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Abstract

This paper characterises the properties of bi-stable carbon fibre composites actuated using a macro fibre piezoelectric actuator. An
unsupported piezoelectric–laminate combination was evaluated in terms of its blocking force, free displacement and load–displacement
characteristics. Linear relationships between blocking force and free displacement with applied voltage were observed when the piezo-
electric–laminate combination was actuated in a single stable state. The load–deflection characteristics indicate that significant control of
the snap-through force could be achieved with applied voltage.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

There is increasing interest in structures that can change
shape (or morph), particularly for structural adaptation
concepts in aerospace applications [1,2]. Of the different
methods considered, those using bi-stable composites [3–
11] demonstrate some of the most interesting properties;
notably the ability to generate large changes in shape with-
out the need for a continuous power supply [3].

A bi-stable composite laminate exhibits two distinct
structurally-stable deformation states. The most common
class of bi-stable laminates is the unsymmetric cross-ply
laminate, the bi-stability of which was first reported by
Hyer [12]; these laminates exhibit cylindrical curvature of
opposite sign about generators that lie parallel to the fibre
directions and hence perpendicular to one another.

There is a significant difference in coefficient of thermal
expansions (CTE) of the reinforcing fibres and polymer
matrix materials resulting in anisotropic laminate CTE
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[10,13]. Upon cooling from the elevated cure temperature,
the resulting difference in thermal contraction creates a
residual stress state that is the cause of the observed lami-
nate curvatures [10,14,15].

Classical lamination theory (CLT), based on the Kirc-
hoff hypothesis, predicts that unsymmetric laminates
develop into a saddle-shape during post-cure cooling.
However, as hypothesised [12] and later confirmed by Hyer
[16] laminates with high edge-length to thickness ratios do
not generally form stable saddle shaped laminates. In these
laminates, geometric non-linearities along with large out-
of-plane deformations prevent the saddle-shape being
structurally stable, instead one of two cylindrical states is
observed [12,17]. These effects are not accounted for in
CLT and hence the occurrence of cylindrical deformation
is not predicted.

It has been demonstrated that it is possible to switch
between stable states (induce ‘snap-through’) by superpos-
ing an adaptive stress state onto the residual stress state of
the bi-stable composite [7]. Actuator materials such as
shape memory alloys [6,7,12] or piezoelectric [3–6] materi-
als have been used to develop the adaptive stress to induce
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Table 1
Material properties of composite and MFC (from Smart Material
Corporation)

HTA (12k) 913 Piezoelectric MFCs

E11 (GPa) 135 30.3
E22 (GPa) 18.5 15.9
G12 (GPa) 5.98 5.51
m12 0.29 0.31
Free strain per volt

(10�6/V)
– 0.75–0.90

(low field–high field)
% Strain @ 1500 V – 0.11–0.135
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‘snap-through’ and generate large overall deflections and
changes in shape of the structure. The actuator materials
are generally bonded onto the outer surface of the compos-
ite [3–6] and less work has considered, or attempted, to
fully integrate the actuator material into the composite
structure [7,18].

It is unusual for an actuator or adaptive structure to
actuate or change shape in the absence of an externally
applied mechanical load. In addition, it has been recently
demonstrated that combined piezoelectric and mechanical
loading could offer a practical solution to achieve reversible
snap-through and control the morphing of bi-stable com-
posite structures [9]. Appreciable reversible deflections
and shape change can also be achieved by simply maintain-
ing the unsymmetrical composite structures in a single sta-
ble configuration [9].

Theoretical analysis of bi-stable laminates and the pre-
diction of shapes has been examined by several investiga-
tors. Hyer [16] first formulated an extension to CLT
including geometric non-linearities normally used in
thin-plate theory to predict room temperature shapes of
bi-stable laminates. Hyer’s technique also assumed simple
polynomial out of plane displacement fields within the
Rayleigh Ritz minimisation. Dang and Tang [19], Jun
and Hong [20] among other investigators [21–24] extended
Hyer’s 1981 work [16] with more complex polynomial
displacement fields to predict room temperature shapes of
more general laminates. This area is now well developed
and laminate behaviour can be accurately predicted. The
problem of modelling piezo-electrically actuated morphing
and snap-through however is less understood.

Schultz and Hyer [3] developed a multi-stage method for
modelling the behaviour and snap-through voltage of an
MFC actuated cross-ply laminate. Ren [25] later developed
a single stage modelling technique for MFC actuated cross-
ply laminates that was verified by FEA modelling.

Experimental verification of these models and of the
behaviour of piezoelectrically actuated bi-stable laminates
in general is less well developed. Schultz and Hyer [3]
and Hufenbach [6] have measured the voltage required
to induce snap-through in a laminate resting on a plane
surface, while Dano and Hyer [26] have undertaken anal-
ogous work for thermally actuated laminates. Asanuma
[27] has investigated actuation properties of a thermally-
actuated active laminate, however, it is not known how
piezoelectrically actuated bi-stable laminates behave dur-
ing actuation within a single stable state, or during snap-
through events.

This paper aims to characterise a piezoelectrically actu-
ated bi-stable carbon-fibre laminate in terms of free deflec-
tion, blocking force and load–deflection behaviour within a
single deformation state. Force–displacement behaviour of
the laminate under combined electrical and mechanical
loading during deformation and snap-through are also
characterised. Theoretical explanations based on current
modelling techniques are also presented for the observed
results.
2. Experimental

2.1. Composite manufacture and actuator attachment

An unsymmetric [0/90]T carbon fibre/epoxy composite
measuring 150 · 150 · 0.32 mm3, similar to that examined
by Schultz and Hyer [3], was manufactured to operate as
an unsupported laminate. The composite lay-up procedure
was a standard method for manufacturing carbon lami-
nates using carbon fibre pre-preg sheet (HTA (12k) 913).
The samples were laid on a non-stick pad to ensure that
the composite would not bond to the lay-up surface during
the cure cycle. Once the layers had been placed a thermo-
couple was inserted into the pre-preg plies to monitor the
laminate temperature during the cure cycle. Release film
was placed over the sample and a breather layer was laid
to assist in forming the vacuum during curing. The lami-
nate was run through a standard cure cycle to a maximum
cure temperature of 125 �C and a pressure �0.6 MPa.

The piezoelectric material used was a macro fibre com-
posite (MFCs) from Smart Material Corporation, USA,
which consists of aligned piezoelectric fibres with an inter-
digitated electrode to direct the applied electric field along
the fibre axis. A relatively large MFC patch (M-8557-P1)
was used (110 · 75 mm2) with an active area of
85 · 57 mm2 and an electrode spacing of 0.5 mm. The
material used for the MFC was a Navy Type II lead zircon-
ate titanate (PZT). The maximum operating voltage was
1500 V (biased to the poling direction) with a maximum
reported free strain per volt of 0.75 ppm/V at electric low
field (<1 kV/mm) and 0.9 ppm/V at high field (>1 kV/
mm) [18]. Table 1 provides typical properties of the carbon
fibre material and macro fibre composite.

A two-part araldite epoxy was used to bond the MFC
actuator to the laminate. The surfaces of the actuator
and carbon fibre composite were cleaned and the surface
of the composite roughened to provide better mechanical
adhesion. A small quantity of the adhesive was applied to
the actuator and was evenly spread on its surface to form
as thin a film as possible and ensure good strain transfer
between the actuator and composite. Once attached to
the composite, the actuator and composite were placed
beneath a weight to keep the composite and actuator flat
and in good contact for 24 h while the epoxy cured. Due
to the applied load during bonding, the actuator was



Fig. 1. Composite in state A with MFC attached. The inset shows the
second stable state (state B).
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bonded to the laminate whilst held flat, with the direction
of the main actuator strain (and its piezoelectric fibres)
aligned along the axis of curvature. The actuator–compos-
ite lay-up is therefore [0MFC/0/90]T. Fig. 1 shows the com-
posite with the actuator attached. Attaching the actuator
to the laminate whilst held flat resulted in a final piezoelec-
tric–laminate combination with a smaller degree of curva-
ture compared to the initial laminate. However the
composite remained bi-stable and exhibited two stable
states (state A and state B), as shown in Fig. 1.

2.2. Blocking force

The blocking force is regarded as the maximum force
exerted by an actuator when placed in a perfectly unyield-
ing clamp [28]. To determine the relationship between
applied voltage and blocking force the test rig shown in
Fig. 2 was designed to allow force measurement in an
Instron 1122 mechanical test machine. The rig consisted
of two smooth support rails screwed into an aluminium
top-plate which was supported by four round aluminium
columns. These columns were bolted into both top and
base-plates, with the base plate bolted to an Instron mount-
Fig. 2. Test rig to determined blocking force, free deflection and force–
deflection characteristics. (1) Nylon cross-head; (2) nylon support rails; (3)
composite in state A; (4) laser displacement sensor; (5) standard Instron
boss.
ing boss. The laminate support rails and the cross-head of
the Instron load cell were machined from nylon to provide
electrical isolation of testing equipment from the applied
voltage (up to 1400 V).

A function generator was used to provide sinusoidal AC
input-signals of varying amplitudes to a power amplifier
(TREK PZD700 piezo driver). All signals were positively
DC-biased by half the amplitude, hence all signals cycled
from zero volts to a maximum voltage of 1400 V to main-
tain polarity of the MFC. The laminate was placed on the
support rails in state A (as in Fig. 2) with no applied volt-
age and the cross-head of the Instron was adjusted to just
contact the top of the laminate and was fixed in position. A
test frequency of 0.01 Hz was selected for characterisation
of blocking force, since this produced a corresponding
force which alternated from 0 N (at 0 V) to a maximum
force at the maximum applied voltage with limited phase
difference between applied force and measured load. The
applied AC voltage and resulting force were logged for
150 s. The input was then disconnected and the sample
allowed to relax to its pre-test state. This procedure was
repeated with the input AC voltage adjusted to measure
the upward blocking force from 200 to 1400 V in 200 V
increments.

2.3. Free deflection

Free deflection is defined as the actuator deflection in
the absence of any restraining force. To undertake this
experiment the test rig included a Nippon LAS 5010 V
laser measurement system (see Fig. 2) to measure the centre
point deflection of the laminate with voltage (with the
nylon cross-head moved away from the laminate). The
measurement resolution of the LAS 5010 V was 10 lm over
a 50 mm range. The laser was calibrated using a scribe
table to define a datum plane; this datum was co-planar
with the support surfaces of the nylon rails. Laminate cen-
tre deflection (w) and applied voltage (V) were measured
whilst the composite was in state A and logged at 1 Hz.
The displacement (d) is defined as the central displacement
at voltage V relative to its original position at 0 V. The
applied voltage was increased from 0 to 1400 V in incre-
ments of 200 V. At each 200 V increment the voltage was
held constant for 60 s to determine any time dependency
of the laminate displacement. The application of the volt-
age, which increases the length of the MFC actuator in
the fibre direction, led to an increase in the curvature of
the piezoelectric–laminate combination and an increase in
the centre deflection of the composite [9].

2.4. Force–deflection behaviour

The test fixture was also used to test the laminate under
simultaneous mechanical and electrical loads to examine
the influence of voltage on stiffness and snap-through
behaviour of piezoelectric–laminate combination. The load
was applied by the nylon cross-head in the centre of the
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laminate and the laser used to quantify laminate deflection
(thus removing inaccuracies caused by machine deflection).
The laminate was placed on the support rails in state A and
the nylon cross-head adjusted to within 1 mm of the lami-
nate surface. The cross-head was then lowered at 1 mm/
min and data was recorded at a sample rate of 10 Hz. All
tests were performed in an initial state A position until
snap-through of the piezoelectric–laminate combination
to state B. Tests were performed at applied voltages
between 0 and 1400 V in 200 V increments. These data
were used to plot force–deflection curves for all applied
voltages to examine the influence of voltage on effective
stiffness and snap-through force.

3. Results and discussion

The three types of testing method will now be described.
Firstly, the cross-head is fixed and in contact with the lam-
inate to evaluate the ‘blocking force’ with voltage. Sec-
ondly, the cross-head is moved away from the laminate
to measure the ‘free deflection’ with voltage. This blocking
force and free deflection data are then combined to gener-
ate a ‘force-generation versus displacement’ diagram. The
third test is to lower the cross-head at a constant rate to
induce snap-through of the laminate from state A to state
B.

3.1. Blocking force

Fig. 3 shows the relationship between applied voltage
and blocking force to be approximately linear with a corre-
lation factor (R2) of 0.99. The linear relationship can be
understood by a mechanical assessment of the system (see
inset of Fig. 3). Assuming that the supporting edges of
the laminate behave as though they are pin-jointed, the
laminate may be considered as simply supported. Due to
y = 0.0014x

R2 = 0.9906
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Fig. 3. Blocking force versus applied voltage. Cross-head displacement is
fixed.
the fixed cross-head position and static nature of blocking
force testing, the laminate may be simplified as a 1D beam
subject to a mid-span point loading. From the beam equa-
tion [29] for a beam of span L, stiffness E and a second
moment of area I, it can be seen from Eq. (1) that there
is a linear relationship between the strain (e) at the upper
surface of the beam (where the MFC is attached) and
applied load (F).

e ¼ FLy
4EI

ð1Þ

where y is the distance from the neutral axis. Considering
Eq. (1) it can be seen that the influence of the MFC is to
induce a strain at the upper surface of the laminate which
in turn develops the force (F) which will be directly propor-
tional to the piezoelectric strain and voltage.

Leakage current from the MFC into the laminate was
measured during application of 1400 V and found to be less
than 0.01 mA. Temperature change of the MFC during
excitation at 1400 V was measured by calibrated Infrared
thermography and found to be 0.2 K over 60 s, the carbon
laminate experienced a temperature change of approxi-
mately 0.15 K in this time.

3.2. Free deflection

The centre displacement (d) of the piezoelectric–lami-
nate combination in state A, 1 and 60 s after the applica-
tion of each 200 V increment is shown in Fig. 4a. Under
the test conditions centre displacement is equal to the lam-
inate free deflection as defined in Section 2.3. The applica-
tion of a voltage to the MFC leads to an increase in the
curvature of the laminate and hence the free deflection
increases linearly with applied voltage. As shown by Ren
[25], laminate curvature (k) is proportional to the voltage
applied to the MFC. Assuming deflection of the laminate
is of the form:

wðx; yÞ ¼ k � x2 ð2Þ

where w is the deflection of the laminate at a point relative
to the flat laminate and x is the distance from the laminate
edge in the x-direction. Knowing that maximum deflection
(wmax) occurs at the mid-span (L/2) it can be seen from Eq.
(2) that the centre deflection of the laminate may be written
as:

wmaxðL=2; 0Þ ¼ k � L2=4 ð3Þ

From Eq. (3) it can be seen that maximum laminate deflec-
tion (wmax) is proportional to laminate curvature. As both
central deflection (wmax) and voltage applied to the MFC
(V) are proportional to laminate curvature (k), it follows
that central displacement (d) must also be proportional to
applied voltage. In this single state deformation mode the
piezoelectric–laminate combination is in many ways similar
to THUNDER and LIPCA actuators [30], which are also
curved due to differing coefficients of thermal expansion
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of individual layers in the actuators. These actuators also
demonstrate linear relationship between deflection and ap-
plied voltage or electric field [30]. The thermally actuated
active laminate of Asanuma [27] also exhibited linear rela-
tionship between laminate temperature, the analogous exci-
tation for the laminate, and free deflection.

There is some creep (drift) of the displacement where the
rate of drift decays with time. The degree of drift appears to
increase as the applied voltage increases (Fig. 4a). Hystere-
sis and creep in piezoelectric materials, such as lead zircon-
ate titanate (PZT), is thought to be due to a delayed
response to domain switching. The creep response has a log-
arithmic shape over time [30,31] and is commonly observed
when piezoelectric materials are subjected to conventional
open-loop actuation with a rapid change in applied voltage.
The creep response has a logarithmic shape over time (t)
and follows Eq. (4) [32].

xðtÞ ¼ x0 1þ c log
t

0:1

� �h i
ð4Þ

where x(t) is the piezoelectric actuator’s displacement (cen-
tre deflection) for any fixed input voltage, x0 is a nominal
constant displacement value (namely the displacement
0.1 s after applying the input voltage) and c is a creep fac-
tor which determines the logarithmic creep rate (percent
change per time decade). The rate of the creep, and c, are
a function of the input voltage. Fig. 4b shows time deflec-
tion data for 200, 400 and 600 V, showing the creep in dis-
placement. As an example, Eq. (4) is shown fitted to the
data for 400 V with a good fit for a creep factor of 0.075;
determined by graphical fitting of the data to a plot of
x(t) versus log10(t/0.1). Typical c values for the data for
200–1400 V range from 0.03 to 0.08.

3.3. Blocking force-free deflection

While the maximum free deflection of the actuator is
known (with no applied force) and the maximum blocking
force is known (with no deflection), the response of the
laminate under combined force generation and deflection
are estimated using a ‘force-generation versus displace-
ment’ diagram. If xfree is the free deflection, F is force
and D is actual displacement under combined electrical
and mechanical loading, the relationship between them is
given by Eq. (5) [28].

D ¼ xfree �
F

kactuator

ð5Þ

where kactuator is the stiffness of the actuator (N/mm). From
Eq. (5), when D = 0 the blocking force F is kactuator Æ xfree

and when F = 0 the displacement D is xfree.
Fig. 5 is a force-generation versus displacement diagram

constructed using the free deflection and blocking force
data discussed in Sections 3.1 and 3.2. The intercept points
on the force (x)-axis as a function of voltage correspond to
the blocking force data in Fig. 3, while the intercept points
on the deflection (y)-axis correspond to the free deflection
data (Fig. 4). For conditions of simultaneous displacement
and force-generation (such as an actuator pushing against
a spring of stiffness ks) a line is drawn between these two
extreme points at each voltage (which is a line based on
Eq. (5)). Since the gradient of the lines in Fig. 5 are �1/
kactuator the near approximate gradient suggests that lami-
nate elastic modulus does not change significantly with
applied voltage whilst in state A.

3.4. Force–displacement until snap-through

Fig. 6 shows the force–displacement behaviour of the
piezoelectric–laminate combination as the cross-head in
Fig. 2 is lowered at a constant rate, causing the laminate
to snap-through from state A to state B under displacement
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control. Cross-head displacement has been used in Fig. 6
since the total displacements exceed the measurement range
of the laser (>5 mm). The force–displacement curves are
initially linear but the gradient of the force–displacement
curve decreases as the laminate begins to snap from state
A to state B. From Fig. 6, the transition from state A to
state B does not take place in a single stage. Potter et al.
[33] have examined the process in detail and observed
that snap-through does not occur immediately after a peak
load, but rather a slow reduction in the load as one side
of the sample reverses its curvature (see inset of Fig. 6).
Snap-through (and a final rapid reduction in load) occurs
when the other side of the laminate also reverses its curva-
ture [33].
The stiffness of the piezoelectric–laminate combination
can be calculated from the linear force–displacement char-
acteristics during the initial 1 mm deflection of the lami-
nate. Since the initial displacement was measured via the
laser, the additional deflections of the test fixture are
removed. The variation in stiffness of the piezoelectric–lam-
inate combination with applied voltage is shown in Fig. 7.
Compared to Fig. 5 (which shows no change in stiffness
with voltage) the variation in stiffness with applied voltage
is less clear. There is, however, a more significant change in
the peak snap-through forces from state A to state B,
which increases linearly with applied voltage (see Figs. 6
and 8). This can be explained by considering that voltage
applied to the actuator results in an increase in the curva-
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ture and centre deflection of the laminate. Since the lami-
nate stiffness is approximately constant but centre deflec-
tion is higher, a greater force is required to flatten the
piezoelectric–laminate sufficiently to initiate snap-through
from state A to state B.

4. Conclusions

This paper has characterised the actuator properties of a
bi-stable carbon fibre composite with a piezoelectric actua-
tor bonded to its upper surface. An unsupported piezoelec-
tric–laminate combination was evaluated in terms of its
blocking force, free displacement and load–displacement
characteristics. Linear relationships between blocking force
and free displacement with applied voltage were observed
when the laminate was actuated in a single deformation
state. The creep of the structure was attributed to the char-
acteristics of the piezoelectric material under open-loop
control. Although no significant change in stiffness of the
piezoelectric–laminate combination with applied voltage
was observed, the force–displacement actuator characteris-
tics indicate significant control of the snap-through force
could be achieved by the application of voltage to the pie-
zoelectric actuator.
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