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Abstract: Multistable structures that possess more than one elastically stable equilibrium state are
highly attractive for advanced shape-changing (morphing) applications due to the nominal control
effort required to maintain the structure in any of its specific stable shapes. The aim of the paper is
to develop a bistable cross-shaped structure consisting of symmetric and unsymmetric laminate
actuated using Macro Fibre Composite (MFC) actuators. The critical snap-through voltages required
to change the shapes are investigated in a commercially available finite element package. The use
of MFC actuators to snap the bistable laminate from one equilibrium shape to another and back
again (self-resetting) is demonstrated. A new cross-shaped design of active bistable laminate with
MEC actuators is proposed where the cross-shape consist of four rectangles on the four legs and a
square on the middle portion. All the rectangles are made up of unsymmetric laminates, and the
central portion is designed with a symmetric laminate. MFC actuators are bonded on both sides of
the four legs to trigger snap-through and snap-back actions. An attempt is made to address the
possible design difficulties arising from the additional stiffness contribution by MFC layers on the
naturally cured equilibrium shapes of cross-shaped bistable laminates.
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1. Introduction

Morphing structures are capable of having multiple stable equilibrium states, and they have
been proposed as a solution to fulfil multiple roles in various operating conditions. The methods to
produce multistable shells have received great attention and are well documented in the literature
[1], in which thermal stress-based bistable shells [2,3] and prestress-based bistable shells [4-6] are
found to be the most common bistable components. Since 1981, ever since Hyer reported [2] the
bistable cured shapes of unsymmetrical laminates, extensive works on bistable laminates have been
published, especially on the prediction of cured shapes of bistable using analytical approaches [7-
10], and the robust simulation of the snap-through process by finite element analyses [11-15].

Several concepts have been introduced in the past to include multistable components for
morphing applications. Diaconu et al. [16] explored the concepts of using multistable elements in a
morphing aerofoil by changing the camber, the chord length of the section and using it in an adaptive
trailing edge flap. Nonlinear finite element (FE) analyses of different geometries and laminate
configurations have been performed to analyze the differences. The idea of changing the camber for
the airfoil section seems to be the most suitable as the multistable plates are separated from the
aerodynamic surface. However, the snap-through of such multistable plates have been performed by
applying concentrated loads, which is impractical to apply in real situations. Mattioni et al. [17]
proposed the concept of the tip morphing of a winglet using a multistable panel. The multistable
winglet comprised two parts: the outboard section of airfoil consists of an unsymmetric layout



[04/904], whereas the inboard part consisted of a symmetric layup [02/904/02]. As the speed of the
aeroplane increases, the multistable part snaps from one stable shape to another, resulting in an
increased lift. Daynes [18,19] presented a novel design to achieve morphing of a helicopter blade flap
using prestressed multistable composite laminates. The flap consists of a stack of six multistable
plates with the dimension of 100 mm x 100 mm, that is clamped at a spar located at 85% of the chord
length. This provided a smoother camber variation, unlike conventional hinged control surfaces.
Arrieta et al. [20] and Kuder et al. [21] investigated composites with different layups in distinct
sections to obtain stiffness variability. This work aimed at a distributed compliance for passive load
alleviation in a morphing aerofoil, with the main target being to accomplish global shape adaptation
by utilizing the stiffness variability showed by multistable plates. Along with the research progress
on morphing airfoil structures, the bistable behaviour unsymmetrical laminates structures have also
been extensively investigated for various shape-changing applications [22-25]. Ma et al. [26]
investigated a deformable pipe by combining bistable elements with an origami-inspired cube pipe.
Later, Hu et al. [27] proposed a novel pattern reconfigurable antenna based on the bistable glass fibre-
reinforced polymer (GFRP). Recently, the novel solar tracking model proposed by Zhang et al. [28]
used a number of bistable elements to achieve a hexagonal structure showing the potential of bistable
elements to achieve specific shape applications.

Due to the difficulties in applying mechanical loads to trigger the snap-through from one stable
state to another, the actuators consisting of shape memory alloy (SMA) and piezoelectric composites
[29-32] have been widely employed. Dano explored the concept of using SMA wires to trigger the
snap-through of unsymmetric composite laminates [32]. Analysis by Dano and Hyer [32] on the snap-
through using SMA reported that the thermal properties of SMAs, especially the phase
transformation temperatures, could significantly influence the shape recovery process in a morphing
application. Subsequently, the concept of morphing and deployable structures based on a
piezoelectric Macro Fiber Composite (MFC) actuator has been presented by Schultz et al. [33] and
Tawfik et al. [34]. With the advancements in flexible piezoelectric materials, actuation with MFC
actuators is proved as a faster and efficient method to change the shapes of bistable laminates. Even
though an efficient prediction of MFC-bonded bistable shapes are well-reported, discrepancies in
snap-through voltage prediction by semi-analytical and experimental results are noticed in literature
[35]. Works by Anilkumar et al. [36] showed a better correlation of MFC triggered snap-through
prediction using finite element analysis with the previously mentioned experimental observations.

The design space of multistable structures can be expanded using the combination of connected
bistable laminates. There is only a limited number of works on the design of different combinations
of connected symmetric and unsymmetric laminates to achieve specific shape-changing applications.
In this research, we try to model an active bistable cross-shaped laminate, where the cross-shape is
split into four rectangles on the four legs and a square on the middle portion. The smaller geometries
are made into symmetric/unsymmetric laminates. MFC actuators are bonded on both sides of the
four legs to trigger snap-through and snap-back actions. Comparison between cool-down shapes
with and without MFC actuators are made to understand the effect of additional stiffness
contribution from the MFC layers. Subsequently, snap-through and snap-back analyses are
performed on the selected lamina-MFC assembly. Further details of the modelling and design are
given in the following sections.

2. Numerical Analysis

Finite Element (FE) analysis is performed on a commercially available FE package, Abaqus. The
in-depth details of the analysis are given in the following subsections.
2.1. Initial

The initial step simulates the high-temperature regime for laminates by imposing the predefined
temperature field to 140 °C. Mesh convergence studies are performed to understand the influence of
smaller mesh sizes and suitable mesh size is taken for the analysis. Since MFC actuators are not



activated in this step, the contribution of MFC stiffness to the laminate assembly was considerably
negligible at this stage.

2.2. Cool Down

The temperature regime of the laminate part was brought down to room temperature by
imposing a temperature difference of =120 °C. It was done by imposing the temperature field to 20
°C to the composite laminates. The temperature difference of —120 °C makes the composite laminate
deviate from its original alignment in any one of its possible stable shapes. MFCs are kept deactivated
in this step as well.

2.3. MFC Activation

Activating MFC to the laminate assembly will make small changes to the deformed
configuration of laminate. This is due to the additional stiffness contribution from the bonded MFC
layers. The temperature field which simulates the effects of equivalent voltage was given by the
command 'Predefined Fields' in Abaqus modelling. MFC actuators are activated by imposing the
temperature field of 20 °C to all bonded MFC layers.

2.4. Snap-Through and Snap-Back

Snap through, and snap-back procedures are performed in snap-through and snap-back steps,
respectively. MFC layers bonded in the top and bottom layers are actuated with voltage increments
to trigger the snap actions. The orientation of the MFC layers and application of voltage increments
play a vital role in determining the snap-through voltages. When the applied voltage is positive, the
resulting electric field is aligned with the poling direction, which leads to fibre-direction expansion.
Similarly, fibre-direction contraction occurs when a negative voltage is applied. The reason for using
two MFCs is that both MFCs induce curvature in the same direction leading to the snap-through
event at the cost of lower voltage in each MFC. Snap-back is achieved by reversing the polarity and
magnitude of voltage increments on the MFCs from the snap-through step, thereby allowing snap-
through from the second stable shape to the first stable shape.

3. Problem Definition

Mechanical and thermal properties of the material used (AS4-3502) for the analysis are given in
the Table 1.

Table 1. Properties of Laminates.

E1 E: V12 Gn2 a1 a2 t

140 GPa 13 GPa 0.3 6.6 GPa -0.8 x 10-6/°C 29 x 10-6/°C 0.149 mm

In order to design a highly multistable active laminate, a cross-shaped fibre-reinforced bistable
laminate is proposed in this study, which has potential as an energy harvester. The geometry
considered in the analysis is given in Figure 1.
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Figure 1. Representative layout of cross-shape bistable laminate used in the study.

4. Results and Discussion

The different layups considered for the analysis can be seen in Figure 2. As shown in Figure 2,
the primary difference in the design is on the layup used in different legs on the cross-shaped
structure. In the first design geometry (Figure 2a), all four legs are taken as [02/902] with a middle
portion of layup [04]. In the second design geometry (Figure 2b), two legs are taken as [02/902] and the
other two legs are designed with [902/02] with a middle portion of layup [04]. All four legs are
connected to the middle section using the TIE constraint option in Abaqus.

[0,/90,] [90,/0,]
[0,/90,] [04] [0,/90,] [0,/90,] [04] [0,/90,]
[0,/90,] [90,/0,]
(a) Geometry-1 (b) Geometry-2

Figure 2. Two laminate layups considered in the analysis. In (a), all four legs are taken as [02/902] with
a middle portion of layup [04]. In (b), two legs are taken as [02/902] and the other two legs are chosed
with [902/02] with a middle portion of layup [04].

4.1. Cool Down Shapes

Cool-down stable shapes obtained for both geometrical configurations considered are given in
Figures 3 and 4. For geometry-1, an undesired shape was observed in one of the stable shapes where
curvature developed in two legs (legs along x-x) is found to be opposite in nature to the curvature
developed in other two orthogonal legs (legs along y-y). The shapes obtained for geometry-2 are
found to be more interesting as one of the shapes is curved, and the other shape is almost flat in



nature. The comparison of out-of-plane displacement for both shapes at different locations is given
in Table 2.
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Figure 3. Cool-down stable shapes obtained for geometry-1 after curing stage (U3 shows the out-of-
plane displacement).
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Figure 4. Cool-down stable shapes obtained for geometry-2 after curing stage (U3 shows the out-of-
plane displacement).

Table 2. Out-of-plane displacement for both shapes.

Out-of-Plane Displacement

Geometry Location Chosed (mm)
Chosed (mm,mm) Stable Shape Stable Shape
1 2
(xy) = (150,0) 37.80 2.08
(xy) = (0,-150) ~40.50 -51.43
Geometry-1 (x,y) = (<150,0) 37.80 2.08
(x,y) = (0,150) ~40.50 -51.43
(xy) = (150,0) 34.88 0.746
(xy) = (0,-150) 35.64 -4.88
G try-2
comey (x,y) = (~150,0) 34.88 0.746
(x,y) = (0,150) 35.64 -4.88




4.2. Selection of MFCs

As mentioned in Section 4.1, for geometry-1, the curvature developed in two legs (legs along x-
x) is found to be opposite in nature to the curvature developed in other two orthogonal legs (legs
along y-y). Whereas in geometry-2, the curvature developed in two legs (legs along x-x) is found to
be similar in nature to the curvature developed in other two orthogonal legs (legs along y-y).
Considering the aforementioned observation, geometry-2 is considered for the design of the self-
resetting active bistable cross-shaped structure.

The selection of appropriate MFC actuators are very important in the design of active bistable
laminates. Small-sized MFC actuators may require very high voltages to trigger the snap-through
action. A large-size MFC can cause a reduction in the principal curvatures of the stable shapes due to
their additional stiffness contribution. In addition, the bistable plate may lose its bistability with large
sized MFC layers. In order to achieve a preliminary design of the self-resetting active bistable cross-
shaped structure, a parametric study has been conducted, and a set of MFCs are selected for the
subsequent analysis. A design with eight MFC actuators have been chosen, four on either side of the
plate. MFCs are bonded to the outstanding legs of the selected cross-shape. Figure 5 shows the MFC
alignment considered for the present analysis. Dimensions of MFC actuators chosen for this study
are given in Figure 6.
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Figure 5. Macro Fibre Composite (MFC) alignment considered for the analysis. In (a), MFCs on the
top side are shown. In (b), MFCs on the bottom side are shown.
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Figure 6. Dimensions of the MFC actuators considered for the analysis. In (a), MFCs on the top side
are shown. In (b), MFCs on the bottom side are shown.



4.3. MFC Bonded Bistable Shapes

MFC bonded bistable shapes obtained for both geometrical configurations considered are given
in Figure 7. The comparison of out-of-plane displacement for both shapes at different locations are
given in Table 3. As expected, a noticeable reduction in out-of-plane displacement is observed with
the addition of MFC layers to the cured bistable shapes.

U, U3
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Figure 7. MFC bonded stable shapes obtained for geometry-2 (U3 shows the out-of-plane
displacement).

Table 3. Out-of-plane displacement MFC-bonded shapes.

Geometry Location Chosen = Out-of-Plane Displacement (mm)
Chosen (mm,mm) Stable Shape1 Stable Shape 2
(xy) = (150,0) 22.71 243
(xy) = (0,-150) 23.26 8.22
Geometry-2 (xy) = (-150,0) 22.71 2.43
(x,y) = (0,150) 23.26 8.22

4.4. Snap-Through Voltages

The snap-through and snap-back voltages of the active cross-shaped laminate (Figure 5) are
calculated using the apporoach given in Section 2.4, and are given in Table 4. The calculated snap
voltages are higher than the working range of MFC actuators, which may not be practically feasible
in real applications. An optimization scheme is recommended to identify suitable positions and size
of MFC actuators as the future scope, wherein snap-through should be obtained within the working
range of MFC actuators. Extra care should be given in retaining the bistability as it can be disturbed
due to the added stiffness contribution from MFC layers.

Table 4. Snap-through voltages for MFC bonded shapes.

Snap Action Voltage (V)
Top MFC 3196
Snap-through Bottom MFC ~799
Top MFC 3640
Snap-back Bottom MFC -910

5. Conclusions

In the present study, the numerical study of an active bistable cross-shaped structure consisting
of symmetric and unsymmetric laminate actuated using Macro Fibre Composite (MFC) actuators has
been proposed. For the design of the active bistable cross-shaped structure, the cross-shape is split
into four rectangles on the four legs and a square on the middle portion. All the rectangles are made



up of unsymmetric laminates, and the central portion is designed with a symmetric laminate. Suitable
geometrical parameters with two laminate layup sequences are selected for the analysis. The cool-
down bistable shapes of both laminate sequences have been predicted. Subsequently, one of the layup
is chosen to design the active bistable cross-shaped laminate. Using parametric studies, a set of MFCs
are identified to trigger the snap-through and snap-back actions. The size and location of MFCs are
selected in such a way that the plate doesn’t lose its bistable property. Snap-through and snap-back
analysis are conducted, and the voltage requirements of designed active bistable cross-shaped
laminate has been reported. As the calculated snap voltages are higher than the working range of
MEFC actuators, an optimization scheme is recommended as future scope to identify suitable positions
and size of MFC actuators.
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