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Abstract
Adaptive structures have been the focus of much research due to performance gains not possible to achieve using conventional designs. Within this context, the idea of morphing promises augmented capabilities in terms of manoeuvrability,
fuel efficiency and the ability to perform dissimilar tasks in an optimal manner. To achieve morphing, materials capable of
changing shape requiring minimum actuation are necessary. Bi-stable composites are a type of composite structures
which have two statically stable configurations. This bi-stability property, resulting from locked in-plane residual stresses,
has attracted considerable attention from the adaptive structure community for morphing structures as actuation is no
required to hold each stable configuration. The change between stable states is physically realised as a jump phenomenon or snap-through, which is strongly non-linear in nature. Morphing strategies exploiting snap-through have been
studied showing encouraging preliminary results. This article exploits the dynamic response of bi-stable composites as a
means of augmenting the actuation for morphing control. A morphing strategy targeting modal frequencies leading to
snap-through of the structure is successfully developed. This results in a full-state configuration control by inducing and
reversing snap-through as desired. The strategy is tested on a specimen using Macro Fiber Composites as smart actuators validating the proposed concept.
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Introduction
Composite laminates are becoming increasingly important in a wide variety of applications, particularly in
aerospace engineering. Within this context advanced
composites have been developed for morphing, such as
bi-stable composites which are structures capable of
adopting two statically stable configurations (Hyer,
1981a). The bi-stability property has drawn considerable attention from the adaptive structure community
for its potential applications in morphing structures, as
no energy is required to hold each of the stable configurations (Diaconu et al., 2008). This property appears
as a result of residual thermal stresses induced during
the curing process due to an unsymmetric stacking
sequence (Hyer, 1981b). The mechanism of bi-stability
is caused by warping of the structure, which results in
opposite sign curvatures for each stable state (Dano
and Hyer, 1998). The change between stable states is
physically realised as a jump phenomenon known as
snap-through, which is strongly non-linear in nature
(Sokorin and Terentiev, 1998).
Bi-stable composites have been previously actuated
for configuration control using shape memory alloy
(SMA) wires and Macro Fiber Composites (MFC)

under quasi-static loading. The former showed good
actuation authority; however, SMA wires are difficult
to integrate with the bi-stable composites (Dano and
Hyer, 2003). The MFC actuation system was easily
integrated with the bi-stable structures; however,
snap-through was achieved in only one direction.
Furthermore, very high voltages were required to
drive the MFC actuator even for very compliant
[MFC/0/90/MFC] two-ply plates (Schultz et al.,
2006). An interesting alternative, termed shape memory alloy–piezoelectric active structures (SMAPAS),
combining the advantages of the piezoelectric and
SMA materials to achieve self-resetting bi-stable composites has been proposed (Kim et al., 2010).
Piezoelectric actuation systems would be suitable as
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actuators for morphing structures should they show
enough actuation authority. Particularly for achieving complete configuration control, that is, to induce
and reverse snap-through on bi-stable composite
structures.
Due to the bi-stability, these composites exhibit
complex dynamic behaviour including sub-harmonic
and chaotic oscillations (Arrieta et al., 2009b; Carrella
et al., 2008). Recently, the idea to exploit the rich
dynamics of bi-stable composites to enhance actuation
authority has been proposed, showing encouraging preliminary results (Arrieta et al., 2009a; Senba et al.,
2010). The morphing strategy was based on the possibility to use external energy from dynamic perturbations on the structure to enhance the authority of an
MFC actuator targeting a sub-harmonic resonance of a
bi-stable plate, resulting in dynamically triggered snapthrough. However, due to symmetric dynamics of the
tested plate and lack of authority of the MFC actuator,
no reversed snap-through was achieved for [02/902]
plate. Senba et al. (2010) achieved a dynamically triggered reversed snap-through on a [0/45/MFC45] plate
of dimensions 148 3 148 mm using an M8557-P1 type
MFC bonded on the surface with the aid of an added
mass approximately equivalent to 100% of that of the
tested specimen. It is important to note that the degree
of bi-stability of [0n/45n] composites is much smaller
than that achieved with a cross-ply [0n/90n] lay-up. The
increase in the dynamic effect introduced by the mass
greatly increases the effectiveness of the dynamic actuation; however, the large weight added to the structure
is clearly non-optimal in view of the objectives and
requirements of morphing structures. Nevertheless,
these initial studies showed the merits of exploiting the
non-linear response and dynamic perturbations of a
morphing structure as a morphing strategy.
Furthermore, it is well known that for structures that
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have multiple configurations, such as arches and shells,
the load triggering the instability, leading to buckling
to another stable state, is reduced when using dynamic
forcing in comparison to static actuation (Virgin,
2007). So far, to the best knowledge of the authors,
unaided dynamically induced reversible snap-through
which would allow for full configuration control
with minimum actuation effort has not been achieved
using piezoelectric actuators for bi-stable composite
structures.
In this article, the dynamic response of a cross-ply
[0/90] E022-T700 (SLG, 2011) bi-stable composite specimen is exploited to develop a morphing strategy for
full configuration control, that is, inducing and reversing snap-through. An experimental characterisation is
conducted using frequency response functions (FRF) to
capture the main dynamic characteristics of the bi-stable
plate, such as modal frequencies. Asymmetry is built
into the system to obtain desirable modal characteristics
allowing for triggering and reversing snap-through. The
morphing strategy targets the first vibration modes associated to each stable state successfully inducing and
reversing snap-through achieving the set goal of full
configuration control. This method effectively changes,
by dynamic means, the stiffness of the structure to allow
for configuration control. Conclusions summarising the
obtained results are presented and future research directions discussed.

Bi-stable composites
Bi-stable composites are a class of composites capable
of attaining two statically stable shapes (Dano and
Hyer, 2003). A schematic diagram of the stable states
of a cantilevered bi-stable composite plate is shown in
Figure 1. We define the x-direction to coincide with the
direction showing the larger curvature on stable state 1,

Figure 1. Statically stable configurations of a bi-stable composite: (a) state 1 and (b) state 2.
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thus the the direction showing the major curvature of
stable state 2 coincides with the y-direction, as can be
seen in Figure 1.
Most studies in the literature have focused on square
bi-stable composites with unrestricted (free) boundaries
(Arrieta et al., 2011; Dano and Hyer, 1998, 2003;
Diaconu et al., 2009). Ideally, a bi-stable square plate
will exhibit equal curvatures in each of its stable states,
this means that each stable configuration would exhibit
equal radii of curvature. The curvature direction for
each state is orthogonal to the other as shown in Figure
1. This property is defined as a perfect orthogonal symmetry between the stable configurations of the plate. As
a result, the dynamic response for oscillations confined
to a stable state is also orthogonally symmetric; this
means that each state will exhibit exactly the same
behaviour, except for a p/2 rad rotation of the local
frame with respect to the orientation in the other state.
The snap-through mechanism is a sudden event
where the structure undergoes large amplitude displacements (Thompson, 1982). Thompson showed that the
dynamic response of a lumped-mass system which may
undergo a snap-through is only affected by it when a
critical displacement is reached triggering the instability.
For a continuous system, this deflection threshold is
not that simple to define. To this end, we assume the
spatial deflection of bi-stable composites in the form of
linear mode shapes. Therefore, the relative displacement between each point of the vibrating structure
remains proportional over a period of forcing, that is,
w(x, y, t) = W (x, y)q(t), where w(x, y, t) is the out-ofplane displacement, W (x, y) is the assumed linear mode
shape and q(t) is the time response coefficient. It is further assumed that once the plate reaches the unstable
configuration a snap-through is triggered, as schematically shown in Figure 2. Due to the linear nature of the
assumed deflection, once a point reaches its critical displacement a snap-through is triggered as all other
points in the composite structure must have reached
their own particular deflection threshold.
The symmetric response of square bi-stable plates
results in equal modal frequencies leading to several
complex non-linear dynamic behaviours, such as parametric resonances (Nayfeh, 2000) and chaotic oscillations (Arrieta, 2009). In particular for morphing

Figure 2. Critical displacement for a bi-stable composite.
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purposes, the perfect orthogonal symmetry introduces
difficulties for configuration control, as for any given
static or dynamic actuation load both stable equilibria
(each one associated to each state) have almost the
same likeliness to attract the motion of the plate. This
characteristic is better described by the schematic representation of the potential wells for symmetric and
asymmetric square bi-stable plates shown in Figure 3.
For the symmetric plate, the modal frequencies for
both stable states would be exactly the same, as schematically shown by the dash-dot line in Figure 3. This
results in constant jumps between wells leading to
chaotic oscillations once a snap-through is triggered.
Using the model for the complete dynamics of completely symmetric bi-stable plates presented in Arrieta
et al. (2011), a Poincaré map of a trajectory starting on
stable state 2 results in chaotic oscillations as revealed
by the strange attractor presented in Figure 4(a).On the
other hand, if asymmetry is introduced, the response
on each stable state will show different modal frequencies, as pictured with the solid line in Figure 3, allowing
to trigger a single snap-through in the desired direction
as shown for a configuration change from stable state 2
to stable state 1 in Figure 4(b).
It is clear that symmetry breaking would allow for
easier control to trigger changes between stable states,
that is, configuration control, as distinct modal frequencies associated to each stable state would dominate
the response of the plate. In this article, rectangular bistable composites with a designed lay-up having unsymmetrically and symmetrically stacked layers to demonstrate the advantages of asymmetry are considered.
Moreover, a clamped-free boundary condition is used
in order to further increase the degree of asymmetry in
the system resulting in a more realistic structural configuration. For morphing of bi-stable composites well
spaced modal frequencies are desirable, as an asymmetric response between states allows for controlled
triggering of the snap-through.

Figure 3. Schematic diagram of the potential wells for a bistable plate.
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Figure 4. (a) Poincaré map of a trajectory starting in stable state 2 leading to chaotic oscillations between stable states. (b)
Poincaré map of a trajectory starting in stable state 2 leading to a single-controlled snap-through to stable state 1.

Figure 5. Bi-stable specimen schematic lay-up.

Dynamic response identification
A dynamic identification is conducted for a carbon
fibre–epoxy E022-T700 (SLG, 2011) bi-stable composite plate with two symmetrically attached 8528-P1 type
MFC actuators. The MFC actuators are located to
ensure significant coupling to the first bending modes
of each stable state of the bi-stable test specimen. The
dimensions and stacking sequences along with MFC
positioning are shown in Figure 5. Frequency response
functions for different levels of actuation are obtained
using the MFC actuators as actuators, following standard modal testing procedures (Ewins, 2000) for the
frequency range of interest to identify the dominant
modes of the tested specimen. A tailored lay-up

combining designed symmetrical–unsymmetrical laminations is employed to allow for a cantilevered
(clamped-free) configuration of the tested specimen
(Mattioni, 2009). The resulting laminate geometry
has a smooth transition in the curvature along the
x-direction, from zero at the clamped root to a maximum value at the free edge, effectively allowing for
clamping the composite to a more complex structure.
The MFC actuation driving inputs are generated using a
high voltage amplifier. A displacement sensor is used to
measure the displacement of several points on the composites. Steel blocks are used to restrict the movement at
a certain length of the bi-stable specimen resulting in
an approximated clamped boundary condition. The
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with minimum actuation snap-through for the chosen
experimental set-up. Two modes can be observed in
each stable state, mode ws1
1 at 28.4 Hz for stable state 1
at
13.8
Hz
for
stable state 2.
and mode ws2
1
It is observed that due to the asymmetry introduced
by the designed lay-up and the cantilevered set-up, the
dynamic response for each stable state has different
modal frequencies associated to the first cantilevered
modes. Sufficiently spaced modal frequencies prevent
constant snap-through chaotic oscillations between stable states to be triggered. This is an important result
given that by incorporating design asymmetries in the
structure, the likeliness of triggering complex behaviours is greatly diminished, allowing for the development of a dynamic morphing strategy, as described in
the following section.

Figure 6. Experimental assembly.

complete experimental rig is shown in Figure 6. The stable shapes of the tested specimen are shown in Figure 7.
The material properties of a single-ply of the prepreg
used in the tested specimen are given in Table 1.
Figure 8 shows the transverse displacement-tovoltage FRF for a chirp input with a voltage amplitude
of 100 V for stable states 1 and 2 of a [90/0] 160 3 160mm specimen subject to clamped-free boundary conditions. Several FRFs with different low voltage amplitudes are obtained showing very low variation in the
modal frequencies, hence these results are omitted. The
frequency range presented focuses on the first cantilevered modes for each stable state, which are associated

Morphing strategy
The objective of the proposed morphing strategy is to
exploit dynamic features of bi-stable composites, or in
an abstract way of any structure, in an attempt to maximise the authority of the used actuation systems. In this
case, the authority augmentation is demonstrated using
MFC actuators to induce resonance on the composite
structure resulting in dynamically induced controlled
changes between states. An offset direct current (DC)
voltage signal of 500 V is used in order to shift the
lower admissible voltage of the MFC actuators allowing for a safe operational range of [21000, 1000] V,

Table 1. Material properties for a ply of the E022-T700 prepreg used to manufacture the bi-stable experimental specimens.
Fibre vol. (%)

Exx (GPa)

Eyy (GPa)

Gxy (GPa)

nxy = nyx (–)

Density (kg/m3)

60

120

12

4.8

0.3

1500

Figure 7. Stable states of the tested cantilever bi-stable composite specimen with two symmetrically attached MFC 8528-P1 type
actuators: (a) state 1 and (b) state 2.

Displacement to Excitation FRF [mm/V]
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Figure 8. Experimental displacement-to-harmonic excitation
FRF for stable state 1 and stable state 2 of a [90/0] 160 3 160mm bi-stable specimen.

thus avoiding possible depolarisation. The morphing
strategy consists of a short burst of dynamic forcing
inputs inducing resonance which triggers controlled
changes between stable states, that is, snap-through, of
the bi-stable structures resulting in authority augmentation. After a change in configuration is triggered via a
snap-through, the forcing input does not excite a resonance frequency of the newly attained state. Hence, the
structure becomes stiff resulting in a very low amplitude
response and avoiding (potentially harmful) constant
snap-through oscillations. The frequencies identified
s2
for modes ws1
1 and w1 , associated to minimum actuation effort snap-through for stable states 1 and 2,
respectively, are targeted to illustrate the morphing procedure for the [90/0] 160 3 160-mm tested specimen.
Figure 9 shows the displacement time series and the
voltage signal driving the MFC actuator for a forcing

600

State 2

State 1

−14

400

−16

Voltage [V]

Displacement [mm]

−12

frequency of 28 Hz, which is very close to the lowamplitude modal frequency of stable state 1 as can be
seen in Figure 8. As the displacement reaches the critical displacement associated to the snap-through from
state 1 to state 2, a change between stable states is triggered. The actuation voltage amplitude to dynamically
trigger the snap-through from stable state 1 to stable
state 2 is 520 V. It can be seen that once the change of
state occurs, the amplitude of response diminishes rapidly to the much lower amplitude of vibration corresponding to the far from resonance steady-state
response of state 2 at the driving frequency. To reverse
the process, the driving amplitude is reduced and the
driving frequency for the MFC actuators is changed to
13.5 Hz targeting the modal frequency of mode ws2
1 . As
the amplitude is increased and deflection reaches the
associated critical displacement, a reversed snapthrough is triggered from stable state 2 to stable state 1
when the MFC voltage amplitude reaches 560 V as can
be seen in Figure 10(a). Once more, as the snap-through
is dynamically triggered the amplitude of vibration of
the specimen is reduced to the far from resonance
steady-state response of state 1. It is possible to reduce
the maximum voltage requirement, while maintaining
deflection output, by choosing a bimorph configuration
instead of a unimorph configuration; however, such a
modification must consider the substrate-to-actuator
thickness and modulus ratios. This analysis is beyond
the scope of the current article given that the unimorph
configuration has sufficient authority to achieve snapthrough. The reader is referred to Leo (2007) for a
detailed analysis of bimorph structures.
The correct design of the specimen dimensions and
the boundary conditions is central to the dynamic
response characteristics that enabled the formulation of
a simple morphing strategy. In particular, the designed
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Figure 9. Dynamically induced snap-through from state 1 to state 2 for a [90/0] 160 3 160-mm bi-stable specimen. Forcing
frequency O = 28:0 Hz (a) Displacement time response. (b) MFC voltage time response.
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Figure 10. Dynamically induced snap-through from state 2 to state 1 for a [90/0] 160 3 160-mm bi-stable specimen. Forcing
frequency O = 13:5 Hz. (a) Displacement time response. (b) MFC voltage time response.

separation between the modal frequencies associated
with the minimum effort snap-through resulted in
achieving the goal of forward and reverse snapthrough from either stable state. Moreover, chaotic
oscillations previously observed (Arrieta et al., 2011)
for dynamically excited bi-stable composites are
avoided with the developed procedure. External loading during operation can cause variations in the
modal frequencies and associated damping ratios of
each stable state. More specifically, the effect of aerodynamic loads on the structure is of particular importance deserving a detailed study which is currently
being carried out. However, it can be anticipated that
under the designed range of admissible loads, these
variations result only in small quantitative changes in
the values of the modal frequencies and damping
ratios which do not compromise the effectiveness of
the morphing strategy. Hence, the proposed actuation
strategy herein described allows to trigger desired
changes of state resulting in full morphing configuration control.

Conclusion
The dynamic response of a cross-ply cantilevered bi-stable
composite laminate has been exploited to design a novel
morphing strategy capable of reversing snap-through.
Asymmetry in the composites is designed such that
the resulting modal frequencies associated with snapthrough for each stable state are sufficiently spaced.
Distinct modal frequencies allow state-specific modes
to be targeted inducing snap-through from one state
to the other. Furthermore, distinct frequencies prevent the onset of chaotic oscillations resulting from
continuous changes between stable states. MFC
actuators are used to dynamically trigger snapthrough by inducing resonance response of the first

mode associated with snap-through for each stable
state. As the induced deflection reaches the critical
displacement and snap-through is triggered, the structural response greatly diminishes as the forcing input
results in non-resonant vibrations. The presented
strategy allows for full configuration control of components incorporating bi-stable composites making
feasible their application in morphing structures.
Incorporating in the structural design desired
dynamic characteristics to facilitate morphing offers
great potential. By targeting distinct modal frequencies
with dynamic actuation strategies, the stiffness of the
morphing structure is dynamically reduced resulting in
significant authority augmentation. This novel idea
combined with previous morphing concepts offer great
possibilities for expanded morphing capabilities for
future applications.
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