250 mm 9 60
mm 9 4.2 ± 0.1 mm) using 200-300 g/m2 of commercial
liquid single-component polyurethane-(PUR)-based adhesive.
It was shown that the strength of PUR-bonded beech wood
does not significantly decrease during short-term moisture
exposure (Ref 40). The overall thickness of the hybrid plates
(wood plate + adhesive layer + aluminum alloy sheet) was
about 5.5 mm. The densities of the aluminum alloy sheet and of
the air-dried birch wood plate were 2.7 g/cm3 and about 0.7 g/
cm3, respectively. As schematically illustrated in Fig. 1,
different orientations of the wood fibers were considered in
this work. Until the adhesive was completely cured, the
aluminum-wood compound was compressed with about 0.5 N/
mm2 for 4-5 h at room temperature using an OTT 3013 veneer
panel press.

Three different conditions of the samples were considered at
room temperature (20 �C):

• Air-dried/as-received (MC = 6.3-7.2 wt.%)
• Moistened (MC = 12.1-28.0 wt.%): 15 g water was ap-

plied on the free side of the wood plate. The residual
water was wiped off after 45 min and the sample was
immediately tested.

• Water-stored (MC = 17.3-43.5 wt.%): The samples were
stored inside of a water bath for 2 h before testing. A
moisture gradient over the sample thickness (outside wet,
but inside comparatively dry) was achieved.

2.2 Determining the Moisture Content

The procedure proposed by the ÖNORM EN 13183-1
standard (Ref 41) was modified for determining the gradient of
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the moisture content along the thickness of the wood plate. The
sample thickness was divided into three sections, which were
manually extracted by using a conventional chisel, as exem-
plarily demonstrated in Fig. 2. The initial mass m0 of each
extracted piece was weighed using a Kern PNS digital precision
balance. The plates were heat-treated at the temperature of
100 ± 5 �C using a Siemens HT5HB33 oven, and after each
hour of heating the actual mass m1 of the extracted piece was
measured. If m1 decreased less than 2 mg within 2 h of heating,
the wood was reasonably considered as dry and the moisture
content MC in wt.% was calculated as 100 m0 � m1ð Þ=m1. The
measured MC of each of the three sections over the sample
thickness was used as input for the FE simulation of the
bending process, as summarized in Table 1.

2.3 Three-Point Bending Tests

A Zwick/Roell Z100 uniaxial testing machine equipped with
a 100-kN load cell was used for performing the three-point
bending tests. The testing setup, the constraint conditions and
the application of the bending load are schematically illustrated
in Fig. 3. Testing was stopped when the maximum bending
force that was continuously monitored during testing had
decreased by 20 %. The testXpert III-V1.4 software was used
for processing the measured data. The bending angle was

calculated based on VDA 238-100 (Ref 42), which considers
the dimensions of the testing setup, the thickness of the sample
and the measured punch displacement. Each of the sample
types shown in Fig. 1 was three-times tested in the three
conditions air-dried, moistened, and water-stored.

A plate that is exposed to three-point bending shows the
greatest compressive stress on the inner bending radius (at the
punch side) and the greatest tensile stress on the outer bending
radius (at the support roll side). To bear the tensile stresses and
thus to prevent tension-induced fracture of wood during
bending, the aluminum alloy sheet of the hybrid aluminum-
wood plate was placed at the outer bending radius, as
schematically shown in Fig. 3(a). Locating the aluminum sheet
of the hybrid aluminum-wood plate at the inner bend radius
(i.e., at the punch side) would cause early macroscopic tensile
fracture of wood.

The GOM ARAMIS 3D camera system with the measuring
volume of 150 mm 9 120 mm 9 90 mm was used for optical
measurements of the strains of selected air-dried samples based
on digital image correlation (DIC) (Ref 43). For that purpose,
the side face of the sample was sprayed with a white base
coating followed by a pattern of stochastically distributed black
speckles. The strain field on the surface of the sample was
calculated based on the recorded displacements of the speckles
during three-point bending using the GOM ARAMIS Profes-
sional 2018 software.

2.4 Three-Point Bending Simulation

The LS-Dyna R1310 FE software was used for modeling
three-point bending of the hybrid aluminum-wood samples. As
in the experiments, the overall dimensions of the modeled
sample were 250 mm 9 60 mm 9 5.5 mm; the thickness of
the wood plate and of the aluminum sheet was 4.5 and 1.0 mm,
respectively. Moisture-induced swelling of the wood plate was

Fig. 1 Schematic illustration of (a, c) simple wood and (b, d) hybrid aluminum-wood plates; the arrow indicates the rolling direction of the
aluminum alloy sheet, and the continuous lines indicate the fiber orientation of the wood plate. (a) Simple wood plate with longitudinal (L) fiber
orientation, (b) hybrid aluminum-wood plate with wood fiber orientation parallel to the rolling direction of the aluminum alloy sheet, (c) simple
wood plate with transverse (T) fiber orientation, and (d) hybrid aluminum-wood plate with wood fiber orientation transverse to the rolling
direction of the aluminum alloy sheet

Fig. 2 Preparation of samples for determining the moisture content

Table 1 Moisture contents in wt.% determined as input
parameter for the FE simulation

Condition Upper section Center section Lower section

Air-dried 7 7 7
Moistened 20 15 15
Water-stored 30 25 20
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neglected. The model was meshed using solid elements
(ELFORM = � 1) with dimensions of 4 mm 9 4 mm 9 0.75
mm and 4 mm 9 4 mm 9 0.33 mm for the wood plate and the
aluminum sheet, respectively. The meshed model is illustrated
in Fig. 4. Contacts between sample, support rolls and punch
were considered using *CONTACT_AUTOMATIC_SURFA-
CE_TO_SURFACE, and self-contact of the sample was
considered using *CONTACT_AUTOMATIC_SINGLE_SUR-
FACE. The calculated bending force-bending angle curves
were filtered with the channel filter class (CFC) 60. The
aluminum alloy was described using the MAT_PIECEWISE_-
LINEAR_PLASTICITY (MAT_24) material model, and the
punch and the support rolls were described using the
MAT_RIGID material model (Ref 44). The orthotropic behav-
ior of wood was described using the MAT_58 material model,
which considers quasi-brittle behavior in tension and ideal
plastic behavior in compression. Its suitability for modeling
wood was already proven (Ref 34). As the MC varies
considerably over the thickness of the wood plate, the model
had three different sections, each with particular MC. The
properties of birch wood (Young�s modulus, shear modulus,
tensile strength, compressive strength (Ref 39) and shear
strength) were defined depending on the MC. The adhesive

layer was not explicitly modeled; however, a tied contact
between the aluminum alloy sheet and the wood plate was
considered. Possible debonding was neglected.

3. Results and Discussion

The bending force-bending angle curves recorded in the
three-point bending tests for (a) air-dried, (b) moistened, and (c)
water-stored conditions of the wood are shown in Fig. 5. Even
at identical testing conditions the curves displayed for each of
the four sample types differ considerably, which is attributed to
the varying mechanical properties of the wood plates. However,
the curves obtained in bending of simple aluminum alloy sheets
are virtually identical, which is due to the constant mechanical
properties of the sheets. The maximum bending force of the
hybrid aluminum-wood plates with longitudinal and transverse
fiber orientation was about 10-times and 2-times higher than the
maximum bending force of the simple aluminum alloy sheets.
Failure of the wood plate was initiated at the maximum bending
force, and the bending force decreased as failure of the wood
plate continued.

Fig. 3 (a) Schematic of simple wood plate testing (left half) and hybrid aluminum-wood plate testing (right half) with dimensions in mm, and
(b) photo captured during one of the three-point bending tests showing the punch, the support rolls and a bent wood sample

Fig. 4 Meshed FE model. The aluminum alloy sheet was meshed with three layers (blue) and the wood plate was meshed with six layers (red).
Three different moisture contents as indicated by the dark red, medium red and light red mesh layers were considered over the thickness of the
wood plate (Color figure online)
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The fracture mode of the wood plates was investigated at
macroscopic scale. Nevertheless, microscopic fracture of the
wood fibers may even occur in early stages of deformation,
which may affect the behavior of the wood component.
Fracture of the aluminum sheet did not occur in any of the
three-point bending tests. Nevertheless, in some cases debond-
ing/delamination of the aluminum sheet occurred at the bending
zone, as indicated by the abrupt decrease in the bending force
after reaching its maximum. Delamination decreased the
bending angle. Additionally, Fig. 5(a) illustrates the bending
behavior of the 1 mm-thick aluminum alloy sheet. It is evident
that the force for bending the hybrid aluminum-wood plate was
generally higher than the force for bending the simple wood
plate or the simple aluminum alloy sheet, respectively.

3.1 Influence of Fiber Orientation

In general, wood plates with longitudinal fiber orientation
show higher bending forces than wood plates with transverse
fiber orientation. For example, for MC = 12-15 wt.% the
tensile strength of wood transverse to the fibers is only about
1/10 of the strength parallel to the fibers (Ref 9), and the
compressive strength of birch wood transverse to the fibers is
about 1/8 of the strength parallel to the fibers (Ref 8). Wang
et al. (Ref 45) demonstrated, that birch plywood beams with
longitudinal fiber orientation showed highest bending strength
and Young�s modulus, which agrees well with the results of this
study.

3.1.1 Longitudinal Fiber Orientation. Consecutive fi-
ber-by-fiber fracture occurred at the tension zone at the outer
bending radius of simple wood plates, if the wood fibers were
oriented in longitudinal direction. As illustrated in Fig. 4, this
caused the stepwise decrease in the bending force after the
maximum force had been reached. Even though the MC
influenced the bending behavior, this influence was rather
negligible for the fracture behavior of simple wood plates, as
shown in Fig. 6(a), (c). In contrast, fracture of the hybrid
aluminum-wood plate started at the compression zone of the
inner bending radius. As exemplarily shown in Fig. 6(b), (d),
local buckling of the wood fibers caused by compressive
stresses was observed next to the punch. This kind of buckling
failure at the compression zone was reduced in the water-stored
condition. This behavior was basically confirmed by Sulzberger
(Ref 46), who performed tensile and compression tests on hoop
pine plywood at different MC and temperatures. He found that
the influence on the tensile strength was less significant than the
influence on the compressive strength, when the MC at the
temperature of 20 �C increased from 8 to 20 wt.%. Figure 6(b)
exemplarily shows debonding/delamination of the aluminum
sheet from the wood plate at the bending zone. Debonding/
delamination reduces the achievable bending angle. The
macroscopic examination of the bonding interface revealed an
adhesive fracture pattern on the aluminum interface, which
typically indicates insufficient bonding (Ref 24, 47).

Fig. 5 Bending force-bending angle curves of tested samples with longitudinal (L) and transverse (T) fiber orientation in (a) air-dried, (b)
moistened and (c) water-stored condition. The moisture content of the wood is increasing from left to right
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Fig. 6 (a, c) Simple wood plates (side view and view from below) and (b, d) hybrid aluminum-wood plates (side view and top view) with
longitudinal fiber orientation. The upper, middle and bottom sample demonstrates the air-dried, moistened and water-stored condition after three-
point bending, respectively

Fig. 7 (a, c) Simple wood plates (side view and top view) and (b, d) hybrid aluminum-wood plates (side view and top view) with transverse
fiber orientation. Upper, middle and lower samples represent air-dried, moistened and water-stored conditions after three-point bending,
respectively
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3.1.2 Transverse Fiber Orientation. Brittle interfiber
fracture occurs, if wood is loaded transverse to its fiber
orientation. Figures 5 and 7(a), (c) demonstrate, that this
fracture mode in simple wood plates was notably dependent on
the moisture content (MC). The fracture strain of air-dried
wood is comparatively small, Fig. 5(a), as indicated by the
comparatively small bending angle. With increasing MC, the
fracture strain and thus the bending angle increased. For
moistened wood and for water-stored wood, Fig. 7(a), (c),
macroscopic fracture was not observed. This brittle-to-ductile
behavior is attributed to the change of the molecular bonding
forces and of the characteristic microstructure of wood with
increasing moisture content (Ref 10, 26, 45, 48, 49). Panshin
and de Zeeuw (Ref 50) showed for clear wood the decrease in
the Young�s modulus and the modulus of rupture (MOR) with
increasing MC.

As illustrated in Fig. 7(b), (d), even in air-dried condition the
hybrid aluminum-wood plate did not show any macroscopic
fracture at the bending zone. However, in water-stored
condition debonding/delamination of the aluminum sheet from
the wood plate occurred at the outer zones, but not directly at
the bending zone. Additional stresses caused by swelling of wet
wood may likely impact adhesive bonding (Ref 8). Hence,
failure of the hybrid plates is rather caused by deboning/
delamination of the aluminum sheet from the wood plate at the
interface region than by deterioration of the mechanical
properties of the adhesive itself (Ref 51).

Comparing the hybrid aluminum-wood plates with different
fiber orientations, Figs. 6(b) and 7(b), generally reveals a
sharper bending radius for wood with longitudinal fiber
orientation.

3.2 Influence of Moisture Content (MC)

Figure 8 illustrates the dependence of the maximum bending
force and of the bending angle that was measured at the
maximum bending force from the MC of the wood plate. The
MC was measured on reference samples and the average MC
was considered as 7, 17 and 25 wt.% for air-dried, moistened
and water-stored condition, respectively. With increasing MC,

the bending force tended to decrease linearly for each of the
four sample types, as the molecular bonding forces decrease
with water application (Ref 10, 49). This confirms that the MC
considerably influences the mechanical properties and, partic-
ularly, on the bending behavior of wood. Although the impact
on the bending force was significant, the influence on the
bending angle at maximum bending force was just moderate,
except for the wood plate with transverse fiber orientation,
because the aluminum alloy sheet prevented early interfiber
fracture of the wood plate. However, for some of the hybrid
aluminum-wood plates the bending angle was limited by
delamination/debonding between the wood plate and the
aluminum alloy sheet in the bending zone, as demonstrated in
Fig. 6 (b). Debonding of the hybrid aluminum-wood plates at
the early stage of bending was followed by the fracture
behavior that was identical to the fracture behavior of simple
wood plates. Therefore, reliable adhesive bonding was of
utmost importance for achieving great bending angles and thus
good formability of the aluminum-wood plates. Especially for
simple wood plates and for hybrid aluminum-wood plates with
longitudinal fiber orientation the bending force varies consid-
erably, because wood characteristics like knots and high fiber
angle deviations have significant influence on the mechanical
properties and, thus, on the bending behavior. Moreover,
debonding/delamination of hybrid aluminum-wood plates with
longitudinal fiber orientation causes variations of the maximum
bending forces.

3.3 Bending Simulation

Figure 9 compares the bending force-bending angle curves
of the experiment and the FE simulation. Basically, good
agreement was achieved for the hybrid aluminum-wood plates,
but in longitudinal fiber orientation the difference increases
with increasing moisture content. This could be attributed to the
natural characteristics of wood (e.g., knots, fiber misorienta-
tions, variation of the MC), which may influence the mechan-
ical properties (Ref 8), but which are not fully considered in the
model. Fiber angle deviation may occur more frequently in
samples with longitudinal fiber orientation than in samples with

Fig. 8 (a) Maximum bending force and (b) bending angle at maximum bending force over the moisture content of wood plates with
longitudinal (L) and transverse (T) fiber orientations. Samples showing complete delamination/debonding were not considered for calculating the
bending angle
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transverse fiber orientation. The MC that was used as input for
the FE model was solely determined on reference samples and
it was considered identical for both fiber orientations as given
in Table 1.

In general, higher bending angles can obviously be
achieved, if hybrid metal-wood components do not debond/
delaminate during bending. Thus, the importance of an
appropriate adhesive that enables good bonding between
aluminum and wood is crucial. However, as the presented
simulation model does neither consider any mechanical prop-
erties nor any failure parameters of the adhesive, it does not
allow for quantifying the actual contribution of the bonding
interface to the bending behavior. Therefore, further improve-
ment of the model is required.

As illustrated in Fig. 10, strain fields at the maximum
bending angles of 44� and 83� were recorded on the surface of
selected hybrid aluminum-wood plates with longitudinal and
transverse fiber orientation, respectively. Zones of tensile strain
(red) are observed at the outer bending radius and zones of
compressive strain (blue) are detected at the inner bending
radius. The tensile strain in the hybrid aluminum-wood plate
with longitudinal fiber orientation (i.e., the major stresses are
parallel to the fibers) was localized at the vertex of the outer
bending radius; whereas, the tensile strain of the hybrid
aluminum-wood plate with transverse fiber orientation (i.e., the
main stresses are transverse to the fibers) was distributed more
evenly over the outer bending radius. Therefore, only hybrid

plates with longitudinal fiber orientation showed localized
debonding/delamination at the heavily strained zone. It is
evident that the compressive strain concentrates at the inner
bending radius of the hybrid aluminum-wood plate with
transverse fiber orientation. Hence, wood can be highly
densified by plastic deformation above the proportionality
limit, if it is exposed to compressive loading transverse to the
fiber orientation (Ref 26).

4. Summary and Conclusions

This work investigates the bending behavior of simple wood
and hybrid aluminum-wood plates at different moisture con-
tents (MC) using three-point bending tests. A finite element
(FE) model of the bending tests including experimentally
determined properties of the aluminum alloy sheet and of the
birch wood plate was created. Based on the results of the
bending experiments and simulations, the following conclu-
sions can be drawn:

• Increasing the MC of the wood plate generally tends to
decrease the bending force, but the influence of the mois-
ture content on the bending angle at maximum bending
force is rather moderate. Only the bending angle of the
simple wood plate with transverse fiber orientation in-

Fig. 9 Bending force-bending angle curves of hybrid aluminum-wood samples in (a) air-dried, (b) moistened and (c) water-stored condition.
The moisture content of wood increases from left to right
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creases notably with increasing MC, since early interfiber
fracture is prevented. Best bendability in terms of low
punch force and great bending angle is achieved for hy-
brid aluminum-wood plates consisting of wood with trans-
verse fiber orientation and increased MC.

• The bending angles of hybrid aluminum-wood plates are
tendentially greater than the bending angles of simple
wood plates, as the aluminum alloy sheet is able to bear
tensile stresses that are particularly critical for wood in
air-dried condition. However, debonding/delamination of
the aluminum alloy sheet from the wood plate must be
prevented.

• Debonding/delamination was identified as critical fracture
mode that limits the bendability of hybrid aluminum-wood
plates. Hence, reliable adhesive bonding is of utmost
importance for achieving great bending angles and thus
for obtaining good formability of hybrid aluminum-wood
plates. At the outer bending radius greater local tensile
strain was observed for plates with longitudinal wood fi-
ber orientation than for plates with transverse wood fiber
orientation, which may promote local adhesive failure.

• Because of the strong anisotropy and the scatter of the
mechanical properties of wood the numerical simulation
of wood forming processes is challenging. However, the
created FE model was basically able to predict the bend-
ing force-bending angle curves and the surface strains of
hybrid aluminum-wood plates in air-dried condition,
although the differences to the experimental results in-
creased with increasing MC.

• As the presented simulation model does neither consider
any mechanical properties nor any failure parameters of

the adhesive between the wood plate and the aluminum
sheet, the actual contribution of the bonding interface to
the bending behavior of the hybrid plates cannot be quan-
tified. Therefore, improving the model by including adhe-
sive properties as well as wood fiber misorientations is an
ongoing work.
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7. D. Kohl, P. Link, and S. Böhm, Wood as a Technical Material for
Structural Vehicle Components, Procedia CIRP, 2016, 40, p 557–561.
https://doi.org/10.1016/j.procir.2016.01.133

8. R. Ross, Wood Handbook: Wood as an Engineering Material,
Centennial ed.; U.S. Department of Agriculture Forest Service, Forest

Service, Forest Products Laboratory (FPL), Madison, WI, USA, 2010.
https://doi.org/10.2737/FPL-GTR-190

9. R. Wagenführ and A. Wagenführ, Holzatlas, 7th ed. Carl Hanser
Verlag, München, 2022, p 152–153, ISBN 978-344-646-838-2 (in
German)

10. S. Thelandersson and H.J. Larsen, Timber Engineering, 1st ed. John
Wiley & Sons Ltd, West Sussex, 2003, ISBN 978-047-084-469-4

11. J.J. Stalnaker and E.C. Harris, Structural Design in Wood, 1st ed.
Springer, New York, 2013, p 11–12, ISBN 978-146-849-996-4
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36. P. Mackenzie-Helnwein, H.W. Müllner, J. Eberhardsteiner, and H.A.
Mang, Analysis of Layered Wooden Shells Using an Orthotropic
Elasto-Plastic Model for Multi-axial Loading of Clear Spruce Wood,
Comput. Methods Appl. Mech. Eng., 2005, 194(21–24), p 2661–2685.
https://doi.org/10.1016/j.cma.2004.07.051

37. P. Mackenzie-Helnwein, J. Eberhardsteiner, and H.A. Mang, A Multi-
surface Plasticity Model for Clear Wood and Its Application to the
Finite Element Analysis of Structural Details, Comput. Mech., 2003,
31, p 204–218. https://doi.org/10.1007/s00466-003-0423-6
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