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A B S T R A C T

Passive spanwise bending shape-adaption has the potential to increase the efficiency and manoeuvrability of
vehicles with wing-like structures. By utilisation of compression flange buckling, the in-plane stiffness can be
tuned to design beams with contrasting pre-buckling and post-buckling bending stiffness. The investigated
concept is experimentally validated using a thin-ply laminated composite four-point bending beam, which is
designed to experience compression flange buckling in the span with constant moment. The bending stiffness
was reduced by more than 41% after the onset of buckling which shows the effectiveness of compression flange
buckling for non-linear bending compliance.

1. Introduction

Compliant mechanisms are of increasing importance for light-
weight, shape-adaptable applications due to their advantages over
conventional pin-jointed mechanisms. The main advantages are in-
creased wear resistance, fewer assembly steps and improved strength-
to-weight ratios [1]. Such mechanisms have the potential to improve
performance and efficiency over conventional designs through con-
tinuous geometry optimization during operation [2].

New materials such as alloys and polymers with shape memory have
increased the performance of compliant mechanisms and driven their
use in shape-adaptable structures, while advancements in high-perfor-
mance materials are enabling the better utilisation of intrinsic strength
[3–5] and shaping freedom [6,7]. However, a major drawback of
compliant mechanisms are their low load-carrying capability. It is
challenging to increase the load bearing capability whilst maintaining a
large deformability that is needed for compliant mechanisms.

The deformation of compliant mechanisms has so far been actively
controlled using conventional actuators or structurally integrated using
e.g. smart materials [8]. In applications such as wind turbine blades [9]
or marine propellers [10], passively shape-adaptable wing-like struc-
tures have been controlled by the structural response to externally
applied loads. A common mode of passive shape-adaptation is achieved
by changing the angle of attack in accordance to an externally applied

load. One design method for this mode is the use of bend-twist coupling
effects in unbalanced composite lay-ups which can be readily integrated
in fibre-reinforced composite structures [9]. A second design method
for passive shape-adaptation is to allow for local elastic instabilities due
to buckling or snap-through in the structure [11,12]. Such local elastic
instabilities may cause a change in stiffness of the structure and
therefore change the deformation mode. Instabilities caused by buck-
ling are often regarded as a failure mode but with composite materials
the post-buckling regime can be reached repeatably without the in-
itiation of damage [13], making it an attractive design method for
shape-adapting structures.

A less researched mode of shape-adaptation is span-wise bending
which is mainly of interest for variable-cant winglets for aircraft [2].
Span-wise bending wing-like structures capable of large continuous
deformations are reported for designs which enable large bending de-
formations by dividing a rigid wing into segments. These wing seg-
ments are linked by hinges allowing single [14–17] or multiple degrees
of freedom [18]. Actuating the swing can then be realized either using
mechanical levers [14] and servomotors [15] or shape memory alloys
which expand or contract due to a temperature change caused by
electrical resistive heating [16,17]. Despite these valuable examples,
applications for span-wise bending shape-adaptation have yet to be
reported for highly-loaded structures such as full-scale aircraft wings,
wind turbine blades [19] or hydrofoils. In performance sailing
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catamarans, hydrofoils have the potential to enhance the efficiency by
lifting the hulls out of the water. Hydrofoils resemble a L-shaped can-
tilever wing-like structure, which due to its geometry generates a hor-
izontal and a vertical oriented hydrodynamic force, termed side force
and lift, respectively. The side-force counteracts the force in the sail and
causes the catamaran to accelerate while the lift heaves the hulls above
the water surface. At increased speeds hydrofoils generate sufficient lift
to keep the catamaran hulls above the water surface, thus reducing drag
by reducing wetted surface area. When hydrofoiling, the performance
of the catamaran is substantially increased, however, in low speeds, in
non-foiling, respectively displacement mode, a drag penalty is created
at low speeds from the geometry and surface area necessary for gen-
erating the vital lift [20]. This drag penalty could be reduced by passive
span-wise bending shape-adaptation which would enable the hydrofoil
to have an initially straighter and hence more vertical geometry that
could adapt into a L-shaped geometry with increasing speeds. A straight
hydrofoil at low speeds generates maximum side-force at minimal in-
duced drag due to the high wing aspect ratio (Fig. 1) [21]. With in-
creasing speed and resulting shape-adaptation, the lift generating wing
area increases continuously and generates maximum lift at high speeds
(Fig. 1) resulting in optimum configurations in both operation modes.

To fully exploit the concept of a shape-adaptable hydrofoil, buckling
in a local area of the compression flange at a pre-determined external
bending moment is used to morph the beam. Buckling in the com-
pression flange leads to an in-plane stiffness reduction in the flange and
thus enables a beam design with a high pre-buckling and a low post-
buckling bending stiffness. The investigated structure is tested using a
four-point bending beam which is designed to experience compression
flange buckling between the load introductions for a structure and load
case of a generic A-Class catamaran hydrofoil [22].

2. Beam models

An analytical four-point bending beam model was developed to
enable first approximations of the initial beam bending stiffness, the
beam displacement and the bending moment at the point of buckling.
Based on the Euler-Bernoulli beam model [23], the stiffness properties
were computed using classical laminate theory [24,25]. The four-point
bending beam cross-section was modelled with top, bottom, and shear
web laminates (Fig. 2, cross-section). The span of the beam was divided

into three sections (Fig. 2, side view), each with a separate set of top,
bottom, and shear web laminates.

The critical buckling load was calculated by treating the top lami-
nate of Section 2 (Fig. 2 side view) as a long plate with fully constraint
unloaded edges parallel to the beam and simply supported loaded edges
across the beam. The critical buckling load of such a constrained
composite plate is given as [24]:
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where Nxcr is the critical in-plane force per unit width at which the plate
buckles, Dij are the bending stiffness matrix components, b is the plate
width and lx is the buckling half-wave length. The buckling halve-wave
length is the length that results in the lowest Nxcr. The buckling plate
dimensions were defined by the length of Section 2 (Fig. 2) and the
effective buckling field width.

Eq. (1) is only valid for special orthotropic laminates
= =D D( 0)13 23 [24]. Despite a possible overestimation in critical

buckling load for fully constrained laminates which are non-special
orthotropic =D D( 0)13 23 [27] Eq. (1) was used for a quasi-isotropic
laminate in absence of a suitable closed formed expression.

2.1. Finite element model

A finite element model was created in ABAQUS® Standard/FEA and
comprised only the non-linear compliant section of the four-point
bending beam (Section 2 in Fig. 2) with a constant bending moment.
The model was partitioned in the area of the laminate tapers for
modelling all ply drop-offs in the beam section (Fig. 3). The ends of the
non-linear compliant beam section were connected to reference nodes
placed in the cross-section centre of the beam section at the ends of the
buckling laminate. The nodes from the cross-section edges were con-
nected to the reference point using kinematic coupling [28], blocking
all six degrees of freedom (Fig. 3). The beam section was simply sup-
ported at the reference nodes and the long edges of the half beam
section were constrained by symmetry constraints (Table 1). The dif-
ference in fibre modulus between tension and compression (Table 3)
was accounted for by modelling the beam section above the neutral-axis
with compressive material properties, and the laminate in the tension
side of the beam section below the neutral axis with tensile material
properties. The finite element model was meshed with quadratic shell
elements (S8R), ×0.53 0.53 mm in size for the top laminate and the
adjacent radii, and ×0.53 1.6 mm in size for the shear webs and the
bottom laminate. The resulting accuracy with these element sizes was
checked in a mesh convergence study. The composite beam section was
analysed using the modified Riks method [29] to predict the post-
buckling behaviour.

3. Beam design, material, and manufacturing

The beam section dimensions were selected such that the beam
matches the spar of an A-Class catamaran hydrofoil structure with a
chord length of 194 mm. The outside beam dimensions (Fig. 4), are
1200 mm in length, 60 mm in width and 15 mm in height with an edge
radius of 3.5 mm. The buckling field is 400 mm long, which results in a
length to width ratio of approximately 7.55.

The laminate lay-up was selected to comprise fibre angles of 0°,
±45° and 90°, enabling a fibre angle change between each ply of 45°.
However, preliminary design iterations showed that 90° plies experi-
enced early matrix tension failure in the bottom laminate and therefore
were replaced with ±15° plies. The thickness of the buckling field la-
minate was 1.6 mm and 3.2 mm for the top laminate in the levers and
the complete bottom laminate. The resulting laminate lay-ups used in
the finite element model and manufacturing are given in Table 2. The
analytical model required an approximation of the shear web because

Fig. 1. Structural response of the hydrofoil at low and high speeds. The non-
linear compliant structural response in the hydrofoil is achieved through local
compression flange buckling in the spar.
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only symmetric laminates could be analysed.

Shear web laminate analytical model:
[−45°/45°/−15°/15°/−45°/45°/0°/45°/−15°/15°/0°/−45°]S,
with =E 130c11 GPa.

For the bottom, top, and buckling laminate the lay-ups were identical to
Table 2. The ply thickness was estimated to be 0.1 mm in the analytical

Fig. 2. Top: cross-section of the four-point bending beam; Bottom: free body diagram of the four point-bending beam [26].

Fig. 3. Finite element model of Section 2 without mesh, showing the transition
of Section 1 to Section 2 of the four-point bending beam [26].

Table 1
Table of all degrees of freedom blocked by the constraints.

Constraint Translation Rotation

Symmetry y x, z
Simply Support End 1 y, z x, z
Simply Support End 2 x, y, z x, z

Fig. 4. Four-point bending beam dimensions [26].

Table 2
Beam laminate layup.

Top laminate Buckling field laminate Bottom laminate

[90° [90° [−45°
−45° −45° 45°
90° 90° −15°
45° 45° 15°
90° 0° −45°

−45° −45° 45°
90° 0° 0°
45° 45°]S −45°
0° 0°

−45° 45°
0° −15°
45° 15°
0° 0°

−45° −45°
0° 0°
45°]S 45°]S

F. Schadt, et al. Composite Structures 239 (2020) 111995
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model.
The prepreg was manufactured by North Thin Ply Technology with

the material properties shown in Table 3.

3.1. Manufacturing

The four-point bending beam was manufactured with a top laminate
and a bottom laminate, which were bonded together in a successive
manufacturing step. The top laminate was designed as an U-shape to
ensure precise manufacturing of the ply drop-offs and buckling field
(Fig. 5). The bottom laminate was designed as a C-shape, which pro-
vided a good stiffness transition in the area of the buckling field and
increased the bond area.

The four-point bending beam was manufactured in three con-
secutive steps using a heated aluminium mould and an inserted plastic
bag for pressure application during curing. The top laminate was
draped first and cured at 135 °C and 6 bar pressure, according to spe-
cifications of the prepreg manufacture (Fig. 5). In the second step the
bottom laminate was draped and cured onto the top laminate with a
spacer foil in between (Fig. 5). With this method a constant bondline
thickness was ensured. Finally, the top and bottom laminates were
prepared using 320 grit sandpaper and bonded using Resoltech 3350/
3357T structural adhesive [30](Fig. 6).

4. Experiment

The load-displacement curve was measured with a custom-built
four-point bending jig on a Zwick universal testing machine equipped
with a 100 kN load cell. The load introductions of the four-point
bending jig were set 0.4 m apart, and the beam supports were set
0.375 m away from the load introductions (Fig. 7). The load was in-
troduced through steel loading pins with a 20 mm diameter, fixed to the
jig such that the pins could rotate around their axis. The beam supports
were 60 mm wide aluminium plates, pivoting around a steel pin. The
test displacement speed was set to 10 mm/min. The resulting bending
moment M between the load introductions (Eq. (2)) was calculated as
the product of the applied force F at one of the load introductions and
the resulting distance between the load introduction and beam support
(Fig. 7).

= +M F Z
2

0.375i
2 2

(2)

The tensile machine measured the displacement between the load

introductions and the beam supports Z. In the finite element analysis,
only the non-linear compliant section was simulated, therefore, only the
beam mid-span displacement of the non-linear compliant beam sec-
tion relative to the load introductions was known. For comparing the
experimental results with the simulation, the displacement results Zi
were converted by measuring Z and at the maximum displacement in
the experiment and scaling the displacement results Zi accordingly to i
(Eq. (3)).

= Z Z· /i i max max (3)

The buckling field deformation was scanned with a stereoscopic camera
during the four-point bending test. The stereoscopic camera was a GOM
ATOS III Rev. 02 with a measuring volume of × ×320 240 240 mm and
a scanning frequency of 1 Hz. The buckling field was primed with white
paint onto which black speckles were sprayed in a random pattern. The
pattern was detected with a precision of ± 0.02 mm. The scans were
analysed with the software Aramis Professional 2016. The digital image
correlation (DIC) data was read out across the buckling field along two
parallel lines. These were placed along the longitudinal centre line and
the beam edge. The scan procedure started by placing the beam into the
four-point bending jig without applying a load. At this position, a static
reference scan was made to which all following measurements were
related to. After the reference was established the four-point bending
test and scanning was started.

For data processing the load-displacement curve of the finite ele-
ment model and the experiment were approximated by cubic splines.
For determining the bending angle at the load introductions the beam
bending deformation measured with DIC at the beam edge was idea-
lized with the circle equation assuming a constant bending moment and
a constant inertia between the load-introductions. The equation was
fitted by minimizing the sum of least squares of the radial deviation.

5. Results and discussion

The load-displacement curve of the experiment, the finite element
model and the analytical model show very good agreement up to the
point of buckling (Fig. 8).

As would be expected, the analytical model only captures the load-
displacement behaviour until the onset of buckling. In post-buckling,
after an initial 10% buckling load increase, the load-displacement curve
of the finite element model starts to deviated from the experimental
measurement (Fig. 8 and 9). The experimental data in post-buckling
demonstrates a saw-tooth patterned noise as a result of the beam sliding
on the supports in a stick-slip fashion while undergoing large de-
formation. The load-displacement results exhibit a kink, indicating that
following the point of buckling, a desired reduction in bending stiffness
can be achieved.

The bending moment at the point of buckling Mbuckling was de-
termined by the point of inflection ( =M ( ) 0) in the bending stiffness-
displacement plot (Fig. 9). For the experiment,ME buckling is at 374.8 Nm,
while MF buckling is at 374.20 Nm predicted by the finite element model,
which results in a difference of 0.16% relative to the experiment. In
comparison, the analytically derived MA buckling is at 386.50 Nm, which
results in an error of 3.1%, relative to the experiment. The analytically
and numerically determined Mbuckling agree very well with the experi-
ment in spite of several simplifications. These very good agreements of

Table 3
Prepreg properties for TP135/T800/100 g

Prepreg Properties Value Unit

Ply Thickness 0.0953 mm
Fibre Aerial Weight 100 g/m2

Fibre Volume 60 %
Tensile Modulus E T11 160 GPa
Compression Modulus E C11 130 GPa
Young’s Modulus =E T C22, 9.0 GPa
Shear Modulus =G G12 13 4.7 GPa
Shear Modulus G23 4.7 GPa
Poisson’s Ratio 12 0.3 –

Fig. 5. Manufacturing of top and bottom laminate.
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Mbuckling give confidence that compression flange buckling can be
precisely tailored to a desired buckling load.

The bending stiffness, which is the first derivative of the load-dis-
placement curve is shown in Fig. 9. The initial bending stiffness showed
a very good agreement between the analytical model, the finite element
model and the experiment, with a maximal difference of 3.8% relative
to the experiment. Leading up to the point of buckling the bending
stiffness was predicted to reduce by 28% in the finite element model
and measured to be 29% in the experiment. At 10% Mbuckling increase
the initial bending stiffness is reduced by 41% in the finite element
model and by 42% in the experiment. As a result of the increased
compliance a bending angle of 9.15° (as defined in Fig. 7) was
achieved in the experiment at the point of ultimate failure. A stiffness
reduction in excess of 42% and a bending angle of 9.15° shows the
effectiveness of compression flange buckling to achieve a non-linear
bending compliance, which provides the validity of the structural
concept.

In the experiment, ultimate failure occurred suddenly, without
warning at 524 Nm. The location of failure in the top laminate is at the
beam mid-span where the buckling field laminate failed in compression
(Fig. 10). Secondary failure occurred in the bottom laminate in com-
pression likely due to excessive bending after the buckling laminate had
failed. The occurring delaminations were very local, with the largest
delamination reaching a length of approximately 30 mm, which in-
dicates that the beam can be designed to safety limits that are close to
the beams ultimate strength without risk of damage accumulation
during service operation. The finite element model predicted first ply
failure in matrix tension at 468 Nm and an on-set of fibre compression
failure at 480 Nm with Hashin’s failure criteria. With a difference of
44 Nm between the predicted on-set of fibre compression failure and
measured ultimate failure, the results show a good correlation between
the finite element model and the experiment.

The DIC results allow a closer analysis of the buckling field de-
formation and the resulting surface strains. The agreement of DIC re-
sults with finite element results was evaluated at two points of load-
displacement, the point of buckling and the point of compressive fibre
failure, as defined in Fig. 8.

In Fig. 11 the out-of-plane displacements are shown for the finite

element model and the experiment. For clarity, the mean beam section
displacement was subtracted from the out-of-plane displacement.

The predicted buckling mode shape of the finite element model was
verified as 15 sine shaped half-waves and a single transverse wave,
which was visually confirmed in the experiment. This was also con-
firmed by the good agreement in average buckling half-wave length,
which was predicted as 28.2 ± 0.2 mm in the finite element model and
measured as 27.0 ± 0.3 mm in the experiment at the point of fibre
compression failure.

The amplitudes of the buckling half-waves are not constant in value
across the buckling field at the point of buckling. In the finite element
model the amplitudes decrease towards the beam mid-span. This was
not the case for the experiment which shows large irregular changes in
amplitude, likely caused by laminate imperfections. At the point of fibre
compression failure the amplitude distribution has diminished in the

Fig. 6. Joining of top and bottom laminate.

Fig. 7. Dimensions and bending moment distribution of the four-point bending test [26].

Fig. 8. Analytical, numerical, and experimental load-displacement curves.
Photograph in the lower right corner shows the bucking field at 10% buckling
load increase [26].
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finite element model and the experiment. The average peak-to-peak
amplitude in the buckling field is 2.06 ± 0.2 mm and 2.03 ± 0.2 mm,
as predicted by the finite element model and measured by the experi-
ment, respectively.

Interestingly, the amplitude average has moved towards the beam
cross-section centre in the finite element model and the experiment.
This was attributed to anticlastic laminate deformations which are a
reaction to the strong beam bending. At the point of fibre compression
failure, the off-set was predicted as −0.06 mm in the finite element

model and measured as −0.24 mm in the experiment.
The out-of-plane displacements create varying surface strains along

the beam axis, shown in Fig. 12. The strain curves of the experiment
show some noise, especially at the point of buckling which is an artefact
of the DIC resolution. In general the surface strain pattern follows the
out-of-plane displacement pattern of Fig. 11, with a compressive strain
at a buckling wave trough and a tensile strain at a buckling wave peak.
The only exception in these results are the surface strain amplitudes
which increase towards the beam mid-span at the point of fibre com-
pression failure, unlike the corresponding out-of-plane displacements
amplitudes. This result is an indication for imperfections in the lami-
nate thickness resulting in non-uniform strain distributions.

The maximum surface strain amplitudes are located at the buckling
wave troughs, with a compressive surface strain of −1.26 ± 0.01% for
the finite element model and −1.39 ± 0.08% for the experiment at the
point of fibre compression failure. The corresponding maximum tensile
surface strain is 0.3 ± 0.01% for the finite element model and
0.48 ± 0.08% for the experiment.

The reason for the surface tensile strain magnitude being smaller
than for the surface compressive strain is the off-set in strain amplitude
average. In the finite element model, the strain amplitude average is
predicted at −0.53% at the point of buckling and −0.48% at the point
of fibre compression failure. The experimental measurements indicated
−0.49% at the point of buckling and at −0.45% at the point of fibre
compression failure. The dominating load in the buckling laminate
seems, therefore to be a compressive load and does not change much
while the peak-to-peak amplitude strongly increases.

The good agreement between DIC results and the finite element
model show that the local deformations of a buckling field were cap-
tured accurately by the finite element model. This shows that it is
therefore possible to design and optimize the buckling field locally and
encourages further use of post-buckling in non-linear compliant struc-
tures.

With the knowledge gained in this work, we applied the principle of
local compression flange buckling to a realistic case in the root section
of a hydrofoil of a sailing catamaran. In order to assess the performance
increase a velocity prediction program (VPP) has been used. It solves
the equation of motion by balancing the forces and moments from the
sail, the hull and the hydrofoils. The drag and lift polars have been
solved by vortex lattice panel method taking into account the different
deformed states of the hydrofoil. In each sailing condition the VPP
minimizes drag by finding best trim settings of sail, crew weight, rudder
angle and hydrofoil rake angle, etc. within set bounds.

Due to the lateral forces on the vessel, the leeward foil deforms as
schematically illustrated in Fig. 1, while the windward foil maintains its

Fig. 9. Change in beam bending stiffness with increasing beam displacement
for the finite element model and the experiment [26].

Fig. 10. Computer tomographic scan of failed buckling section. Cut along
longitudinal center plane.

Fig. 11. Out-of-plane displacement of buckling field.

Fig. 12. Surface strain distribution across the buckling field at the point of
buckling and the point of fiber compression failure.
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shape, resulting in an asymmetric configuration.
The results shown in Fig. 13 are very promising, showing an average

increase in velocity made good of 3% compared to the best fully opti-
mized conventional configurations. A hydrofoil that transitions from a
conventional configuration to a buckled configuration at low true wind
speeds will therefore increase the performance of the boat noticeably.
This application study highlighted the applicability of local compres-
sion flange buckling to practical applications for drag reduction and
thus energy saving.

6. Conclusions

In this work, a span-wise non-linear bending compliance was, for
the first time, reported in carbon-fibre reinforced polymer beams at
high loads using local buckling in the compression flange. This struc-
tural concept is suitable for passive span-wise bending shape-adapta-
tion in wing-like structures and would enable a change in shape from a
straight geometry into a strongly bent geometry without the need for
actuators. Such change in geometry may increase efficiency and man-
oeuvrability of highly loaded wings. The concept was developed ana-
lytically and numerically on a four-point bending beam and validated in
an experiment. The results show a very high agreement with errors
below 5% relative to the experiment. A bending stiffness reduction of
41.64% due to local flange buckling and a post-buckling loading range
of 40% the buckling load shows the effectiveness of the structural
concept for non-linear bending compliance, and will enable the rea-
lisation of highly loaded structures with programmable post-buckling
behaviour. This design technique in combination with new materials
[3,4,6], that combine enhanced design freedom and high mechanical
performance could prove a breakthrough in several lightweight struc-
tural applications.
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Appendix A. Supplementary data

Digital image correlation videos showing the displacement and
strain development in the buckling field are provided online.
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.compstruct.2020.111995.
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