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a b s t r a c t
In this study, the effect of the initial curvature of a tool plate on the snap-through load of square cross-ply
bistable composites was analyzed. The snap-through load is a function of the cured curvature and residual moment. In the curing process, both these physical quantities are affected by the initial tool-plate curvature. As a result, the snap-through load can also be changed by adjusting the initial tool-plate
curvature. Then, for evaluating its effect on the snap-through load, a snap-through process was simulated
by minimizing the total potential energy of the bistable composites through the Rayleigh–Ritz approximation method. The simulation results show that the snap-through load changes linearly with the initial
tool-plate curvature. The simulation results are compared with those obtained experimentally and by a
ﬁnite element analysis (FEA) in order to verify the pre-identiﬁed effect of the initial tool-plate curvature.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Bistable composites have two stable shape (cylindrical shapes
[1–7] or saddle shapes [8]) as a result of the coupling effect
between their residual stress and geometric nonlinearity. These
composites can be snapped through (i.e. from one stable shape to
the other at a speciﬁc mechanical load) [9–11]. During this snapthrough action, a large out-of-plane deﬂection occurs at a fast time
scale with respect to quasi-static phenomena. After snap-through,
the bistable composites remain in a stable state without requiring
any additional energy supply to maintain a constant shape. Owing
to these interesting properties, bistable composites have attracted
research attention in the ﬁelds of aerodynamics, energy harvesting
and robotics for developing a high-energy-efﬁciency morphing
structure or device [12–21].
In the ﬁeld of aerodynamics, the concept of a morphing airfoil
was proposed on the basis of bistable composites [12–16]. Furthermore, analytical models were developed to design and control the
morphing airfoil based on bi-stable composites [17,18]. Further, in
the ﬁeld of energy harvesting, an energy harvesting device was ﬁrst
developed by combining bistable composite plates with a piezoelectric patch for effective energy harvesting and subsequently
analyzed [19,20]. In the ﬁeld of biomimetics, a ﬂytrap-inspired
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robot was developed by employing a cross-ply laminated bistable
composite. This robot was found to well mimic the prey capture
behavior of the Venus ﬂytrap owing to the snap-through action
of the bistable composite [21].
Generally, morphing structures such as a morphing wing or a
ﬂytrap-inspired robot require different stable shapes and different
structural stabilities depending on the circumstances (e.g., the
ﬂight condition or the open and closed states of a ﬂytrap)
[13,17]. For this reason, the cured curvatures or the snap-through
load of bistable composites should be adjusted differently in each
stable state depending on the design requirement.
Unfortunately, this adjustment is not easy to perform, because
unsymmetric cross-ply laminates are ordinarily cured on a ﬂat tool
plate. Moreover, if the laminates have an alternating layers of
orthotropic laminae with equal thickness and identical material
properties on both sides of the mid-plane axis, e.g., [90°/0°], [90°/
0°/90°/0°], or [90°/90°/0°/0°], the cured curvatures of both the
stable states are forced to be identical to each other, and so are
the snap-through loads of these states.
Although the desired result is expected to be obtained by the
modiﬁcation of the lay-up sequence of laminates, e.g.,
[90°/90°/90°/0°/0°], this approach results in alteration of other
design-dependent variables (e.g., the thickness and stiffness of
laminates). As a result, this design approach of bistable composites
results in a structurally overweight or a mechanically over-stiff
composite. Therefore, to be able to apply the design of bistable
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composites more ﬂexibly to morphing structures, it would be
desirable to consider a method for adjusting the cured curvature
or the snap-through load while minimizing the change in the
design-dependent variables.
Several strategies were introduced to address this problem.
These can be categorized into three strategies. One strategy is to
connect the different angle-ply laminated composites with each
other in parallel or series [22–24]. From this strategy, the multistable shape of bi-stable composite was attained and controlled
without changing the thickness of composite. Another strategy is
to prestress the selected plies of symmetric laminates before curing process by means of the speciﬁcally manufactured prestress
machine [25,26]. The snap-through load and curvature of the symmetric laminated composites was tailored by unsymmetrically
prestressing on the basis of the neutral axis. Other approach is to
apply an initial curvature to unsymmetric laminated composites
by using an initially curved tool plate [5,27]. In this approach,
the initial curvature of the tool plate affects the cured curvature
while keeping the thickness and stiffness of the composites.
Although the previous paper [5,27] did not focus on the snapthrough load, it is an important design factor in the practical application of morphing structures that are based on the snap-through
action of bistable composites. Accordingly, in addition to curvature
tailoring, the snap-through load of bistable composites also needs
to be adjusted.
On the basis of the logic explained below, we expect that the
snap-through load can be adjusted by tailoring the initial toolplate curvature. The initial tool-plate curvature affects the cured
curvature; this cured curvature is closely related to the bending
deformation energy of the bistable composite, which is required
to be supplied until a snap-through occurs. Consequently,
because the snap-through load is also related to the bending
deformation energy, this load will also be affected by a change
in the cured curvature induced by a change in the initial toolplate curvature.
If the effect of the initial tool-plate curvature on the snapthrough load can be evaluated, the snap-through load of bistable
composites could also be adjusted to meet various design requirements. Then, it would be possible to effectively apply bistable composites as morphing structures, which require different structural
shapes and different structural stabilities depending on the circumstances. The present study therefore aims to estimate the
effect of the initial tool-plate curvature on the snap-through load
of unsymmetric cross-ply laminated composites. First, a snapthrough process is simulated by minimizing the total potential
energy of the square cross-ply bistable composites, by employing
the Rayleigh–Ritz approximation method. The simulation results
show that the snap-through load changes linearly with the initial
tool-plate curvature. These results are compared with those
obtained experimentally and by a ﬁnite element analysis (FEA) in
order to validate the pre-identiﬁed effect of the initial tool-plate
curvature on the snap-through load.

Fig. 1. Two stable conﬁgurations of square cross-ply bistable composites: (a) Mode
1: jxx > 0, jyy  0; (b) Mode 2: jxx  0, jyy < 0; and (c) tool plate: jxx – 0, jyy = 0.

The snap-through process is separately categorized into a snapforth process and a snap-back process depending on the sequence
of mode change. Speciﬁcally, snap-forth refers to snap-through
from Mode 1 to Mode 2, and snap-back refers to snap-through
from Mode 2 to Mode 1, as illustrated in Fig. 2.
In order to induce snap-through, a mechanical load should be
applied with the aim of unrolling the bistable composite. For
example, if an x-directional moment is applied to the bistable composite in Mode 1, it will just unroll while maintaining the x-directionally curved cylindrical shape at the beginning of deformation.
However, when the dominant curvature of the bistable composite
reaches a certain x-directional deformation curvature (henceforth
referred to as the ‘‘snap-forth starting curvature’’), the composite
starts transforming from Mode 1 to Mode 2 (i.e., snap-forth) by
itself. In other words, at the snap-forth starting curvature, the
direction of the dominant curvature starts changing from the xdirection to the y-direction, which is perpendicular to the direction
of the external moment and direction of the dominant curvature.
In order to explain the above phenomenon, we make the following two assumptions:
1. A driving mechanism exists that is acting perpendicular to the
direction of the dominant curvature of each mode.
2. The snap-through starting curvature is the minimum or critical
curvature at which the driving mechanism is sustained.

2. Snap-through of bistable composite and its driving
mechanism
Two stable shapes of the square cross-ply bistable composite
are deﬁned as Mode 1 and Mode 2 depending on the orientation
of the curvature of the bistable composite with respect to the initial tool-plate curvature, as illustrated in Fig. 1. Speciﬁcally, Mode 1
is deﬁned as a cylindrical shape in which the dominant curvature is
parallel to the initial tool-plate curvature, i.e., the x-directional curvature jxx. On the other hand, Mode 2 is deﬁned as a cylindrical
shape in which the dominant curvature is perpendicular to the initial tool-plate curvature, i.e., the y-directional curvature jyy.

83

Fig. 2. Schematic of snap-forth and snap-back processes.
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In fact, in the case of Mode 1, the internal residual moment is
induced in the y-direction, which is perpendicular to the direction
of the dominant curvature. This y-directional internal residual
moment (Mode 1 M residual
) is distributed along the x-directional edge,
y
as shown in Fig. 3. The internal residual moment becomes zero
at the free edge (y = ±L/2) in order to satisfy the stress-free
boundary condition. However, it rapidly recovers to a constant
value when it approaches the interior region of the cylindrical
panel. In this study, we focus only on the constant internal residual
moment away from the free edges.
The constant internal residual moment (hereafter simply called
‘‘residual moment’’) acts in a direction perpendicular to the
direction of the dominant curvature of each mode. Therefore, this
residual moment might be one of the important factors that trigger
the snap-through mechanism. Consequently, the snap-forth
starting curvature mentioned in the second assumption above
can be reinterpreted as being the minimum curvature at which
the residual moment can be sustained. According to the second
assumption, the snap-forth load would also be affected by the
change in the snap-forth starting curvature with a change in the
y-directional residual moment. Contrary to the case of snap-forth,
in the case of snap-back, the snap-back load would be affected by
the x-directional residual moment.
Therefore, the residual moment, in addition to the cured curvature, is an important factor in the design of the snap-through load.
For example, in the prediction of the snap-forth load, both the xdirectional cured curvature and the y-directional residual moment
should be considered. Similarly, in the prediction of the snap-back
load, both the y-directional cured curvature and the x-directional
residual moment should be considered.
For these reasons, changes in the residual moment and cured
curvature with the initial tool-plate curvature need to be examined
prior to predicting the change in the snap-through load induced by
the initial tool-plate curvature. First, the cured curvature, as well as
the mid-plane strain ﬁelds, can be easily estimated by using the
explicit model of Ryu et al. [27]. Next, the residual moment can
be estimated from the deﬁnition of moment resultant in the classical laminate theory. The material properties and stacking
sequence of the laminated composites were adopted from the
study of Ryu et al. [27].
As an example, the cured curvature and residual moment were
estimated under increasing x-directional initial tool-plate curva-

1. In the case of snap-forth, the snap-through starting curvature
should not be changed, because the y-directional residual
moment of Mode 1, which is the driving mechanism for the
snap-forth process, is not affected by the x-directional initial
tool-plate curvature.
2. In the case of snap-back, the snap-through starting curvature
should be increased because the x-directional residual moment
of Mode 2, which is the driving mechanism for the snap-back
process, increases with increasing x-directional initial tool-plate
curvature.
3. Considering the two assumptions and the known relation
between the cured curvature and the x-directional initial toolplate curvature, the snap-forth load should be increased with
increasing the x-directional initial tool-plate curvature. In contrast to the snap-forth load, the snap-back load should be
decreased with increasing the x-directional initial tool-plate
curvature.
3. Snap-through of bistable composites subjected to line-edge
moment
In this section, we estimate the snap-forth and snap-back loads
(moments) by the Rayleigh–Ritz approximation method to determine the relationship between the snap-through load and the initial tool-plate curvature.
3.1. Simple analytical model
The simple analytical model is derived by minimizing the total
potential energy including a moment equilibrium condition. The
minimization is performed using the Rayleigh–Ritz approximation
method as follows:

0.30

Residual moment (N-m/m)

ture. When the bistable composite is in Mode 1, the x-directional
initial tool-plate curvature affects only the x-directional cured curvature of Mode 1, as shown in Fig. 4(a). However, when the bistable composite is in Mode 2, the x-directional initial tool-plate
curvature affects only the x-directional residual moment of Mode
2, as shown in Fig. 4(b). In addition, both quantities (i.e. the xdirectional cured curvature of Mode 1 and the x-directional residual moment of Mode 2) are increased with increasing initial
curvature.
If the two abovementioned assumptions are correct and when
the abovementioned known relation between the cured curvature
and the x-directional initial tool-plate curvature is considered,
application of the x-directional initial tool-plate curvature will
have the following effects.
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where dP⁄ is the ﬁrst variation of the total potential energy and dP
is the ﬁrst variation of the strain energy of the bistable composite.
The difference between the internal moment Minternal and the external moment Mexternal acts as the moment equilibrium constraint
that conjugates to the Lagrange multiplier K.
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3.1.1. Strain energy of bistable composites
Assuming a plane stress state, the strain energy of unsymmetric
cross-ply laminated composites with initial tool-plate curvature is
expressed as

True distance along centerline (m)
Fig. 3. Distribution of internal residual moment along centerline of bistable
composites (FEA result of unsymmetrically laminated cross-ply bistable
composite).
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Fig. 4. Cured curvature and residual moment as a function of x-directional initial tool-plate curvature (analysis results).
i

where Q ab is the transformed plane-stress reduced stiffness of the
ith layer; L is the side length of the composites; and zup
and zlow
i
i
denote the positions of the upper surface and lower surface, respectively, corresponding to the ith layer. The elastic strains exx, eyy, cxy
are given by the difference between the total strains and the inelastic strains, as expressed in Eq. (3):
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Inelastic strains are deﬁned as the sum of the thermal strains
and the strain induced by the initial tool-plate curvature.
Thermal strains are deﬁned as the product of the thermal
coefﬁcients axx, ayy, axy and the change in temperature, DT. The
tool-plate-induced strains are expressed as the product of the initial tool-plate curvature jinitial
and the distance from the mid-plane
xx
total
total
axis, z. The total strains etotal
are represented by a
xx ; eyy ; cxy
quadratic form that has six undetermined Ritz coefﬁcients: the
constant mid-plane strain terms nxx, nyy, the quadratic mid-plane
strain terms kxx ; kyy , and the constant curvatures jxx, jyy of the
bistable composite. The total strains are derived by making three
assumptions—assumption of an inﬁnitesimal strain, assumption
of a Kirchhoff–Love thin plate/shell, and assumption of a constant
curvature shape [27].
3.1.2. Moment equilibrium
The internal and external moments must be compared to
determine whether or not the moment equilibrium condition has
been satisﬁed. For this comparison, the internal moment should
be calculated by considering the neutral axis.
Generally, the moment resultant is deﬁned on the basis of the
mid-plane axis in the classical laminate theory. However, in the
case of unsymmetric cross-ply laminated composites, the midplane axis does not coincide with the neutral axis. Therefore, the
internal moment resultant should be recalculated on the basis of
the neutral axis.

where d is the distance from the mid-plane axis to the neutral axis,
as illustrated in Fig. 5.
Further, in the case of snap-back, since the external moment is
applied to the edge (i.e., y = ± L/2), the corresponding internal
moment is recalculated as
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3.1.3. Minimization of total potential energy
The ﬁrst variation of the total potential energy, dP⁄, should be
equal to zero to ensure the existence of a solution. The requirement
for the existence of a solution is given as follows:
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Eq. (6) is a compilation of nonlinear algebraic equations that
have seven unknowns: nxx ; nyy ; kxx ; kyy ; jxx ; jyy ; K. In order to solve
these nonlinear algebraic equations, the Newton–Raphson iterative method is used. The cylindrical shape of Mode 1 for snap-forth
and the cylindrical shape of Mode 2 for snap-back is assumed as an
initial solution. In each subsequent step (i.e., loading step), an initial solution uses the calculation result obtained in the previous
step.
3.2. Analysis results
Cross-ply [0/90] bistable composites with x-directional initial
tool-plate curvatures of 0, 4, 5, 6.66, and 8.33 m1 are considered
in this study. Properties of the material of the lamina, i.e., carbon
ﬁber prepreg, are summarized in Table 1; these properties are also
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Fig. 5. Schematics of loading conditions and positions of neutral axes: (a) and (b) snap-forth and (c) and (d) snap-back.

Table 1
Material properties of carbon ﬁber prepreg.
Parameter

Unit

Axial tensile modulus
Transversal tensile modulus
Shear modulus
Poisson’s ratio
Thickness
Thermal expansion coefﬁcient parallel to ﬁber
direction
Thermal expansion coefﬁcient perpendicular to ﬁber
direction
Temperature change

E1
E2
G12

GPa
GPa
GPa

a1

mm
°C1

96
6.9
3.4
0.3
0.085
0.19e6

a2

°C1

38e6

DT

°C

145

m12
t

considered in the experiments described later in the paper. The
lamina material used in the study is CU 0503 carbon ﬁber reinforced plastic (Hankuk Carbon). The prepreg is cut into squares
with a side length of 150 mm.
In the snap-through analysis, the moment is applied along the
edge (i.e., x = ±L/2 for snap-forth and y = ±L/2 for snap-back), as
illustrated in Fig. 5. During the application of the moment, the
deformation curvatures are estimated at regular intervals. The
snap-through moment is the value at which the strain energy of
the bistable composites attains a maximum.

Snap-through moment (N-m)

0.050
0.048

Snap-forth
Snap-back

0.046
0.044
0.042
0.040
0.038
0.036

Initial tool-plate curvature (m-1 )
Fig. 6. Change in snap-through moment with initial tool-plate curvature (analysis
results).

As is clear from the results of the snap-through analysis shown
in Fig. 6, the snap-forth moment increases linearly with the initial
tool-plate curvature. However, the snap-back moment decreases
linearly with increasing initial tool-plate curvature.
The snap-through moment can be predicted easily but quite
accurately if the cured curvature and snap-through starting curvature are both known. This is because the bending rigidity of the
bistable composite is nearly constant before the snap-through process starts but it decreases rapidly after snap-through occurs, as
shown in Fig. 7. As a result, the snap-through moment can be
approximated as a product of the bending rigidity and the difference between the cured curvature and the snap-through starting
curvature. Hence, the snap-through moment is closely related to
the cured curvature and the snap-through starting curvature.
First, in the case of snap-forth, the cured curvatures of Mode 1
(i.e., the starting deformation curvatures of the linear region of the
Mx1jxx curve) increase linearly with the initial tool-plate curvature. However, the snap-forth starting curvatures (i.e., the ending
deformation curvatures of the linear region of the Mx1jxx curve,
which are indicated by the dots in Fig. 7(a)) are identical to each
other regardless of the initial tool-plate curvature. For this reason,
the difference between the cured curvature and the snap-forth
starting curvature increases linearly with the initial tool-plate curvature. As a result, the snap-forth moment also increases linearly
with increasing initial tool-plate curvature. The variation trend of
the snap-forth moment with a change in the initial tool-plate curvature agrees well with the predicted result as presented earlier.
Additionally, the relation between the y-directional residual
moment Mode1 mResidual
and the snap-forth starting curvature
y
supports the second assumption. As mentioned earlier, the
y-directional residual-moment and the snap-forth starting
curvature remain constant regardless of the initial tool-plate curvature. In other words, there is one-to-one correspondence
between the y-directional residual moment and the snap-forth
starting curvature, as expected earlier.
Second, in the case of snap-back, the cured curvatures of Mode
2 (i.e., the starting deformation curvatures of the linear region of
the My2jyy curve) change very slightly with the initial tool-plate
curvature. However, the snap-back starting curvatures (i.e., the
ending deformation curvatures of the linear region of the My2jyy
curve, which are indicated by the dots in Fig. 7(b)) decrease
linearly with increasing initial tool-plate curvature. For this reason,
the difference between the cured curvature and the snap-back
starting curvature also decreases linearly with increasing initial
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Fig. 7. Curve of moment vs. deformation curvature for each initial tool-plate curvature (analysis results): (a) snap-forth and (b) snap-back.

tool-plate curvature. As a result, the snap-back moment also
decreases linearly with increasing initial tool-plate curvature. The
variation trend of the snap-back moment with a change in the initial tool-plate curvature agrees well with the predicted result as
presented earlier.
Additionally, the relation between the x-directional residual
moment Mode2 mResidual
and the snap-back starting curvature
x
supports the second assumption. As mentioned earlier, the
x-directional residual-moment and the snap-back starting curva-

ture change with changing initial tool-plate curvature. Therefore,
one-to-one correspondence also exists between the x-directional
residual moment and the snap-back starting curvature. The
interpretation of this result is that the increased residual moment
makes it difﬁcult to sustain a cylindrical shape with a relatively
small curvature. For this reason, the snap-back of the bistable
composite with an initial tool-plate curvature starts earlier than
that of the bistable composite with a zero initial tool-plate
curvature.

Fig. 8. FE analysis of snap-through of bistable composite subjected to a moment: (a) before curing process, (b) after curing process and snap-forth, (c) after snap-forth and
snap-back, (d) after snap-back, and (e) loading history of FE analysis.
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Fig. 9. Curve of moment vs. deformation curvature for each initial tool-plate curvature (FEA results): (a) Mx1jxx curve for snap-forth and (b) My2jyy curve for snap-back.

4. Veriﬁcation of pre-identiﬁed effect of initial tool-plate
curvature

Snap-through moment (N-m)

0.030

Snap-forth
Snap-back

0.025

0.020

0.015

Initial tool-plate curvature (m-1)
Fig. 10. Change in snap-through moment with initial tool-plate curvature (FEA
results).

4.1. FE analysis of snap-through moment of bistable composites
FE analysis was performed for obtaining results that are more
accurate and for verifying the analysis results obtained by the present simple analytical model. Commercial FE software ABAQUS was
used for the static analysis of the snap-though induced by an external moment [29]. The selected element was a four-node doubly
curved thin shell element (S4). The mesh density was chosen as
20  20 elements in consideration of the convergence property
and computation time. To reduce the computation time further,
one quarter of the entire system was simulated on the basis of
the symmetry of this problem [5].
The FE analysis was divided into two main processes—the
curing process and the loading process—explained as follows.
1. In the curing process, the evaluated temperature (170 °C) is
reduced to the service temperature (25 °C), as shown in

Fig. 11. Experimental procedure for measuring snap-through load: (a) setup for vertical load test, (b) load induced by surface-to-surface contact, (c) continuous pressing, (d),
(e) snap-through, and (f) unloading after snap-through.
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Fig. 8(e). Following the curing process, the bistable composite
takes the cylindrical stable shape of Mode 1 or that of Mode
2, as illustrated in Fig. 8(b).
2. In the loading process, a moment is applied to the ﬂat edge of
the bistable composite to induce snap-through, as shown in
Fig. 8(b).
(1) During the loading process, the strain energy of the bistable
composite increases with increasing moment. Snap-through
eventually occurs at the maximum strain energy, the
moment at which instant is taken as the snap-through
moment in this case. After snap-through, the moment is
removed to check the stability of the snapped cylindrical
shape.
(2) Following the relaxation, the moment is reapplied to the
ﬂat edge of the snapped bistable composites in the opposite
direction to induce snap-through, as illustrated in Fig. 8(c).
After snap-through has occurred, the corresponding
moment is also removed.
As shown in Figs. 9 and 10, the results of the FE analysis demonstrate that the snap-forth moment and the snap-back moment

respectively increase and decrease linearly with the initial toolplate curvature, as was the trend in the pre-analysis. The magnitude of the overall snap-through moments in the FE analysis is
smaller than those in the pre-analysis. Nonetheless, the effects of
the initial tool-plate curvature on the snap-through moment are
identical in both the FE analysis and the pre-analysis.
The difference between these two results is attributed to the
assumption of a constant curvature in the analytical model. In
the case of thin bistable composites, snap-through occurs under
complex deformations (e.g., noncylindrical bending or warpage)
[28]. However, this assumption cannot represent local complex
warpage deformations. For this reason, the snap-through load in
the analytical model is overestimated compared to the result
obtained by three-dimensional FE analysis.
4.2. Experiment and FE analysis of snap-through vertical load of
bistable composites
In the previously presented analyses in this paper, the effect of
the initial tool-plate curvature on the snap-through moment was
studied. In the practical experiment of this study, a vertical load

(a)

(b)

(c)

(d)

(e)
Fig. 12. FE analysis of snap-through of bistable composite subjected to line-pressing load: (a) before curing process, (b) after curing process, (c) deformation before snapthrough, (d) after snap-through, and (e) loading history of FE analysis.
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selected for the simulation of the snap-through of the bistable
composites. The mesh density for the bistable composites was chosen as 1600 elements. In order to minimize mesh dependency of
the snap-through vertical load, the analytical rigid surface in ABAQUS [20], which does not require meshes, was employed for generating the rigid components except for the bi-stable composites (i.e.,
the rigid indenter and the rigid plate part).
4.3. Comparison between experimental and FEA results

Fig. 13. Change in snap-through load with initial tool-plate curvature.

was considered instead of a distributed edge moment. Then, experiments and FE analysis were performed for evaluating the snapthrough load of bistable composites subjected to a vertical load,
where an experimentally realizable boundary condition was
considered.
The experimental setup is shown in Fig. 11. An indenter is
aligned parallel to the direction of the dominant curvature of the
bistable composites. The indenter is ﬁxed to the tensile machine.
Therefore, the indenter is movable only in the vertical direction.
The bistable composites are placed on two glass plates, which
are lubricated by oil to minimize the friction between the edge
of the bistable composites and the surface of the glass plate. The
two glass plates are placed parallel to each other on the testing
table at a constant distance. The distance is kept longer than the
width of the indenter to prevent collision between the indenter
and the glass plate.
Before the vertical load test, square cross-ply bistable composites with an initial curvature were manufactured. First, two laminae were cut into squares with a side length of 150 mm. The
lamina with a 0° direction was placed on the tool plate, and its ﬁber
was aligned in a direction parallel to the curvature direction of the
tool plate. The lamina with a 90° direction was placed on the 0°
direction lamina and its ﬁber was aligned in a direction perpendicular to the curvature direction of the tool plate. The cross-ply laminates were packaged in the same way as that done by Ryu et al.
[27]. In the curing process, the temperature was elevated from
room temperature (25 °C) to the curing temperature (170 °C).
Then, the packaged laminates were cured in a curing oven for
2 h. The curing pressure was maintained at 1 atm by an external
vacuum pump during the curing cycle.
The vertical load test was performed by the following
procedure. First, the indenter and the bistable composites were
separated from each other as shown in Fig. 11(a). As the indenter
moved downward, its bottom surface came into contact with the
top surface of the bistable composites, as shown in Fig. 11(b). At
this instant, the vertical load was induced by surface-to-surface
contact; following this, the deformation of the bistable composites
was initiated (Fig. 11(c) and (d)). The vertical load was applied
quasi-statically with downward motion of the indenter until
snap-through occurred. The vertical load at which snap-through
occurs is deﬁned as the snap-through vertical load.
The FE analysis was performed in the same way as the vertical
load test. The FE models used for FE analysis consisted of the bistable composites, a rigid indenter, and a rigid plate part, as illustrated
in Fig. 12. The four-node doubly curved thin shell element (S4) was

For the snap-through experiments, ﬁve different initial
tool-plate curvatures—0, ±5, and ±6.667 m1—were considered.
For each of these initial curvatures, three bistable composite specimens were manufactured. The vertical load tests were performed
six times for each bistable composite specimen: three times for
snap-forth and three times for snap-back.
From the experimental and FEA results presented in Fig. 13, we
found that the snap-through vertical loads were proportional to
the initial tool-plate curvatures. As shown in Fig. 10, the line
moment acting on the square cross-ply bistable composite
specimens also showed this linearity with the value of the initial
tool-plate curvature. Further, as shown in Fig. 13, the snap-through
vertical load obtained by FE analysis was in excellent agreement
with that obtained experimentally.
5. Conclusion
In this study, the snap-through of square cross-ply bistable
composites was simulated and experimentally validated in order
to evaluate the effect of the initial tool-plate curvature on the
snap-through load. This effect was estimated by the present simple
analytical model. Furthermore, for the validation of the pre-identiﬁed initial tool-plate curvature effect, experiments and FE analysis
were performed under a practical loading condition (i.e., vertical
load). The following conclusions were drawn from these analyses.
1. The snap-forth load increases linearly with increasing initial
tool-plate curvature.
2. In contrast, the snap-back load decreases linearly with increasing initial tool-plate curvature.
Given this linear relation, the snap-through load of square
cross-ply bistable composites with an arbitrary initial curvature
can be easily predicted by just two snap-through experiments:
with and without the initial curvature. Additionally, the approach
of adding an initial curvature is expected to reduce the design complexity of square cross-ply bistable composites because the snapthrough load is controllable without any changes in the existing
design variables (e.g., thickness and lay-up sequence). For all these
reasons, we expect that the designers of bistable composites will
be able to easily predict and design the snap-through load by making use of the initial tool-plate curvature effect through a simple
analysis.
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