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Manufacture and Characterisation of Piezoelectric Broadband  
Energy Harvesters Based on Asymmetric Bistable Laminates

PETER HARRIS, CHRIS R. BOWEN and H. ALICIA KIM*

Department of Mechanical Engineering, University of Bath, Bath, BA2 7AY, UK

1.  INTRODUCTION

Devices for the conversion of vibrational energy to elec-
trical power have received increasing interest in the past de-
cade, with a particular application of autonomous low power 
devices such as wireless sensor nodes. A variety of methods 
have been considered including electrostatic generation [1], 
electromagnetic induction [2] and the piezoelectric effect [3]. 

The piezoelectric effect has a number of advantages in-
cluding ease of integration within a system, higher strain en-
ergy densities compared to electrostatic and electromagnetic 
systems and a purely solid-state conversion between electri-
cal and mechanical energy [4]. In many cases piezoelectric 

energy harvesting devices have been designed to operate 
close to a resonant frequency to optimise the power genera-
tion, for example simple linear cantilevered beam configu-
rations [5]. An alternative approach is to exploit non-linear 
dynamics, such as bistability, to improve the power harvest-
ing capability. As an example, the dynamic modes of non-
linear systems have been observed to produce power across 
a broadband range of frequencies [6].

A common nonlinear piezoelectric energy harvesting 
device is a bistable cantilever system where the bistabil-
ity is induced using an external arrangements of magnets. 
An alternative method presented by Erturk, et al. employs 
a piezoelectric element attached to the surface of a com-
posite laminate with an asymmetric stacking sequence [3]. 
Such an approach is aimed at exploiting the inherent bista-

© 2014 DEStech Publications, Inc. All rights reserved. 
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ABSTRACT

Piezoelectric energy harvesters that convert mechanical vibration into electrical en-
ergy are potential power sources for systems such as autonomous wireless sensor 
networks or safety monitoring devices. However, ambient vibrations generally exhibit 
multiple time-dependent frequencies, which can include components at relatively low 
frequencies. This can make typical linear systems inefficient or unsuitable; particularly if 
the resonant frequency of the device differs from the frequency range of the vibrations 
it is attempting to harvest. To broaden the frequency response of energy harvesters 
researchers have introduced elastic non-linearities; for example by designing bistable 
harvesters with two energy wells. Methods employed to induce bistability include mag-
netic interactions, axial loading, and buckling of hinge-like components. An alternative 
method has been recently considered where a piezoelectric element is attached to 
bistable laminate plates with an asymmetric stacking sequence to induce large am-
plitude oscillations. Such harvesting composite structures have been shown to exhibit 
high levels of power extraction over a wide range of frequencies. In this paper we 
manufacture and characterise the energy harvesting capability of bistable asymmet-
ric laminates coupled to piezoelectric materials. Cantilever configurations are explored 
and harvested power levels as a function of load impedance, vibration frequency and 
amplitude assessed. Harvested power levels, natural frequencies and mode shapes 
are compared with linear cantilevers of similar geometry with a symmetrical stacking 
sequence to assess the benefits of using bistable laminate configurations.
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bility arising from anisotropic thermal properties of lami-
nate composites. Figures 1(a) and 1(b) shows the two stable 
equilibrium states of a square bistable [0/90]T carbon fibre 
reinforced polymer (CFRP) laminate with a Macro Fibre 
Composite (MFC) piezoelectric element attached to its cen-
tre. Figure 1(c) shows the double-well strain energy profile 
for the range of curvatures of a bistable composite obtained 
via an analytical model, where the two minima represent the 
two stable equilibria, State 1 and State 2 [inset of Figure 
1(c)] and the saddle point in the centre shows the unstable 
equilibrium, [7]. The energy hill that needs to be traversed 
to ‘snap-through’ from one state to the other is also apparent 
in Figure 1(c).

Bistable laminates have been extensively studied for 
morphing or adaptive structure concepts [8–10] since snap-
through between stable states can result in a large deflection. 
For harvesting applications, a conformable piezoelectric ele-
ment is attached to the laminate surface to generate electri-
cal energy by the direct piezoelectric effect as the structure 
is repeatedly deformed as a result of mechanical vibrations. 
The onset of snap-through events is thought to lead to large 
and rapid variation in strain leading to high power outputs 
achieved over a broad frequency range [3]. Experimentally, 
such harvesting devices have been shown to exhibit high lev-
els of power extraction over a wide range of frequencies; for 
example, approximately 30 mW was achieved for an accel-

Figure 1.  (a) First stable state of [0/90]T laminate with Macro Fibre Composite (MFC) piezoelectric patch; (b) second state; and (c) correspond-
ing strain energy profile.
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eration forcing level of 2.0 g [3], and there are opportunities 
for further optimisation to increase the power output [11] by 
tuning the laminate lay-up and geometry. However, what is 
less clear is how the power output compares quantitatively 
between linear and bistable energy harvesting devices.

The aim of this paper is to present the comparative inves-
tigation of linear and bistable energy harvesters. A cantile-
vered beam configuration is selected of the same dimensions 
made from carbon fibre-reinforced polymer (CFRP) lami-
nates. The linear beam has a symmetrical stacking sequence 
and the bistable beam has an asymmetrical stacking se-

quence of the same plies. The following sections will outline 
the further details of the experimental set up and discuss the 
modal characteristics and the power harvesting capability of 
the two beam configurations.

2.  EXPERIMENTAL

2.1.  Composite Manufacture

Two cantilevered beams were made using unidirectional 
CFRP, HexPly M21 (Hexcel) with a Young's modulus (E11) 

Figure 2.  Laminate lay-ups: (a) linear and symmetric [90/0/0/90]T; and (b) bistable and asymmetric [0/0/90/90]T. The cantilevers were clamped 
at the left hand side. Bistable states: (c) State I; and (d) State II.
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of 178 GPa and shear modulus (G12) of 5.2 GPa [12]. The ply 
layup for the linear beam was [90/0/0/90]T, as shown in Fig-
ure 2(a), and the bistable beam was [0/0/90/90]T, as shown 
in Figure 2(b) where 0° is along the span of the beams. The 
beam dimensions were 280 mm long and 60 mm wide and 
the ply thickness was between 0.185 and 0.195 mm after 
curing. To ensure the clamped end of the bistable cantilever 
remained flat in its two stable states, two additional plies 
were added at one end to make the clamped region sym-
metric [0/0/90/90/0/0]T, Figure 2(b). Figures 2(c) and 2(d) 
shows the two states of the bistable beam.

In order to convert mechanical vibrations of the laminate 
beams into electrical energy a MFC piezoelectric element 
(M8528-P2, Smart Materials) of dimensions 105 mm × 34 
mm was bonded to the surface of the laminate at 35 mm 
from the root. The MFC is based on a lead zirconate tita-
nate (PZT) ferroelectric ceramic which is polarised through 
its thickness with a manufacturer’s specified capacitance of 

172 nF [13]. Figure 3(a) shows a cross section of the MFC 
bonded onto the CFRP showing the piezoelectric fibre in 
the MFC, the upper and lower electrodes to collect the har-
vested charge and the bond layer. Figure 3(b) shows a top-
down view of the MFC attached to the CFRP where the 
piezoelectric fibres and the upper mesh electrode can be 
observed.

2.2.  Composite Characterisation

The first 30 mm of the beams were bolted between two 
aluminum plates to induce the clamped boundary condi-
tion, as shown in Figure 4(a), which also shows the overall 
dimensions. The energy harvester (i.e. the laminate-MFC 
combination) was mounted to an electrodynamic shaker 
(LDS V455) as in Figure 4(b). When undertaking frequency 
sweeps at constant peak acceleration for power generation, 
the shaker signal was generated in LabVIEW (National In-
struments NI-USB-6211 DAQ) which determines the signal 
amplitude to achieve a desired g-level at a particular fre-
quency. This is achieved by initially measuring the velocity, 
and then calculating the acceleration of the central shaker 
attachment for range of drive frequencies (15–200Hz) and 
shaker input voltages (0.05–5.0V) and generating a calibra-
tion table for any chosen g-level. The shaker input in terms 
of drive frequency and input voltage is achieved via a power 
amplifier (Europower EP1500).

In order to characterize the frequency response func-
tion of the energy harvester, a mechanical input signal was 
generated using Polytech’s ‘PSV Acquisition’ software 
(Ver. 8.82). The structural response of the harvester was 
monitored by a laser vibrometer (Polytec PSV-400-M4 with  
VD-09 decoder) to measure the displacement and velocity 
of one point of the harvester 130 mm from the clamped end. 
Reflective tape was adhered to the harvester to improve the 
signal return of the scanning laser, as in Figures 4(a) and 
4(b). Figure 4(c) shows a schematic of the experimental ar-
rangement to characterize the frequency response.

In order to characterise harvested power it is necessary 
to attach a resistive load the to piezoelectric element as it 
is under vibration. A load resistor is attached across the 
MFC and the potential difference across it measured using 
an oscilloscope (Agilent 54835A). The optimal load resis-
tance (RL) for maximum power at a particular frequency (f) 
is achieved by matching the load impedance to the capacita-
tive load of the piezoelectric (CP = 172 nF); this is achieved 
at to the condition 2π·f·RL·CP = 1. For the initial phase of 
testing a single load resistance was used which for the linear 
harvester RL = 21 kΩ (2nd bending mode at 43 Hz) and for 
the bistable RL = 36 kΩ (1st bending mode at 26 Hz). Figure 
4(d) shows a schematic of the experimental arrangement 
for power characterization and Figure 4(e) shows the har-
vester electrical circuit diagram. Additional test procedures 
are also detailed where relevant throughout the paper.

Figure 3.  (a) Cross-section of MFC-carbon epoxy laminate; and (b) 
top-down view of piezoelectric showing piezoelectric fibres and elec-
trode structure.
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3.  RESULTS

3.1.  Dynamic Modes of Linear and Bistable  
Cantilever Beams

The frequency response function of the energy harvesters 
were initially characterized to examine the resonant frequen-
cies of the beams. A frequency range from 1–200 Hz which 
covers a typical frequency range of a bridge with traffic and 
ground transport was analyzed [14]. To characterise the re-
sponse of the linear and bistable beams, they were both sub-
jected to the same perturbation input, and their free vibration 
response recorded in the time domain and then transformed 
into the frequency domain using a fast Fourier transform. 
The perturbation was a burst ‘chirp’ signal which swept 
through frequencies of 310–340 Hz in approximately 0.32s. 
From the start of the chirp, the scanner was set to delay mea-
surement for 0.55s, giving the laminate 0.23s to transition 
into a free response and the shaker’s shank to come to a com-
plete stop. From the time measurement began, velocity data 
was collected for 6.4 seconds with a sampling frequency of 
1.28 kHz. The shaker was driven with a constant voltage of 
3.5V resulting in an RMS acceleration of 47g and a maximal 
value of over 70g. Snap-through of the bistable beam during 
chirp characterisation was not observed this testing phase.

Figure 5 shows the fast Fourier transform (FFT) of the 
velocity measurements at the scan point of Figures 4(a) 
and  4(b) of the linear and bistable cantilevered beams from 
1–200 Hz. As the velocity measurement is taken in the cen-
tre of the width, torsional or rolling modes around the axis 
along the span of the beam are not identified. Table 1 sum-
marises the resonant modes and Figures 6(a) and 6(b) shows 

Figure 4.  Experimental setup: (a) clamped cantilever beam; (b) 
cantilever energy harvester on the shaker and reflective tape and a 
load resistor; (c) schematic of the experimental setup for frequency 
response function; (d) experimental schematic for power versus fre-
quency, g-level and load resistance; (e) energy harvesting circuit.

Figure 5.  Fast Fourier transform (FFT) of the velocity of the linear 
and bistable cantilevered beams.
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the first and second bending modes; the displacement of the 
third mode was too small to be observed visually. Within 
the experimental range of 1–200 Hz, three resonant modes 
were observed for the linear beam while two modes were 
observed for the bistable beam. Noting that we measured the 
velocity at the location just off the centre of the beam, the 
amplitudes of the modes are consistent with the correspond-
ing mode shapes. 

As shown in Figure 5, the frequency at which the bistable 
encounters the different bending mode orders is consistently 
higher than those of the linear harvester. This is due to higher 

stiffness of the bistable cantilever which is attributable to the 
fact that the bistable harvester has an extra two layers in the 
clamping region and the asymmetric nature of the bistable 
layup leads to a curvature of the cantilever about the longi-
tudinal axis, further increasing the bending stiffness.

3.2.  Investigation of Harvested Power with Frequency

To demonstrate the differences between high and low ex-
citation for both of the harvesters, sweeps from 15 Hz to 200 
Hz were carried out at 1g and 6g acceleration for both the 
linear and bistable energy harvester. To highlight in detail 
the regions of maximal power output, near the natural fre-
quencies, more detailed frequency sweeps with an increment 
0.2 Hz were undertaken as shown in Figures 7(b), (c) and 
Figure 8(b), (c) for the linear and bistable system respec-
tively at 1g, 2g, 4g and 6g. The lower bound of frequencies 
when performing sweeps such as these is 15 Hz due to the 
electric current limitations of amplifier powering the shaker 
system. This limits the investigation for the power harvest-
ing characteristics of the linear first mode which is at 9 Hz. 
We, therefore, focus our power characteristic investigations 
on the second and third modes of the linear harvester. Mea-
surements were undertaken by both increasing frequency 
(‘up-sweep’) and decreasing frequency (‘down-sweep’) to 
further characterise any non-linear behaviour. Upon chang-
ing to each frequency, 0.2s was allowed for the harvester to 
attain a steady-state response before the velocity data was 
recorded for 4.8 seconds. From the set of data at each fre-
quency, the peak velocity value and a root mean squared 
(RMS) voltage were measured. The harvesting power for a 
specific frequency and g-level was calculated using Equa-
tion (1). 

P V
R
rms=
2

We see that for the linear harverster, there is a small de-
crease in the the natural frequency, less than 2 Hz, for the 
2nd and 3rd bending modes when the excitation is gradu-
ally increased from 1g to 6g [see Figures 7(b) and 7(c)]. The 
small decrease in natrual frequency with increasing excitia-
tion is likely due to some softening (non-linearities) inherent 
to the CFRP material [15,16]. The stiffness of the piezoelec-
tric (PZT ceramic) is also non-linear [17]. 

For the bistable beam, there is a a difference in power out-
put between the upward and downward frequency sweeps at 
higher g-level (see Figure 8). This is particularly apparent for 
the 1st bending mode at 6g in Figure 8(b), where the curve 
becomes asymmetric and leans towards lower frequencies 
(‘horning’) due to softening at higher excitation levels and 
is a characteristic of non-linear systems [18]. Snap-through 
events ares shown in Figure 8 by highlighted data points.

Figures 9(a), and 9(b) show the increase of peak power for 

Table 1.  Mode Shapes and Associated Frequencies 
for Linear and Bistable Harvester.

Mode Mode Shape
Linear 
Beam

Bistable 
Beam

1st bending 9 Hz 26 Hz

2nd bending 43 Hz 176 Hz

3rd bending 129 Hz > 200 Hz 
(not observed)

(1)

Figure 6.  Mode shapes: (a) First bending mode; (b) Second bend-
ing mode.
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Figure 7.  Power versus frequency for 1g, 2g, 4g and 6g for linear 
beam: (a) frequency range 15–200 Hz; (b) detailed view of 2nd 
mode; and (c) detailed view of 3rd mode.

Figure 8.  Power versus frequency and 1g, 2g, 4g and 6g for bistable 
beam: (a) frequency range 15–200 Hz; (b) detailed view of 1st mode; 
and (c) detailed view of 2nd mode.
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the 2nd and 3rd modes of the linear harvesting beam respec-
tively. The relationship between peak power and excitation 
level is approximately linear. A small degree of nonlinear 
behavior in the power versus excitation level is observed; 
this may be due to the fact that both CFRP and PZT exhibits 
a small degree of non-linear behavior [15–17]. Based on a 
linear relationship of peak power against the excitation level 
for the data in Figures 9(a) and 9(b), the R2 is 0.992 and 
0.981 for the second and third bending modes respectively. 
However, a quadratic relationship leads to R2 values of 0.999 
for both cases. Thus, the power increase over the range is 

slightly greater than expected by a linear approximation and 
any softening of the harvester leads to higher strain in the 
MFC, resulting in higher power output.

Figures 9(c) and 9(d) show the increase of peak power for 
the 1st and 2nd modes of the bistable harvester respectively 
at increasing excitation (g-level). The relationship between 
the excitation level, the degree of softening and the hyster-
etic behaviour of the power output of the harvester is more 
complex than the linear system. With reference to the first 
bending mode, at 1g the ‘up-sweep’ and ‘down-sweep’ pow-
er levels are almost coincident since at low excitation levels 

Figure 9.  Maximum power output at modes over a range of input acceleration for linear beam: (a) second mode; and (b) third mode. Maximum 
power output at modes over a range of input acceleration for bistable beam: (c) first mode; and (d) second mode.



Manufacture and Characterisation of Piezoelectric Broadband Energy Harvesters 121

the bistable harvester exhibits almost linear behaviour. At 
increasing excitation level the structure exhibits non-linear 
behaviour (‘softening’), as seen in Figure 8(b). In this case 
there is an area of instability underneath the ‘overhang’ in 
Figure 8(b) where limited power data are recorded. The is 
due to the fact that on the up-sweep, the state of the sys-
tem tends to stay on the lower fold until sufficient energy is 
achieved for the system to switch to the upper fold. During 
the down-sweep the system tends to stay on the higher of 
the two folds and stays at a higher state of excitation for a 
greater duration until energy dissipation causes a jump down 
to the lower fold. The increase of the degree of softening 
at higher excitation explains why the peak power outputs 
diverge for both the up-sweep and down-sweep. At high lev-
els of excitation, especially when there are ‘snap-through’ 
events as in Figure 8(b), the position and tendency of the 
system to jump from one fold to another is highly sensitive 
which combine to bring the peak powers closer together; see 
for example data for 5g and above in Figure 9(a).

3.3.  Investigation of Harvested Power and Load 
Resistance 

The measurements in the previous sections were under-
taken for a fixed load resistance corresponding to impedance 
matching of the capacitative impedance of the piezoelectric 
MFC to the load resistance. In this section the load resis-
tance is varied to examine the change in optimal resistance 
with excitation level due to the shift of peak power frequen-
cy [e.g. as in Figure 8(b)]. For measurement of the harvested 
power both harvesters were connected to an electrical circuit 
with a range of load resistors as in Figure 4(e). 

Since ferroelectric ceramics are highly insulating the 
piezoelectric patch behaves approximately as a capacitor 
(CP) and has a capacitance of 172 nF. During vibration of 
the harvester the resulting deformation in alternating direc-
tions leads to charges of alternating polarity accumulating 
on the electrodes with each reversal of curvature of the 
beam. This accumulation of alternate charges translates to 
an AC voltage signal, dissipating the energy across the re-
sistor (RL). This resistor represents the load of the electri-
cal system which could be a sensor, or other such electrical 
component receiving the harvested energy. To maximise the 
power output, the value of the resistor is chosen to accom-
modate the harvester’s natural frequency, and the value of 
the capacitance within the circuit. The power output is at a 
maximum when:

R
f CL

P
=

⋅ ⋅
1

2π

Thus, for the linear harvester a value of 21 kΩ was cho-
sen in the previous section to coincide with the 2nd bending 
mode at 43 Hz, and for the bistable, and 36 kΩ to coincide 

with the first bending mode at 26 Hz. To demonstrate the 
influence of load resistance on harvested power, additional 
power characterisation was undertaken at a range of load re-
sistance (1 kΩ to 1000 kΩ).

Figure 10 shows the dependence of the peak power 
output of the bistable harvester with respect to the load re-
sistance at 1g and 6g. Data for the linear harvester are not 
shown since it is the bistable system that exhibits the largest 
degree of softening. The resistances were varied from 1 kΩ, 
approaching short circuit conditions where the piezoelectric 
discharges rapidly, to 1 MΩ, approaching open circuit con-
ditions where the piezoelectric discharges slowly. It can be 
clearly observed that the power generation is highly depen-
dent on load resistance. 

(2)

Figure 10.  Bistable harvester peak power output over range of load 
impedance at: (a) 1g peak acceleration; and (b) 6g peak accelera-
tion.
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With increasing excitation, there is a softening of the bi-
stable, [Figure 8(b)] causing the natural frequency to shift 
lower, in accordance to ωn k m= / ,  where k relates to the 
stiffness of the mechanical system, m to its mass, and ωn 
to the natural frequency. Figure 10(a) shows that at 1g, the 
optimal resistance is 40 kΩ. At 6g excitation input, Figure 
10(b) shows that the optimal resistance value has changed 
to 36 kΩ. Thus, it is seen that ideally, the resistance of the 
harvesting system would be changed actively depending 
on the input characteristics. For a purely linear harvester a 
strong dependence of the peak power with respect to load 
resistance, as in Figure 10, would also be expected since it 
originates from an impedance mismatch between the piezo-
electric element and the load resistance. Compared to a bi-
stable system, the main difference would be that the natural 
frequency of a linear harvester is not dependent on vibration 
level, as in Figure 7, and the load resistance would not have 
to be changed with vibration to achieve peak power.

4.  COMPARISON OF BROAD-BAND RESPONSE

In practical applications the frequency of the excitation 
can change significantly with respect to time, meaning that 
a meaningful comparison requires more than just a compari-
son of peak power outputs and that the broadness of the pow-
er generation capability must be quantified. The frequencies 
on either side of the maximum at which the power output 
level reduces to half the maximum value, Full Width Half 
Maximum (FWHM) is often used to evaluate the broadband 
nature of harvesters [19,20], an example is indicated in Fig-
ure 7(c). Table 2 summarises these three measures for the 
different modes at excitation levels of 1g and 6g. 

Table 2 shows that at an excitation level of 1g, the bistable 
harvester in Mode 1 generates higher power, at greater band-
width than the linear harvester. While the power of Mode 
2 of the bistable is small, it is a relatively broad response; 
also shown in Figure 8(c). At a 6g excitation level, the peak 
power for the Mode 2 and Mode 3 of the linear harvester is 

highest and exceeds the power for the Mode 1 and Mode 2 
of the bistable harvester, but only over a narrow frequency 
range [see FWHM bandwidth in Table 2 and Figure 7(a)]. 
As the excitation level increases the FWHM increases and at 
a 6g excitation, Mode 1 of the bistable produces the widest 
FWHM [see Table 2 and figure 8(a)] indicating the potential 
for such an approach for increase the broadband response.

5. CONCLUSIONS

This paper has examined both linear and bistable can-
tilever CFRP beams coupled to piezoelectric materials for 
energy harvesting applications. In comparing the energy 
harvesting performance of a linear harvester against that of 
a bistable nonlinear harvester, it has been seen that at low 
frequency and low excitation, the bistable has higher power 
output over a broader range of frequencies. The linear har-
vester has the potential to produce a higher peak power, but 
at a comparatively narrow bandwidth with respect to the bi-
stable system. The similarity of the harvesters was imposed 
by matching the physical characteristics of dimension and 
piezoelectric patch placement as closely as possible, but fur-
ther testing where the dynamic responses are matched could 
prove useful. The load resistance should be matched with 
the capacitive load of the piezoelectric element to produce 
peak power levels. With increasing excitation levels, soft-
ening of the bistable system leads to the peak power being 
produced at lower levels of frequency, necessitating some 
form of active tuning of the load resistance. It was also ob-
served that the maximum power output of the linear harvest-
ers increased quadratically with the excitation amplitude in 
the range we tested. The trend for the bistable harvesters was 
not as clear due to complex interaction of nonlinearity and 
difference between up- and down-sweeps at high excitation 
levels. 

In this paper the change from a linear to a bistable harvest-
er has been achieved by simply changing from a symmetric 
layup of [90/0/0/90]T to an unsymmetric layup [0/0/90/90]T 
to enable a comparison between the two cases. Tailoring of 
the laminate lay-up, cantilever geometry and materials em-
ployed (CFRP and piezoelectric) provides a variety of routes 
to tailor the non-linear characteristics to harvest specific vi-
bration energies.
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Table 2.  Figures of Merit for the Modal Orders and 
Harvester Types.

Linear Bistable

Mode 2 Mode 3 Mode 1 Mode 2 g-level

Peak power [mW] 0.738 0.930 3.19 0.023 1

FWHM [Hz] 1.1 2.7 1.9 3.3

Peak power [mW] 2.29 3.04 5.06 0.069 2

FWHM [Hz] 1.4 3.0 3.3 3.5

Peak power [mW] 7.07 10.15 7.14 0.15 4

FWHM [Hz] 1.8 3.4 6.6 5.1

Peak power [mW] 12.83 20.07 7.3 0.268 6

FWHM [Hz] 2.1 3.8 8.4 6.6
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1.  INTRODUCTION

Unlike metallic materials, engineered materials (e.g. 
composites) are designed to develop distributed damage 
consisting of various types of defects and even multiple 
breaks in the same reinforcing fiber. Generally, creation of 
a single microscopic crack does not individually affect the 
strength or life of composite materials. Therefore, the pri-
mary interest is not in single local events but in the evolution 
process of multiple events that have a collective global ef-
fect. A recent review article has emphasized the need for un-
derstanding such nonlinearity due to damage accumulation, 
stating that “any analysis of fatigue damage evolution that 
accounts for the irreversibility driving the damage progres-
sion has the potential to predict fatigue life with minimum 
resort to empiricism” [1].

In the present work, we use the calculated response of 
an analogue material to a vector electric field that passes 
through the thickness of the composite to study defect devel-

opment, growth, coalescence, and fracture path development 
in a heterogeneous material to represent material degrada-
tion (progressive damage and fracture path development) 
under repeated or long-term continuous loading during the 
life of that material. We simulate the dielectric response to 
an alternating current (AC) excitation of a test element of the 
material, for the undamaged and fracture-path case, which 
are then compared to laboratory experiments. As shown in 
Figure 1, for the undamaged case, for a material such as a 
glass-reinforced epoxy composite, the AC response is pure-
ly capacitive (no DC conduction), and (for linear materials, 
over a wide range of the response) the absolute value of the 
impedance (the square root of the sum of the squares of the 
real and imaginary components) is an essentially linear func-
tion of frequency with downward slope, i.e., inversely pro-
portional to the AC frequency (like a parallel plate capaci-
tor). When a fracture path has developed in the element, by 
definition, there will be a continuous voided path from one 
physical face to the other. Let us postulate that air with some 
hydration or simply diffused moisture (or other gas or fluid 
with some ionic content) enters that voided space. If that 
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diffused material is conductive, and the path is continuous, 
then the idealized response (magnitude of the impedance) 
will not depend on the frequency of excitation (at least to 
first order) as shown in Figure 1. 

Our physical observations will focus on continuous fiber 
reinforced structural composite materials, typically lami-
nated with multiaxial ply orientations or with woven fiber 
architectures, subjected to quasi-static or cyclic loading un-
til fracture. The literature is replete with discussions of the 
micro-cracking, debonding, delamination, and fiber fracture 
events that develop during such loadings [2–4]. Examples 

of the damage patterns that are observed are shown in Fig-
ures 2(a) and 2(b) which show matrix cracks and some fiber 
fractures, transverse to the principal load axis, through the 
laminate thickness.

The literature says that “if a group of physical concepts or 
quantities are related to each other in a certain matter, as by 
equations of a certain form, and another group of concepts or 
quantities are interrelated in a similar manner, then an analogy 
may be said to exist between the concepts of the one group 
and those of other group” [5]. In the present work, we focus 
on developing an understanding of fracture path development 

Figure 1.  Framework created in previous work [1] that connects material state change to dielectric response.

Figure 2.  (a) Through-thickness crack pattern development (white lines) in a multiaxial laminate subjected to fatigue loading and (b) surface 
crack initiation (top center) in such a laminate under quasi-static tensile loading.
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in continuous fiber reinforced composites using an analogue 
problem. Specifically, we construct an electrical analogue 
which represents the spatial complexity, variation of local ma-
terial properties (including anisotropy), local field interactions 
associated with non-dilute damage events, and energy or com-
pliance change-driven fracture path formation and growth to 

construct a better understanding of the controlling physics and 
extrinsic features for such emergent behavior. The model is 
validated by comparing simulation predictions to actual mea-
surements of the dielectric response of composite materials 
during damage and fracture path development, also resulting 
in the establishment of a foundation of understanding for a 

Figure 3.  Crack development in off-axis plies and corresponding change in secant stiffness as a function of cyclic load cycles.

Figure 4.  Model comprising of constituent elements (Matrix and Fiber) for Simplicity.
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non-invasive method of interrogating the internal details of 
damage accumulation and incipient fracture in a composite 
structure during or after loading by the interpretation of its 
changing dielectric response. 

2.  FRACTURE PATH DEVELOPMENT

Damage initiation in plies with different orientations oc-
curs at different load levels for quasi-static loading and at 
different rates for cyclic loading, according to well-under-
stood ply-level strength concepts [6]. A defining feature of 
this early degradation is a decelerating damage rate; in the 
case of fatigue loading at a constant load level, the micro-
cracking of the individual plies that develop damage reaches 
a steady state with a characteristic crack spacing. A sample 
of such behavior is shown in Figure 3. Matrix cracks de-
velop early in the plies that form cracks at the given load 
level, and reach a stable number and spacing that depends 
on their relative stiffness in the laminate and on their posi-
tion through the thickness. The registration of those cracks 
along the length of the specimen is nominally random, but 
in the later stages of life (or highest load levels in a tensile 

test), the cracks in different plies “seek each other” to try to 
complete their path through the thickness [as shown in Fig-
ure 2(a)]. Fiber fractures align with matrix cracks in some 
cases, as is shown in the center of Figure 2(a). When this 
coupling creates a continuous crack through the thickness, 
a potential “fracture plane” is formed, although it should be 
remembered that since the matrix cracks run parallel to the 
fiber directions in each ply, a coincident plane of cracking 
(through the thickness) in one position [like the edge of the 
specimen shown in Figure 2(a)] will not be coincident (in the 
same way) at some other position across the section width. 

When a fracture plane forms through the thickness and 
across the width of the specimen, specimen rupture occurs at 
the global level. That is a crack coupling process, not repre-
sented by the data in Figure 3.

We know remarkably little about that end-of-life coupling 
process or how it forms the fracture plane. The first question 
is how to measure something that is sensitive to the damage 
details in that phase of the life, and how to interpret such 
measurements in such a way that we can use those interpre-
tive models to extract a “warning” of impending failure.

Fazzino et al. have suggested that dielectric response 

Figure 5.  Model with highlighted fracture path and showing the presence of damage accumulation.
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events at the end of life (reference [7] and Figure 1). How-
ever, how the specific changes they observed were related to 
the details of the coupling of microcracks and the formation 
of a fracture plane were not determined. The present paper is 
an attempt to contribute to that interpretation. 

Various models have been established to simulate dielec-
tric response such as effective medium theories, bounding 

(measured through the thickness of a laminate, and inter-
preted with standard dielectric spectroscopy methods) can 
provide a multi-physics method of relating the changes in 
material state (reflected in changes in AC impedance) to the 
microdetails of damage development, and further, found that 
such a method was particularly sensitive to the coupling 

Table 1.  Values of Current at Different Elements in 
the Circuit Before and After Shorting.

Element
Ammeter 

Associated

Value(|I| amps)

Difference 
(amps)

Before 
Shorting

After 
Shorting

R2 TPi35 0.06818 0.05532 –0.01286
R3 TPi1 0.18182 0.17755 –0.00427
R4 TPi10 0.40909 0.40857 –0.00052
R5 TPi33 0.29545 0.28634 –0.00911
R6 TPi3 0.20454 0.19284 –0.0117
R7 TPi19 0 0.016608 0.016608
R8 TPi13 0.27272 0.26477 –0.00795
R9 TPi36 0.29545 0.30508 0.00963
R10 TPi11 0.18182 0.19197 0.01015
R11 TPi25 0.068181 0.08848 0.020299
R12 TPi14 0.20454 0.24618 0.04164
R13 TPi20 0 0.069892 0.069892
R14 TPi6 0.11363 0.11312 –0.00051
R15 TPi12 0.11363 0.11312 –0.00051
R16 TPi9 0.045454 0.034267 –0.01119
R17 TPi15 0.15909 0.14738 –0.01171
R18 TPi21 0 0.064529 0.064529
R19 TPi4 0.20454 0.18021 –0.02433
R20 TPi22 0.068181 0.047882 –0.0203
R21 TPi16 0.27272 0.21148 –0.06124
R22 TPi17 0.20454 0.3806 0.17606
R23 TPi23 0.06818 0.14159 0.073409
R24 TPi18 0.15909 0.082854 –0.07624
R25 TPi24 0.04545 0.18325 –0.02713
R26 TPi27 0.04545 0.039341 0.00611
R27 TPi26 0.15909 0.14485 –0.01424
R28 TPi28 0 0.003979 0.003979
R29 TPi29 0.15909 0.14882 –0.01027
R30 TPi34 0.04545 0.04003 –0.00542
R31 TPi31 0.11363 0.10879 –0.00484
R32 TPi32 0.11363 0.10879 –0.00484
R33 TPi38 0.11363 0.1055 –0.00813
R34 TPi37 0.11363 0.1055 –0.00813
R35 TPi39 0.18182 0.17167 –0.01015
R36 TPi40 0.40909 0.40095 –0.00814
R37 TPi41 0.18182 0.22068 0.003886
R38 TPi42 0.11363 0.10118 –0.01245
R39 TPi43 0.29545 0.27717 –0.01828
R40 TPi44 0.29545 0.32186 0.02641
R41 TPi45 0.11363 0.10118 –0.01245

Table 2.  Tabulated Values of Current Readings 
Through Elements that are a Path of Least 

Resistance.

Element
Ammeter 

Associated Value(|I| amps)

R2 TPi35 0
R3 TPi1 0
R4 TPi10 1
R5 TPi33 0
R6 TPi3 0
R7 TPi19 0
R8 TPi13 0
R9 TPi36 0
R10 TPi11 0
R11 TPi25 1
R12 TPi14 0
R13 TPi20 0
R14 TPi6 0
R15 TPi12 0
R16 TPi9 1
R17 TPi15 1
R18 TPi21 0
R19 TPi4 0
R20 TPi22 1
R21 TPi16 0
R22 TPi17 0
R23 TPi23 1
R24 TPi18 1
R25 TPi24 1
R26 TPi27 0
R27 TPi26 0
R28 TPi28 0
R29 TPi29 0
R30 TPi34 0
R31 TPi31 0
R32 TPi32 0
R33 TPi38 0
R34 TPi37 0
R35 TPi39 1
R36 TPi40 0
R37 TPi41 0
R38 TPi42 0
R39 TPi43 1
R40 TPi44 0
R41 TPi45 0
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methods, percolation theory, random walks, hopping model, 
Fourier expansion, finite difference time domain methods 
(FDTD), Monte Carlo techniques, RC network methods, and 
so on [8]. In the present work we use an RC network model 
as an approximation to a composite material (e.g. Matrix ca-
pacitive nature modeled as capacitors, fibers as conductors 
or insulators modeled as resistors). 

3.  DETERMINING THE FRACTURE PATH

3.1.  Methodology

In the present case we draw an analogy between how 
a fracture pattern is generated because of a series of local 
stress interactions that result in a global fracture path, and 
local electric current changes when resistive elements are 
shorted in the analogue network shown below. We consider a 
Representative Volume Element (RVE) of a laminate section 
(through the thickness) in which we assume that vertical ele-
ments represent constituent material of one type (e.g., fibers) 
and the horizontal elements represent a second constituent 
type (e.g. the matrix) as shown in Figure 4. 

For simplicity in the current discussion, we initially start 
with equal electrical resistance values for fiber and matrix 
segments. The scope of this methodology is not limited to 
constituents of the laminate; the elements in the circuit could 
represent different layers of a laminate, or combinations of 
different materials (ex. metal and composite), or different 
orientations in a laminate, etc. By varying the magnitude 
of the electrical properties of the elements in the circuit we 
can simulate similar local mechanical or electrical property 
variations.

A current equal to 1 Ampere is chosen as the power 
source, applied across two opposing surface points. Distri-
bution of that current source was selected as an analog of 
how a composite material behaves locally, i.e., during load-
ing when matrix cracking starts and local material elements 
are no longer able to bear the load, the local material micro-
damage will redistribute the load to the adjacent elements. 
Similar behavior can be observed in the case of a current 
source circuit; when we short any element (to simulate the 
local failure of a matrix or fiber element), in order to main-
tain equilibrium the current is redistributed in a manner that 
is similar to the mechanical phenomenon of local stress re-

Figure 6.  Plot to show the variation of Eff. Resistance ‘R’ with No. of Cracks ‘N’ for Simulated and Monotonic model.

Table 3.  Table Showing Variation of Effective 
Resistance ‘R’ with No of Cracks ‘N’.

No. of 
Cracks ‘N’

Effective Resistance ‘R’ 
Ohms (Homogeneous)

Effective Resistance ‘R’ 
Ohms (Heterogeneous)

0 13636 15578
1 12858 14883
2 12430 14303
3 11885 13543
4 11723 11125
5 11580 5607.7
6 10299 5510.5
7 7071.1 5315.8
8 7049.1 4745.5
9 6941.3 0
10 6457.5 NA
11 5862.6 NA
12 4792.1 NA
13 0.01 NA
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distribution in composites. It also suggests the subsequent 
direction of “micro-crack” formation.

After shorting an element to simulate local crack forma-
tion, we re-analyze the circuit and determine the current at 
each element in the circuit; we then consider the element that 
has the highest subsequent difference in current to be the next 
micro-crack location, which is an analogy to a local stress in-
crease in a composite. The subsequent crack may or may not 
be adjacent to the last crack location. This cycle is repeated 
until fracture occurs i.e., to the condition where all the frac-
tured/shorted elements create a continuous path of least resis-
tance through which current flows. That path simulates the 

fracture path in the mechanical specimen, and changes in ma-
terial state variables such as compliance to the global applied 
field can be predicted and observed during the process. 

3.2.  Demonstration of the Method

We start with an initial random shorting of an element 
and then carry on, determining how the circuit behaves as 
discussed above. Ideally in a “real” composite under me-
chanical loading, first ply failure (or an equivalent statistical 
concept) can be applied to determine which element fails 
first. The initial current readings of all the elements in the 

Figure 7.  Expected Path of Fracture.

Figure 8.  Predicted fracture path.
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present model have been tabulated under the “Before short-
ing” column in Table 1. In this case R22 is randomly select-
ed and initially shorted. After shorting R22, the analysis is 
repeated and the current readings in all remaining elements 
are noted and tabulated in the “After shorting” column in 
Table 1. Then the difference in the current at each local ‘am-
meter’ is noted and the element with the highest increase in 
current during the last step is identified for shorting next. 
That particular element is highlighted in Table 1. The Value 
highlighted in red had the greatest increase in current, which 
illustrates that the current flows through the path of least re-
sistance, and since R22 has already been shorted, R23 is the 
element that has the next highest increase in current (R23 
has been highlighted in green in Table 1). This cycle of lo-
cal shorting to simulate sequential microcracking is repeat-
ed until a fracture path is formed, i.e., current passes only 
through the continuous shorted path of least resistance, as 
shown in Table 2.

The predicted fracture path is highlighted in Figure 5. It 
was observed that some elements although shorted at some 
step of the path development, are not a part of the final con-

tiguous ‘fracture path.’ Those elements are highlighted in 
Figure 5. This is an analogue of the physical behavior in 
composites in which a local failure is due to local crack in-
teraction and accumulation, and not due to individual crack 

Figure 9.  Anisotropic model in initial state with all of the elements intact.

Figure 10.  Dielectric Response of the model in the initial state simi-
lar to an Insulator.
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initiation, propagation, or growth. The staggered final frac-
ture path in Figure 5 has a similar character to the through-
thickness patterns in Figure 2.

4.  COMPLIANCE CONCEPTS

During the simulation analysis, after shorting of each ele-
ment, the effective resistance of the circuit is calculated and 
a comparison between Effective Resistance ‘R’ and No. of 
Cracks ‘N’ is obtained; values for one set of simulations are 
tabulated in Table 3.

From the plot of such data shown in Figure 6, it is observed 
that as the circuit/material accumulation proceeds towards 
failure its effective resistance reduces (compliance increases) 
and at the fracture point it reaches 0 (or infinite compliance). 
In the above plot the highlighted parts of the curve mark a 
significantly larger change in the effective resistance of the 
model. This change is brought about when two local ‘cracks’ 
interact and a tertiary bridging crack or a “fracture plane 
growth” has occurred. In terms of the physical phenomenon, 
this change could be attributed to fiber failure, or crack open-

ing, or delamination as observed in Chou’s work [9]. We have 
observed similar behavior in a COMSOL model, (constructed 
by one of our PHD Students, Rassel Raihan, to be discussed 
in a subsequent paper) and have published earlier data that 
support this general compliance concept [10].

5.  NON-LINEARITY (DAMAGE ACCUMULATION 
vs. DAMAGE GROWTH)

Damage accumulation is fundamentally different from 
crack propagation. If the present analysis is representative 
of that accumulation process, “simple” crack propagation 
should not be a preferred result.

To test that premise, we shorted an element along the 
plane of symmetry between our two contact points and start-
ed the analysis. If the model were to exhibit only linear crack 
growth behavior, than the current would take the horizontal 
path of least resistance, i.e., the fracture path should be a 
straight line as shown in Figure 7, but the predicted path 
with the present analysis method was completely different as 
shown in Figure 8, which gives evidence that this model can 

Figure 11.  Model with randle’s circuit elements along fractured path.
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exhibit the non-linear phenomenon of damage accumulation 
and fracture path formation observed in fibrous composites 
(e.g., Figure 2).

6.  DIELECTRIC RESPONSE

6.1.  Introduction of Anisotropy into the Model

Up to this point the present model was constituted with 
horizontal and vertical elements with equal initial magni-
tudes of resistance. In order to introduce anisotropy, a ca-
pacitance in parallel with the resistive element is added to 
the horizontal elements (in this case, the “matrix”) since a 
polymer matrix, for example, is known to exhibit a capaci-
tive response. Figure 9 shows the resulting circuit.

6.2.  Randle’s Circuit

In Electro-Chemical Impedance Spectroscopy (EIS) 
analysis, a Randle’s circuit is widely used to represent the 

dielectric Impedance of material elements. Impedance is the 
magnitude of the total complex resistance encountered when 
a current flows through a system, which is most often inter-
preted as a circuit made of resistors, capacitors, or inductors, 
or any combination of these [8]. In our AC analysis, when 
we short a particular element, an additional resistance has 
been added in series to the capacitance and the value of the 
main resistance is reduced in order to simulate the damage 
that has occurred because of the applied “load” and local 
“micro-fracture.”

6.3.  Initial Stage

In the initial stage under a no-load condition in the com-
posite, i.e., without shorting any elements as shown in Fig-
ure 9, the dielectric response of the anisotropic model to an 
AC current was analyzed and the response was found to be 

Figure 13.  Observed Variation of Impedance with Frequency (left) and Nyquist Plots (right) showing variation of impedance with life in Fazzino’s 
work [2].

Table 4.  Table Showing Variation of Reactance Peak 
Frequency with % of Life.

% of Life Reactance Peak Frequency, Hz

Initial 20.7
25% 20.7
50% 20.7
75% 24.9
Fractured NA

Figure 12.  Response of the fractured model similar to a conductor.
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equivalent to an insulator between two plates, as shown in 
Figure 10 and observed in Figure 1.

6.4.  Fracture Path Development

During analysis of the fracture path development, the 
fractured elements were replaced by a Randle’s circuit as 
shown in Figure 11 and the dielectric response was ana-
lyzed. It was observed that the response becomes more 
similar to a conductor as shown in Figure 12, and observed 
in Figure 1.

6.5.  Dielectric Response at Different Stages of Life

Based on Previous work, to validate the results obtained 
at different life fractions of bend-fatigue life, as shown in 
Figure 13, the results of our model were divided into four 
different stages. Response at each stage is shown in Figure 
14. The predicted behavior closely approximates the obser-
vations in Figure 1 that motivated this work.

7.  NYQUIST PLOT

By tabulating the real part of impedance, and imaginary 
part of impedance at different stages of life as shown in Ta-
ble 5, one can create a new representation of the change in 
electrical properties with increasing damage in the material. 
Creating a plot of tabulated values, one can observe that as 
damage increases the plot shifts to the left which indicates 
decreasing resistance as seen in Figure 15. Closely observ-
ing the plot at each stage of life the reactance increases at 

Figure 14.  Variation of Di electric response with frequency at different stages of life.

Figure 15.  Nyquist plot showing the variation of impedance with % 
of life. Figure 16.  Variation of Reactance peak frequency with % of life.
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low frequency values, but as the frequency increases towards  
1 MHz the reactance approaches zero. These simulations 
are consistent with the previous observations of Fazzino, et 
al.[7] We will see that changes in the shape of these curves 
and the location of the intercepts are strong indicators of ma-
terial state and sensitive to the final formation of a conduc-
tive (“fracture”) path.

8.  END OF LIFE PREDICTION

Composite Materials, unlike metals, are capable of sig-
nificant damage accumulation without loss of strength or 
stiffness, so it is difficult to measure something unique that 
can predict the end of life based on standard Non Destructive 
Testing (NDT) methodologies. However, using the methods 
of impedance spectroscopy based on the response from the 
material, as discussed above, one can determine end of life 

Figure 17.  Model with heterogeneous elements with fracture path highlighted.

Figure 18.  Frequency response of the heterogeneous model at Ini-
tial stage.
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characteristics, as shown in the framework in Figure 1. At 
the initial state without damage, the response is similar to 
an insulator (frequency dependent) and at the fractured state 
it acts like a conductor (frequency independent). Using that 
concept and our model, we can identify the impedance peak 
value (e.g. in Figure 15) and the frequency at which it oc-
curs at different stages of life and, tabulating those values as 
shown in Table 4, it is observed that although the frequency 
at which the peak value occurs remains constant up to 50% 
of life, when it reaches about 75% of life there is an abrupt 
increase in the frequency at which the maximum peak value 
of reactance is observed, as in Figure 16. We postulate that 
this inflection point can be used as an indicator of the ‘begin-
ning of the end’ of life. 

9.  CONTINUING WORK

Although there have been traces of anisotropy in the cur-
rent model, we have not yet modeled an actual composite, so 
a next goal is to introduce “real” heterogeneity in the model 
by proportionately varying the local property magnitudes 
(resistive and capacitive values in our case) of the elements 
in some systematic or random way. An example is shown in 
Figure 17. The analysis procedure remains the same, and a 
similar dielectric response was obtained with a slight varia-

tion in the local magnitudes using the heterogeneous model, 
as shown in Figures 18 and 19. Although “real” material 
variations have not yet been performed with this model, a 
sample heterogeneous circuit has been modeled and consis-
tent dielectric response was demonstrated.

Similar to the prior anisotropic model, a plot between Ef-
fective Resistance and Number of Cracks was created using 
the tabulated values shown in Table 3. A similar significant 
change in the effective resistance was observed wherever 
a local interaction created a tertiary crack or fracture, as 
shown in Figure 20. 

10.  CONCLUSIONS

We have shown that an alternating current analogue 
simulation of microcrack interaction and through-thickness 
fracture path development correctly predicts many of the 
features of the dielectric impedance spectroscopy (DIS) 
measured response of continuous fiber composites loaded 
to failure in quasi-static and fatigue conditions. This multi-
physics approach provides useful new insights into the na-
ture of through-thickness damage and fracture plane devel-
opment, while providing physical associations that are part 
of a foundation for the interpretation of dielectric impedance 
spectroscopy (DIS) data for NDT&E purposes. 

Figure 19.  Frequency response of the Heterogeneous model at 
fractured stage similar to anisotropic model.

Figure 20.  Plot showing variation of Effective Resistance ‘R’ and no. 
of cracks ‘N’ for heterogeneous model.

Table 5.  Tabulated Values of Real and Imaginary Part of Impedance at Different Frequencies for  
Different Stages of Life.

% of Life

Frequency, Hz

1 20 100 1000 10000 100000 1000000

Re –lm Re –lm Re –lm Re –lm Re –lm Re –lm Re –lm

Initial 1.36E+4 5.86E+2 8.1E+3 5.3E+3 2.5E+3 3.7E+3 5.96E+1 6.2E+2 6.1E–1 63.65 5.9E–3 6.27 6.1E–5 0.64
25 1.19E+4 5.62E+2 6.49E+3 5.16E+3 1.27E+3 2.86E+3 2.04E+1 3.69E+2 2.12E–1 38 2.06E–3 3.76 2.12E–5 0.38
50 1.03E+4 4.74E+2 5.76E+3 4.40E+3 1.20E+3 2.57E+3 1.84E+1 3.34E+2 1.90E–1 34 1.86E–3 3.4 1.90E–5 0.34
75 6.44E+3 2.64E+2 3.99E+3 2.61E+3 9.67E+2 1.81E+3 1.59E+1 2.49E+2 1.65E–1 25.5 1.60E–3 2.55 1.65E–5 0.26
Fractured 0 0 0 0 0 0 0 0 0 0 0 0 0 0



VAMSEE VADLAMUDI, KENNETH REIFSNIDER and PRASUN MAJUMDAR138

We have also observed that the global compliance to 
applied AC electrical fields is closely related to the mate-
rial compliance to mechanical stress fields during fracture 
path development. A key feature of that response was the 
observation of abrupt changes in multiphysics compliance 
(mechanical and electrical) that were identified with the on-
set of discrete fracture path instability and rupture. We also 
identified an inflection point in the frequency dependence of 
AC impedance that was an indicator of the ‘beginning of the 
end of life.’ 

We have provided only a few first steps in simulating the 
multiphysics response associated with the development of 
discrete fracture paths in fibrous composites; much is yet to 
be done. However, on the basis of the present work, it would 
appear that the dielectric response of continuous fiber rein-
forced composite materials seems to be uniquely sensitive 
to the details of microdamage accumulation and especially 
to “end of life” events such as the formation of contiguous 
incipient fracture paths.
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1.  INTRODUCTION

During the past decade, smart materials and structures or 
intelligent material systems have captured the attention of 
many engineering professionals and academics because of 
their potential application as sensors and actuators for con-
trolling the response of structures. Smart structure consists 
of multifunctional components which activates on sensing 
and carry out an appropriate response in a controlled and 
timely manner. It has the capability to respond to a varying 
external environment as well as internal environmental con-
ditions. Smart structural components are used in aerospace 
structures, high speed aircrafts and structures where high 
thermal environment induces buckling instability and vibra-
tions in the structures. The detailed information about piezo 
history, piezo sensors, actuators and terminology related 
to piezo analysis is given by [1,2,3]. For various purposes 
smart materials are used in the realization of smart structures 

and focused on the analysis of smart composite structures 
to improve their performance. The constitutive behavior of 
these material couples their mechanical response i.e. stress 
and strain with other physical fields, this way a mechanical 
stimulus can be transformed into a non-mechanical effect 
and conversely, a non-mechanical stimulus can be converted 
into a mechanical effect. This is what happens in piezoelec-
tric materials, where the electric behavior is coupled with the 
mechanical one due to the direct and converse piezoelectric 
effect. This effect enables the material to behave as an actua-
tor or a sensor. The smart composite structures are made up 
of composition of different type of material laminates such 
as metal, ceramic, fiber reinforcement etc. but such types of 
composite structures are undergoing delamination because 
of abrupt changes in material properties, extreme envi-
ronmental conditions and weakness of interfaces of layers 
placed between two adjacent laminates of composite struc-
tures. In the manufacturing process of composites, inter-
laminar bonding may be weaker due to the introduction of 
small flaws or micro cracks under various loading conditions 
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during the service time and this may leads to inter-laminar 
instability, but FGM can be used to overcome this problem. 
Koizumi [4] highlighted the FGM activities in Japan. The 
concept of FGMs was proposed in 1984 by materials sci-
entists in the Sendai area as a means of preparing thermal 
barrier materials. Continuous changes in the composition, 
microstructure, porosity, etc. of these materials results in 
gradients in such properties as mechanical strength and ther-
mal conductivity. 

The main objective of the paper is to carry out the review 
on stability analysis and vibration control of piezolaminated 
composite and FGM plates and provide the current research 
activities. It is intended to help readers and researchers to ap-
prise current progress in stability as well as vibration control 
analysis of piezolaminated composite plates/FGM plates.

	

2.  REVIEW ON STABILITY ANALYSIS OF  
PIEZOLAMINATED COMPOSITE PLATES/FGM 
PLATES

Thin and light weight structures and material suffers by 
buckling and dynamic instability and the research is focused 
to improve their performance using smart materials. The fol-
lowing section highlights the review on buckling and post-
buckling analysis of piezolaminated composite plate and 
piezolaminated FGM plate.

2.1.  Stability Analysis of Piezolaminated  
Composite Plates

Chandrashekhara and Bhatia [5] developed a finite ele-
ment model to study the dynamic buckling behavior for 
composite plates with integrated sensors and actuators. 
The finite element model is based on the first order shear 
deformation plate theory (FSDT) in conjunction with linear 
piezoelectric theory. Icardi and Di Sciuva [6] investigation is 
carried out to study the 3D stress field of multilayered intel-
ligent plates based on the von Karman strain-displacement 
relations and developed a third order zigzag layerwise plate 
theory for multilayered, intelligent, anisotropic plates with a 
surface-bonded piezoelectric actuator layer. The numerical 
study has been carried out on simply supported cross ply 
plates with top and bottom actuators in cylindrical bending 
under distributed transverse loading. Oh et al. [7] formulated 
non-linear finite element equations based on the layerwise 
plate theory for a piezolaminated plate subject to thermal 
and piezoelectric loads and carried out postbuckling analysis 
as well as vibration analysis considering large thermo-piezo-
elastic deflections for a square composite plate with fully 
and partially bonded piezoelectric actuators. Shen [8] pre-
sented postbuckling analysis for a simply supported shear 
deformable laminated plates with piezoelectric actuator sub-
jected to the combined action of mechanical, electrical and 

thermal loading. The governing equations of the laminated 
plate theory based on Reddy’s higher order shear deforma-
tion theory which includes thermo-piezoelectric effect and 
a perturbation technique is used to determine postbuckling 
loads and equilibrium path. Shen [9] presented thermal 
postbuckling analysis for a simply supported shear deform-
able laminated plates with piezoelectric actuator subjected 
to the combined action of thermal and electrical loading. A 
parabolic distribution of temperature field is assumed over 
the plate surface and a uniform distribution in the thickness 
direction. A mixed Galerkin-perturbation technique is em-
ployed to determine thermal buckling loads and postbuck-
ling equilibrium paths. 

Varelis and Saravanos [10] developed a finite-element 
formulation to predict the initial buckling of smart piezo-
electric plate structures with piezoelectric actuators and sen-
sors. The buckling analysis is carried out on piezoelectric 
plates subjected to various combinations of applied electric 
potentials and in-plane forces. Varelis et al. [11] presented 
the theoretical framework for coupled buckling and post 
buckling analysis of piezoelectric adaptive plate structures. 
The formulation is based on coupled mixed field piezoelec-
tric laminated theory with consideration of stress stiffening 
and geometric effect due to large rotations to study the dif-
ferent cases such as plate with different positioned actuator 
patches, hinged plate with asymmetric actuator, electrome-
chanical buckling and active buckling of plate. Wang et al. 
[12] studied the dynamic stability analysis of active vibration 
control of piezoelectric composite plates using the negative 
velocity feedback control law. The analysis is carried out by 
using Lyapunov’s energy functional which is based on de-
rived general governing equations of motion by assuming 
active damping. The dynamic stability of plate embedded 
with piezoelectric layers on the top and the bottom surface 
as actuator and the sensor layers respectively is investigated 
by Kim and Kim [13] with the active damping layer under a 
thrust using FSDT and finite element method. 

Kapuria and Achary [15] presented an exact 3D piezo-
thermoelasticity solution for buckling of simply-supported 
symmetrically laminated hybrid cross-ply plates with sur-
face bonded or embedded piezoelectric layers using state 
space approach. The buckling is considered under uniform 
temperature with the piezoelectric layers under charge free 
open circuit condition as well as closed circuit condition 
with zero and non-zero actuation potentials. Kapuria and 
Achary [16] extended previous work of Kapuria [14] to 
present an efficient coupled geometrically nonlinear zigzag 
theory for hybrid plates including geometric nonlinearity 
due to deflection only in the sense of Von Karman. Kapuria 
and Achary [17] developed efficient coupled geometrically 
nonlinear zigzag theory for hybrid plates under electro-ther-
mo-mechanical load and used to obtain the thermal buckling 
response of symmetrically laminated hybrid plates. Akhras 
and Li [18] proposed a new finite layer method for three-
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dimensional static, vibration and stability analysis of piezo-
electric composite plates. Numerical studies presented to 
verify the performance of the proposed method and effects of 
electrical conditions, side-to-thickness ratio and number of 
plies. Giannopoulos et al. [19] presented buckling of smart 
beams and plates under complex loading in combination 
with discrete layer kinematic assumptions for through the 
thickness behavior of the structure. The thermal, electrical 
and mechanical coupling formulation is presented and incor-
porated in a finite element solver using discrete layer kine-
matics and quadratic finite element. In above scenario, there 
is thermal, mechanical, electrical buckling and postbuckling 
analysis is presented with different parametric studies. But 
in composite structures, interlaminar bonding imperfection 
has received some attention because in the manufacturing 
process, interlaminar bonding may be weaker due to the in-
troduction of small flaws or micro-cracks are induced under 
various conditions during the service time. 

Kim and Lee [20] investigated the buckling of orthotropic 
rectangular laminates with weak interface. The state-space 
formulation is directly established from three dimensional 
theory of elasticity and spring layer model is evaluated. 
Akhras and Li [21] studied the three-dimensional thermal 
buckling analysis of symmetrical cross-ply piezoelectric 
composite plates with full coupling between the thermal, 
electrical and mechanical fields using finite layer method 
proposed by Akhras and Li [18]. Investigation is carried 
out to show the effects of side-to-thickness ratio, number of 
plies, electrical conditions, thermal-electrical coupling and 
heat conduction during the buckling process on the thermal 
buckling behaviors of piezoelectric laminates. Kim and Lee 
[22] extended previous work of Kim and Lee [20] to inves-
tigate the buckling of an orthotropic piezoelectric rectan-
gular laminate with weak interfaces. The numerical results 
investigate the interfacial damage as well as it shows that 
the sensitivities of buckling stress parameter to the interfa-
cial damage depend on various factors. Yang and Huang [23] 
presented the dynamic stability analysis of a simply support-
ed 3D braided composite laminated plate with surface bond-
ed piezoelectric layers, under the influence of electrical and 
periodic in-plane mechanical loads. Shariyat [24] presented 
the dynamic buckling analysis by considering the coupling 
of mechanical, thermal and electrical field. Here investiga-
tion is carried out to show the effect of thermo piezoelastic-
ity on the dynamic buckling for suddenly applied thermal 
and mechanical loads for piezolaminated composite plates. 
Formulation is based on higher order shear deformation the-
ory (HSDT) by considering initial geometric imperfection 
and temperature dependency of the material. Akhras and Li 
[25] extended previous work of Akhras and Li [21] to the 
3D thermal buckling analysis of simply supported rectangu-
lar piezoelectric antisymmetric angle-ply laminates and in-
vestigated to show the effect of number of layer on thermal 
buckling of square laminates and adiabatic thermal buckling 

of square (p/45°/–45°/45°/–45°/p) laminates, square anti-
symmetric angle ply laminates, square (p/0°/90°/90°/0°/p), 
(p/45°/–45°/45°/–45°/p), and rectangular (p/45°/–45°/45°/ 
–45°/p) piezoelectric laminates. Akhras and Li [26] extend-
ed the finite layer method to study a 3D stability analysis 
of simply supported rectangular piezoelectric antisymmetric 
angle-ply laminates. The Lagrangian polynomials are em-
ployed for interpolations of all the generalized displacement 
components in the thickness direction. 

Pradyumna and Gupta [27] studied the dynamic stability 
behavior of laminated composite plates with piezoelectric 
layers subjected to periodic in-plane load. The analysis is 
based on finite element method and earlier developed modi-
fied first order shear deformation theory (MFSDT) by Tanov 
and Tabiei [28]. The formulation includes the effects of 
transverse shear, in-plane, and rotary inertia and Bolotin's 
approach is used to obtain the boundaries of dynamic insta-
bility regions. Shen and Zhu [29] studied compressive post-
buckling and thermal postbuckling under thermal environ-
ments and uniform temperature rise for a shear deformable 
laminated plate with piezoelectric fiber reinforced composite 
actuators based on a HSDT including thermo-piezoelectric 
effects. The compressive and thermal postbuckling behaviors 
of perfect, imperfect, symmetric cross-ply and antisymmet-
ric angle-ply laminated plates with fully covered actuators 
under the influence of different sets of thermal and electric 
loading conditions. Moghadam et al. [30] developed an 
analytical model for bending analysis of rectangular hybrid 
general cross-ply piezolaminated plates with any arbitrary 
clamped/simply supported boundary conditions under ther-
mo-electro-mechanical loading. Jabbari et al. [31] evaluated 
the buckling load of porous circular plates integrated with 
piezoelectric actuator layers, subjected to uniform in-plane 
radial compression and applied constant voltage on piezo 
layers. The effects of piezoelectric layers on the buckling 
load, piezoelectric layer-to-porous plate thickness ratio and 
variation of porosity are presented in this paper. The exten-
sion of this study made in Khorshidvand [32] by integrating 
plate with piezoelectric sensor and actuator patches, subject-
ed to uniform in-plane radial compression and studied the 
effects of piezoelectric layers on feedback gain. Wankhade 
and Bajoria [33] studied stability of piezolaminated plates 
subjected to combined action of electrical and mechanical 
loading. Wankhade and Bajoria [34] studied buckling analy-
sis of piezolaminated plate subjected to combined action of 
electro-mechanical loading using HSDT and finite element 
method. Piezolaminated plates consist of cross ply symmet-
ric and antisymmetric orientation of laminates with piezo-
layer attached at the top and bottom of the plate.

2.2.  Stability Analysis of Piezolaminated FGM Plates

Liew et al. [35] investigated the buckling and postbuck-
ling behavior of FGM hybrid plate which is surface bonded 
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with piezoelectric actuators under combined influence of 
uniform temperature change, in-plane forces and constant 
applied control voltage. Hybrid plate is formed by combin-
ing ceramics and metals i.e. zirconia and aluminum. Mod-
eling is based on Reddy’s higher order shear deformation 
theory by applying semi analytical one dimensional differ-
ential quadrature (DQ) approximation based iterative ap-
proach which is used to determine the postbuckling response 
of FGM plate and Galerkin procedure is used to evaluate 
non-linear algebraic equation, further which is useful for 
determining postbuckling path by using iterative approach. 
Yang et al. [36] investigated the non-linear bending response 
of shear deformable FGM rectangular plate which is mix-
ture of zirconia and aluminum, covered with piezoelectric 
actuator layers under application of thermo-electro-mechan-
ical loads. Material properties are assumed to be graded in 
thickness direction according to power-law distribution and 
also it is independent of temperature and electrical field. 
Formulation is based on Reddy’s higher order shear defor-
mation theory and von Karman assumption for influence of 
geometric non-linearity. Shen [38] studied the postbuckling 
analysis for a simply supported, shear deformable function-
ally graded plate with piezoelectric actuators by extending 
the previous work of Shen [8,37] to the case of mid-plane 
symmetric FGM hybrid plates subjected to the combined ac-
tion of mechanical, electrical and thermal loads. Two sets of 
material mixture for FGMs are considered i.e. silicon nitride 
and stainless steel and the other is zirconium oxide and tita-
nium alloy. The temperature field considered is assumed to 
be of uniform distribution over the plate surface and through 
the plate thickness and the electric field considered only has 
non zero valued component EZ. Reddy’s higher order shear 
deformation plate theory is used in the analysis and a two 
step perturbation technique is employed to determine buck-
ling loads and postbuckling equilibrium paths. Shen H.S. 
[39] studied the thermal postbuckling analysis for a sim-
ply supported, shear deformable functionally graded plate 
considering the heat conduction and temperature-dependent 
material properties and extended previous work of Shen [37, 
38] to the case of geometrically mid-plane symmetric FGM 
plates subjected to thermal loads. A two-step perturbation 
technique is employed to determine buckling temperature 
and postbuckling equilibrium paths.

Chen et al. [40] presented the buckling and postbuckling 
analysis of piezoelectric FGM plate subjected to non-uni-
formly distributed loads, heat and voltage by using element 
free Galerkin method by employing penalty coefficients. 
First calculation is made for pre-buckling stresses of plates 
subjected to non-uniformly distributed loads and then cal-
culated the buckling load and temperature of the plate by 
considering Mindlin plate assumption. For validation of 
above analysis some numerical studies are carried out such 
as, analysis of rectangular piezoelectric FGM plate which is 
subjected to pair of in-plane concentrated loads and square 

piezoelectric FGM plate subjected different loading such 
as, several pairs of partial uniform in-plane edge loads, one 
axial load and two shear loads. Results based on above study 
show that if small amount of voltage increases then buck-
ling parameter decreases. Shen [41] extended previous work 
of Shen [38] to investigate the nonlinear compressive post-
buckling under thermal environments and thermal postbuck-
ling due to a uniform temperature rise are presented for a 
simply supported, shear deformable FG plate which is mix-
ture of silicon nitride and stainless steel with piezoelectric 
fiber reinforced composite actuators. The analysis is based 
on a HSDT with von Karman type of kinematic nonlinearity. 

Shariyat [42] presented the vibration and dynamic buck-
ling of FGM rectangular plates which is mixture of aluminum 
oxide and titanium alloy with surface bonded piezoelectric 
sensors and actuators under the influence of thermo-electro-
mechanical loading. Finite element formulation is based on 
higher order shear deformation theory. Dynamic buckling 
is evaluated for plate is already subjected to electric poten-
tial and thermal and electrical loads under suddenly applied 
mechanical compression. The minus voltage is applied then 
thermal and mechanical buckling loads are having slightly 
higher value in case of thin plate, but same result is not ac-
ceptable for thick plates. Ke et al. [43] presented the ana-
lytical solutions for the flexural vibration and buckling of 
beams made of FGM containing open edge cracks based on 
Timoshenko beam theory and the rotational spring model. 
Mirzavand and Eslami [44] presented the thermal buckling 
of FG rectangular plates which is mixture of zirconium 
oxide and titanium alloy integrated with surface-bonded 
piezoelectric actuators. The third order shear deformation 
plate theory is employed to account for the transverse shear 
strains. The temperature dependent of the material proper-
ties are considered. The buckling analysis of the plate under 
thermal loadings is carried out using the Reitz method. They 
indicate that the buckling temperature difference can be con-
trolled by applying a suitable voltage on the actuator layers. 

Jadhav and Bajoria [45] and Bajoria and Jadhav [46] pre-
sented the stability analysis of a piezolaminated metal based 
FG plate subjected to electrical and mechanical loading. The 
finite element model is derived with the von Karman hypoth-
esis and degenerate shell element using the FSDT and HSDT 
for thin and thick FGM plate respectively. The analysis is 
carried out on a newly introduced metal based FGM material 
which is a mixture of aluminum and stainless steel. Khor-
shidvand et al. [47] studied the thermal buckling of circular 
plates made of FGMs with surface bonded piezoelectric lay-
ers subjected to applied constant voltage, uniform tempera-
ture rise, nonlinear and linear temperature variation through 
the thickness for immovable clamped edge of boundary con-
ditions. The general thermoelastic nonlinear equilibrium and 
linear stability equations for the piezoelectric FG plate are 
derived using the variational formulations. Panda and Sopan 
[48] developed finite element model for geometrically non-
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were formulated using CLPT with the induced strain actua-
tion and Hamilton’s principle. The total charge developed 
on the sensor layer is calculated from the direct piezoelectric 
equation. 

Tzou and Fu [55] investigated the active vibration con-
trols of the plate with various sizes of sensors/actuators and 
control algorithm, the proportional feedback and lyapnov 
control were presented and carried out the free vibration 
analysis to find out natural frequencies and mode shapes. 
Chandrashekhara and Tenneti [56] developed a finite ele-
ment model for the active control of thermally induced 
vibration of laminated composite plates with piezoelectric 
sensors and actuators. The direct and converse piezoelectric 
effects are coupled with a constant gain feedback control al-
gorithm to actively control the dynamic response of the plate 
in a closed loop. A C0 continuous nine noded shear flexible 
element is implemented to model the plate. Baz and Ro [57] 
presented a finite element analysis of the dynamic control 
of the flat plates which are partially treated with patches of 
the active constrained layer damping (ACLD) treatment and 
demonstrated its ability to control the bending vibration of 
flexible plates. Batra and Liang [58] studied the steady state 
vibrations of a simply supported rectangular laminated elas-
tic plate with embedded piezoelectric actuators and sensors 
by using the three-dimensional elasticity theory. Han et al. 
[59] presented an experimental study for active vibration 
control of composite beams and plates and developed an 
analytical model using Ritz method to calculate the sensor 
output history and control voltage history for the composite 
beam with piezoelectric sensors and actuators. The results of 
an analytical model are validated with experimental inves-
tigations. Abramovich and Meyer [60] presented an exact 
elasticity solution for forced induced vibrations of a piezol-
aminated elastic beam being driven by time harmonic volt-
ages applied to the actuators on top and bottom surfaces. The 
analysis is based on Fourier series. 

Goswami and Kant [61] presented a generalised finite 
element formulation of a consistent plate model for ac-
tive vibration control of stiffened laminates integrated with 
piezoelectric polymer layers acting as distributed sensors 
and actuators. Total charge developed on the sensor layer 
is calculated from the direct piezoelectric equations. Kang 
et al. [62] analyzed multi-modal vibration control of the 
cantilevered laminated composite plate using collocated 
piezoceramic sensors/actuators and verified experimentally 
for various fiber orientations. The research highlighted an 
analytical approach to evaluate the passive and the active 
vibration control of the plate. Lam and Ng [63] presented the 
theoretical formulations using CLPT and Navier solutions 
for the analysis of the laminated composite plates with in-
tegrated sensors and actuators subjected to both mechanical 
and electrical loadings. An active control of the dynamic re-
sponse of the integrated plate structures through closed loop 
control is carried out using negative force-cum-moment 

linear analysis of FG annular sector plates integrated with 
the cylindrically orthotropic piezoelectric fiber reinforced 
composite (PFRC) annular patches based on the FSDT and 
the Von Karman nonlinear strain-displacement relations.

3.  REVIEW ON VIBRATION CONTROL OF  
PIEZOLAMINATED COMPOSITE PLATES/FGM 
PLATES

Vibrations of the piezolaminated structures can be ef-
fectively controlled using the direct and converse piezo ef-
fects with distributed sensors and actuators. Sensor detects 
the oscillations and the actuator controls the vibration of the 
system. The classical control laws are constant gain nega-
tive velocity feedback and Lyapunov’s feedback which are 
based on output feedback. In the case of classical control 
laws, the gains are arbitrarily chosen, whereas in case of op-
timal control law, an optimal control gain is obtained which 
minimizes as object functions. Several studies have been 
carried out for vibration control of piezolaminated plate and 
piezolaminated FGM plate structures. Review is presented 
to highlight the vibration control studies of the composite /
FGM plate structure using piezoelectric effect in following 
section.

3.1.  Vibration Control of Piezolaminated Composite 
Plates

Lawson [49] investigated the characteristic frequencies 
of infinite piezoelectric plates vibrating between the ground-
ed electrodes of a plane parallel condenser. The investiga-
tion exhibits that the frequencies depend on the piezoelectric 
constants as well as the elastic constants of the crystal. Tier-
sten [50] investigated the thickness vibrations of an infinite 
anisotropic plate with electrodes coated on both surfaces 
are investigated using the linear piezoelectric equations. In 
the general case, the three fundamental solutions of the dif-
ferential equations were found to couple at the traction free 
surfaces of the plate. Hruska [51] investigated the similar 
problem of Lawson [49] to study an infinite piezoelectric 
plate vibrating between two electrodes of a plane parallel 
condenser for the case of a small d.c. potential maintained 
across the condenser electrodes. Chandrashekhara and Agar-
wal [52] developed a finite element formulation for lami-
nated composite plates with integrated piezoelectric sensors 
and actuators using FSDT. The developed mathematical 
model is similar to that of Lee [53] however; the FSDT was 
used instead of classical laminated plate theory (CLPT). The 
improved structural behavior is demonstrated using a con-
stant gain feedback control. Hwang et al. [54] investigated 
the combined effects of passive and active control on the 
vibration control of a composite laminated plate with piezo-
electric sensors/actuators using finite element formulation 
and modal analysis. The equations of motion of the system 
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feedback control algorithm which is coupling with the direct 
and converse piezoelectric effects. Lin and Huang [64] in-
vestigated the vibration control of beam-plates with bonded 
piezoelectric sensors and actuators based on finite element 
method and presented the basic equations for piezoelectric 
sensors and actuators. The equation of motion is derived for 
a beam-plate structure bonded with pairs of piezoelectric 
sensors or actuators by using the Hamilton's principle. 

Liu et al. [65] developed finite element model for the 
shape control and active vibration suppression of laminated 
composite plates with integrated piezoelectric sensors and 
actuators using CLPT and the principle of virtual displace-
ments. Numerical investigations show the influence of 
stacking sequence and position of sensors and actuators on 
the response of the plate. Reddy [66] presented a general for-
mulation for laminated composite plates with piezoelectric 
actuators and sensors. The formulation is based on CLPT, 
FSDT and third order shear deformation theories incorpo-
rating the thermo-electro-mechanical coupling, von Karman 
type geometric nonlinearity and time dependency. Sara-
vanos [67] presented a coupled electromechanical theory 
for composite laminates with multiple piezoelectric layers 
connected to passive electric circuits and a Ritz solution is 
used for predicting the modal damping, modal frequencies 
and damped response of composite piezoelectric plates. 
The equations of motion for passive laminate systems were 
solved for the case of simply supported plates and eigenval-
ues of the damped plate were calculated to obtain the modal 
frequencies and damping. Balamurugan and Narayanan [68] 
developed a new piezolaminated quadrilateral composite 
plate/shell finite element and applied to a composite cantile-
vered plate and cantilevered semicircular shell with distrib-
uted PZT piezoceramic sensor and actuator on the top and 
bottom surfaces. The classical control methods for different 
kinds of loading environments are used to control vibration 
composite laminated plates. Results predicts that the veloc-
ity feedbacks like constant gain negative velocity feedback 
and Lyapunov feedback are more effective in controlling 
the vibrations when compared to displacement feedback 
like direct proportional feedback but LQR control methods 
are more effective in controlling the vibration with lesser 
peak voltages. Valoor et al. [69] developed a neural network 
based control system for self adapting vibration control of 
laminated plates with piezoelectric sensors and actuators. 
The finite element model of the plate with integrated piezo-
electric sensor and actuators is used to simulate the vibration 
of the plate. 

Kang et al. [70] investigated the interaction between ac-
tive and passive vibration control characteristics by numeri-
cally and verified experimentally. The finite element method 
is used for the analysis of dynamic characteristics of the lam-
inated composite beams. Experiments on the active vibra-
tion control of the laminated composite beams were carried 
out using velocity feedback control. Mukherjee et al. [71] 

presented active control of stiffened composite plate using 
piezoelectric materials. The stiffener had been formulated 
such that, it could have any shape in plan and need not pass 
through the nodal lines of the finite element mesh. The es-
tablished formulation could be effectively employed in the 
analysis of plates with eccentric stiffener. Gao and Shen [72] 
developed an incremental finite element equations consider-
ing the geometrical non-linearity of structures with piezo-
electric patches based on virtual velocity incremental varia-
tional principles with the assumption of weak mechanical 
and electric coupling. The numerical investigation exhibits 
that piezoelectric actuators can produce significant damping 
and control transient vibration effectively and the numbers 
and locations of the piezoelectric actuators have influence on 
the shape control and the vibration control of the structures.

Kulkarni and Bajoria [73,74] presented a new finite ele-
ment model for the piezolaminated plates/shells using the 
HSDT and studied the active control of piezolaminated 
composite plates/shells. Narayanan and Balamurugan [75] 
presented finite element formulation for active vibration 
control of shear deformable piezolaminated beam, plate 
and shell including the stiffness, mass and electromechani-
cal coupling effects of distributed piezoelectric sensor and 
actuator layers. For the case of plate/shell elements the 
thermoelectromechanical coupling is considered and stud-
ied the active vibration control using the classical control 
methods like constant gain negative velocity feedback and 
Lyapunov feedback. Quek et al. [76] investigated the place-
ment of collocated piezoelectric sensor/actuator pairs in a 
laminated composite plate using the finite element method. 
Two performance functions based on the modal controlla-
bility and system controllability are proposed as indices for 
damping out the free vibration. Chen et al. [77] investigated 
the bending and free vibration of an imperfectly bonded or-
thotropic piezoelectric rectangular laminates using a three 
dimensional state-space approach. The interlaminar bonding 
of the host elastic laminate was assumed to be imperfect, de-
scribed by a spring layer model while the bonding between 
the host elastic laminate and the surface piezoelectric ac-
tuator and sensor layers was perfect. A general spring layer 
was adopted to model the bonding imperfections. Chen et 
al. [78] employed the same three dimensional state-space 
approach to investigate the static and dynamic problems of 
simply supported adaptive angle ply laminates in cylindrical 
bending featuring interlaminar bonding imperfections. Liew 
et al. [79] developed an element free Galerkin method based 
on the FSDT for the shape control and vibration suppression 
of the piezolaminated composite plates. Also investigation 
has been carried out on the free vibration analysis of simply 
supported square piezolaminated plates by considering dif-
ferent orientations of composite substrates and locations of 
piezoelectric patches. 

Moita et al. [80] presented a finite element formulation 
for active vibration control of thin plate laminated structures 
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with integrated piezoelectric layers acting as sensors and ac-
tuators. The model is based on the Kirchhoff’s CLPT and can 
be applied to plate and shell adaptive structures. Newmark 
method is considered to calculate the dynamic response of 
the laminated structures. Raja et al. [81] studied the influ-
ence of active stiffening on the frequency control of piezo-
hygro-thermo-elastic laminated plates and shells for various 
elastic modes using coupled piezoelectric finite element 
formulation involving a hygrothermal strain field based on 
virtual work principles. Vel et al. [82] presented an analyti-
cal solution for the cylindrical bending vibrations of linear 
piezoelectric laminated plates which is obtained by extend-
ing the Stroh formalism to the generalized plane strain vibra-
tions of piezoelectric materials. Tzou et al. [83] presented 
a thorough review on smart materials including material 
histories characteristics, material varieties, limitations, sen-
sor/actuator/structure applications of piezoelectrics, shape 
memory materials, electro and magnetostrictive materials, 
electro and magnetorheological fluids, polyelectrolyte gels, 
superconductors, pyroelectrics, photostrictive materials, 
photoferroelectrics, magneto-optical materials. Duan et al. 
[84] presented the free vibration analysis of piezoelectric 
coupled annular plates using the Kirchhoff’s and Mindlin 
plate models. Sinusoidal function is used to describe the dis-
tribution of electric potential along the thickness direction 
of thin and thick plate. Maxwell’s static electricity equation 
is included as one of the governing equations. The results 
are verified against three dimensional finite element analysis 
using ABAQUS.

Huang and Shen [85] studied the nonlinear vibration 
and dynamic response of simply supported shear deform-
able cross ply laminated plates with piezoelectric actuators 
subjected to mechanical, electrical and thermal loads. The 
theoretical formulation is based on the HSDT and general 
von Karman’s type strains including thermo-piezoelectric 
effects. Oh [86] studied the nonlinear dynamics of active 
piezolaminated plates to investigate thermo-piezoelastic 
snap-through phenomena. A multi-field layer wise finite 
element is proposed for high accuracy and nonlinearity of 
displacement, electric and thermal fields. The thermoelas-
tic postbuckling of the structural models is investigated 
and the characteristics of piezoelectric active responses are 
studied for finding snap-through piezoelectric potentials and 
the load-path tracking map. Peng et al. [87] developed a 
methodology for piezoelectric patches placement optimiza-
tion and introduces adaptive feedforward control into smart 
structure vibration control. The opitimization methodology 
is based on modeling using ANSYS. Du et al. [88] obtained 
exact solutions for thickness vibrations of a piezoelectric 
plate under uniform biasing acceleration with the consider-
ation of the piezoelectric stiffening.

Chen et al. [89] extended previous work of Chen et al. 
[77] to investigate bending and free vibrations of simply 
supported cross ply piezolaminated cylindrical panel featur-

ing with interlaminar bonding imperfections. Qu et al. [90] 
investigated the vibration behavior of a piezoelectric com-
posite plate with cracks and developed the dynamic model 
based on the principle of minimum energy and analyzed the 
effects of cracks and piezoelectric materials on mode shapes. 
Kulkarni and Bajoria [91] extended previous work of 
Kulkarni and Bajoria [73] to investigate the large deforma-
tion analysis of piezolaminated smart structures using finite 
element analysis based on FSDT and HSDT. Heidary and 
Eslami [92] studied the piezo-control of forced vibrations of 
the laminated thermoelastic plate and presented the dynamic 
response under the rapidly applied mechanical excitation 
and prescribed thermal loading. The structural vibrations in-
duced in a laminated thermoelastic plate are controlled by 
appropriate control voltage applied to piezoelectric layers. 
Ghasemi-Nejhad et al. [93] presented study on the use of 
piezoelectric stack and monolithic patch actuators in finite 
element analysis and examined the effects of the actuator lo-
cation on the vibration suppression and the level of optimum 
voltage. Balamurugan et al. [94] studied the active vibration 
control performance of the piezolaminated smart composite 
plates using finite element model based on HSDT by apply-
ing various control strategies.

Kulkarni and Bajoria [95] presented the geometrically 
nonlinear finite element analysis of smart structures and 
presented numerical investigations of piezolaminated com-
posite beams, plates and shell structures using the FSDT 
and HSDT. Lee and Guo [96] developed a finite element 
simulation model for the active control of nonlinear com-
posite panel vibration using von Karman nonlinear strain-
displacement relations for large deflection responses and 
linear piezoelectricity constitutive relations under random 
excitation. Four control methods, velocity feedback, lead, 
lag and H∞ are employed and examined for cases of small 
and large amplitude vibrations. The H∞ method works bet-
ter under small excitations with small piezoelectric actuators 
and the lag compensator performs better under large excita-
tions with large piezoelectric actuators. Della and Shu [97] 
developed a mathematical model for the vibration of beams 
with piezoelectric inclusions. The piezoelectric inclusion 
in a non-piezoelectric matrix is analyzed as two inhomoge-
neous inclusion problems as elastic and dielectric by using 
Eshelby’s equivalent inclusion method. The Euler-Bernoulli 
beam theory and Rayleigh-Ritz approximation technique are 
used for analysis. In addition a parametric study was con-
ducted to investigate the influence of the energies due to 
piezoelectric coupling on the natural frequency of the beam. 

Zhang and Shen [98] presented an analytical formulation 
for structural vibration control of laminated plates consist-
ing of piezoelectric fiber reinforced composite layers and 
orthotropic composite layers. The active controlled electric 
field was applied to the piezocomposite layers equipped 
with Interdigitated Electrodes (IDE). Based on the thin plate 
theory the governing differential equations for axial vibra-
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tion and transverse vibration are established. The solution 
is obtained through the separation of variables and Fourier 
expansion method. Pietrzakowski [99] formulated models of 
piezoelectric coupled laminated plates based on Kirchhoff’s 
and Mindlin’s kinematic assumptions involving the electric 
potential distribution, which satisfies the Maxwell electro-
statics equation. In the first model the displacement field is 
based on the Kirchhoff hypothesis and in second model the 
Mindlin plate theory is applied. Dash and Singh [100] stud-
ied the nonlinear free vibration of geometrically nonlinear 
shear deformable laminated plate with embedded and/or sur-
face bonded piezoelectric layers in Green Lagrange sense. 
The formulation is based on the HSDT. Jayakumar et al. 
[101] studied nonlinear free vibrations of simply supported 
piezolaminated rectangular plates with immovable edges 
based on utilizing Kirchoff’s hypothesis and von Karman’s 
strain–displacement relations. Applying the modified Galer-
kin’s method to the governing nonlinear partial differential 
equations, a modal equation of Duffing’s type is obtained 
and solved by exact integration.

Ray and Shivakumar [102] analyzed active composite 
layer damping (ACLD) of geometrically nonlinear transient 
vibrations of laminated thin composite plates using piezo-
electric fiber reinforced composite materials. The Golla-
Hughes-McTavish (GHM) method had been used to model 
the constrained viscoelastic layer of the ACLD treatment in 
the time domain. A finite element model was developed for 
the cross ply and antisymmetric angle ply plates undergo-
ing geometrically nonlinear vibrations. For deriving coupled 
electromechanical nonlinear finite element model, von Kar-
man type nonlinear strain displacement relations and the 
FSDT were used. Singh et al. [2009] studied the post buck-
ling load response of laminated composite plates supported 
on linear elastic foundation with random system properties 
using HSDT with von-Karman nonlinear stain-displacement 
relations. A finite element method is used for spatial descret-
ization of the laminate. Tian et al. [104] proposed a yield cri-
terion that is related to the spherical stress tensor is proposed 
to describe the mixed hardening of damaged orthotropic ma-
terials based on the elasto-plastic mechanics and continuum 
damage theory. The finite difference method and the New-
mark-? method are adopted to make the undetermined vari-
ables discretized in the space and time domains respectively. 
Trindade and Benjeddou [105] presented a analysis of meth-
odologies to evaluate the effective electromechanical cou-
pling coefficient for structures with piezoelectric elements. 
Finite element method is used to modeling of the electric 
boundary conditions and comparisons between numerical, 
analytical and experimental results for beams with bonded 
extension and embedded shear piezoelectric materials are 
carried out. Umesh and Ganguli [106] developed a finite ele-
ment model for a smart composite plate with matrix cracks 
and studied the effect of matrix cracks in a cantilevered smart 
composite plate with different electrical and mechanical 

loadings for several different laminate types and ply angles. 
Balamurugan and Narayanan [107] extended previous work 
of Balamurugan and Narayanan [68] to developed a general 
finite element formulation of stiffened shell structures with 
distributed piezoelectric sensors and actuators.

Chandrashekhar and Ganguli [108] investigated the non-
linear vibration analysis using a C0 assumed strain interpo-
lated finite element plate model based on Reddy’s third order 
theory. The variance of linear and non linear natural frequen-
cies of the plate due to randomness in its material properties 
is obtained using Monte Carlo Simulation with Latin Hy-
percube Sampling technique. Yiming et al. [109] presented 
a nonlinear model for active vibration control analysis of 
cross ply piezoelastic laminated plates containing the dam-
age effect of the intra-layer materials and inter-laminar in-
terfaces by using the Von Karman type of nonlinear strains. 
The active control of damping is derived to the nonlinear 
dynamic equations and used to actively control the vibra-
tion response of the plate by using the Hamilton variation 
principle and the simple negative velocity feedback control 
algorithm. Farhadi and Hashemi [110] investigated the fea-
sibility of using piezoelectric patches for multi-mode vibra-
tion control of moderately thick rectangular plates based on 
a finite element formulation. An active damping controller 
is designed using modal velocity feedbacks for suppres-
sion of plate vibrations. Kerur and Ghosh [111] presented 
a coupled electro-mechanical finite element formulation for 
active control of geometrically nonlinear transient response 
of laminated composite plate is studied using FSDT and von 
Karman type non-linear strain displacements. The Newton 
Raphson iterative method in association with Newmark time 
integration method is used to solve the nonlinear finite ele-
ment equilibrium equation and negative velocity feedback 
control algorithm is used to control the dynamic response of 
the smart laminated composite plate.

Sarangi and Ray [112] investigated the performance of 
the active constrained layer damping (ACLD) treatment in 
which the constraining layer is made of the vertically rein-
forced 1-3 piezoelectric composite in time domain for active 
damping of nonlinear transient vibrations of laminated com-
posite plates using three dimensional finite element model. 
Dash and Singh [113] developed a probabilistic procedure 
especially for highly nonlinear problems to obtain mean 
and standard deviation of the nonlinear natural frequency of 
the smart laminated composite plate having random mate-
rial property. Her and Lin [114] investigated the vibration 
response of a simply supported composite laminated plate 
excited by piezoelectric actuators and obtained an analytical 
solution of the vibration response of a simply supported lam-
inated rectangular plate under time harmonic electrical load-
ing. Phung-Van et al. [117] extended formulation based on 
a cell-based smoothed stabilized discrete shear gap element 
(CS-FEM-DSG3) presented by Nguyen-Thoi et al. [116] 
and Bletzinger et al. [115] to investigate the static and free 
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vibration analyses and dynamic control of composite plates 
integrated with piezoelectric sensors and actuators. The elec-
tric potential is assumed to be a linear function through the 
thickness for each piezoelectric sub-layer. In case of active 
vibration control of the static deflection, a displacement and 
velocity feedback control algorithm is used and closed loop 
control is used to evaluate dynamic response of the plates. 
Shivakumar et al. [118] studied the geometrically nonlinear 
vibration control of smart laminated composite panels us-
ing the patches of ACLD treatment, which is made of hori-
zontally reinforced PFRC material using three dimensional 
finite element model.

3.2.  Vibration Control of Piezolaminated FGM 
Plates 	

He et al. [119] presented a finite element formulation 
based on the CLPT for the shape and vibration control of the 
FGM plates with integrated piezoelectric sensors and actua-
tors. The properties of the FGM plates are functionally grad-
ed in the thickness direction according to a volume fraction 
power law distribution. A constant velocity feedback control 
algorithm is used for the active control of the dynamic re-
sponse of the FGM plate through closed loop control. The 
static and dynamic responses are presented for an FGM plate 
of aluminum oxide/Ti-6A1-4V material composition. Liew 
et al. [120] presented a finite element formulation based on 
FSDT for static and dynamic piezothermoelastic analysis 
and active control of FGM plates subjected to a temperature 
gradient using integrated piezoelectric sensor/actuator lay-
ers. A constant displacement-cum-velocity feedback control 
algorithm is applied to provide an active feedback control 
of the integrated FGM plate in a self monitoring/controlling 
system for the bending control and the torsional control. Oo-
tao and Tanigawa [121] developed the theoretical formula-
tion of a control of the transient thermoelastic displacement 
for a FG rectangular plate bonded to a piezoelectric plate due 
to nonuniform heat supply. The numerical study is carried 
out for a FG rectangular plate mixture of zirconium oxide 
and titanium alloy, bonded to a piezoelectric plate of a cad-
mium selenide solid.

Liew et al. [122] Finite element model based on CLPT 
is presented for static and dynamic piezothermoelastic 
analysis and active control of FGM plates under tempera-
ture gradient environments using integrated piezoelectric 
sensor/actuator layers. The properties of FGM plate are in 
the thickness direction according to a volume fraction power 
law distribution. FGM plate consists of zirconia and alumi-
num. Huang and Shen [123] presented the nonlinear free 
and forced vibration analyses for simply supported, hybrid 
FGM plate subjected to the combined action of transverse 
dynamic, electric and thermal loading. The substrate FGM 
layer consists of zirconia and aluminum. The formulations 
are based on HSDT and general von Karman type equations 

and include thermo-piezoelectric effects. Analytical solu-
tions have been presented by using an improved perturbation 
technique. Kargarnovin et al. [124] analyzed a FGM rectan-
gular plate which is bonded with piezoelectric rectangular 
patches on the top and/or bottom surface as an actuators/
sensors. The governing differential equations of the motion 
are derived using CLPT and constant electric charge. The 
solution for the motion equation is obtained using a Fourier 
series method. Reddy and Ray [125] investigated the opti-
mal control of FG plates using a distributed actuator made 
of the PFRC material proposed by Mallik and Ray [126] and 
a distributed monolithic piezoelectric sensor layer. The opti-
mal controller developed by employing the linear quadratic 
regulator design with output feedback. Ebrahimi and Rastgo 
[127] investigate the free vibration behavior of circular FG 
plate integrated with two uniformly distributed actuator lay-
ers (PZT4) on the top and bottom surfaces of the circular 
FG plate based on the CLPT. The material properties of the 
FG substrate plate are assumed to be graded in the thickness 
direction according to the power law distribution in terms 
of the volume fractions of the constituents. The differential 
equations of the motion are solved analytically for clamped 
edge boundary condition of the plate. Ebrahimi et al. [128] 
presented a free vibration analysis of moderately thick cir-
cular FG plate integrated with two thin piezoelectric (PZT4) 
layers based on Mindlin plate theory. The investigation is 
carried to show the effect of varying the gradient index of 
FG plate on the free vibration characteristics of the structure.

Ohadi and Fakhari [129] investigated the large ampli-
tude vibration control of FGM plates under thermal gradi-
ent and mechanical loads using piezoelectric sensor/actuator 
layers and presented the nonlinear finite element formula-
tions based on the third order shear deformation theory. A 
proportional derivative (PD) feedback control algorithm is 
employed in the analysis and studied the effects of controller 
gains and presence of noise in sensor voltage on the con-
troller performance. Ebrahimi and Rastgoo [130] presented 
nonlinear vibration analysis of thin circular pre-stressed FG 
plate integrated with two uniformly distributed piezoelectric 
actuator layers with an initial nonlinear large deformation. 
The nonlinear governing equations of motion are derived 
based on CPT with von-Karman type geometrical large non-
linear deformations. The initial stress state and pre-vibration 
deformations of the FG plate that is subjected to in-plane 
forces and applied actuator voltage is first solved then de-
rived the differential equations that govern the nonlinear vi-
bration behavior of pre-stressed piezoelectric coupled FGM 
plates by adding an incremental dynamic state. Ebrahimi 
et al. [131] presented a theoretical model for geometrically 
nonlinear vibration analysis of piezoelectrically actuated 
circular FGM using Kirchhoff’s Love hypothesis with von-
Karman type geometrical large nonlinear deformations. The 
FGM plate is the mixture of alumina and aluminum. Panda 
and Ray [132] presented a geometrically nonlinear dynamic 
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analysis for FG plates integrated with a patch of active con-
strained layer damping (ACLD) treatment, which is subject-
ed to a temperature field. The temperature field is assumed 
to be spatially uniform over the substrate plate surfaces and 
varied through the thickness of the host FG plates and as-
sumed temperature dependent material properties of the FG 
substrate plates in the analysis. 

Panda and Ray [133] presented the geometrically non-
linear dynamic analysis of FG laminated composite plates 
integrated with a patch of (ACLD) treatment. The constrain-
ing layer of the ACLD treatment is considered to be made of 
the piezoelectric fiber reinforced composite (PFRC) mate-
rial. The constrained viscoelastic layer of the ACLD treat-
ment is modeled using the Golla-Hughes-McTa-vish (GHM) 
method. Finite element model has been developed to model 
the open-loop and closed-loop nonlinear dynamics of the 
overall FG laminated composite plates which are based on 
the FSDT. Xia and Shen [134] presented the nonlinear free 
and forced vibration analyses for simply supported, FGM 
plates with fully covered PFRC actuators subjected to the 
combined action of transverse dynamic, thermal and electric 
loads. The material properties of both FGM and PFRC layers 
are assumed to be temperature dependent. The formulations 
are based on HSDT and general von Karman-type equation. 
Hashemi et al. [135] presented an analytical method to ana-
lyze the vibration of piezoelectric coupled thick annular FG 
plates subjected to different combinations of soft simply sup-
ported, hard simply supported and clamped boundary condi-
tions at the inner and outer edges of the annular plate on the 
basis of the Reddy’s third order shear deformation theory. 
The properties of host plate are graded in the thickness direc-
tion according to a volume fraction power law distribution. 
The differential equations of motion are solved analytically 
for various boundary conditions of the plate. 

Fakhari and Ohadi [136] developed finite element formu-
lation to investigate geometrically nonlinear vibration be-
havior of FGM plate with surface bonded piezoelectric layers 
under thermal, electrical and mechanical loads using HSDT. 
The von Karman nonlinear strain-displacement relationship 
is used to account for the large deflection of the plate. The 
two control algorithms are employed to control large ampli-
tude vibration control of FGM plate as, classical displace-
ment velocity feedback control and robust H2 control. Yiqi 
and Yiming [137] analyzed the nonlinear dynamic response 
and active vibration control of the piezoelectric FG plate 
based on HSDT and elastic piezoelectric theory, the non-
linear geometric and constitutive relations of the piezoelec-
tric FG plate are established, and then the nonlinear motion 
equations of the piezoelectric FG plate are obtained through 
Hamilton’s variational principle. The nonlinear active vibra-
tion control of the structure is carried out with adoption of 
the negative velocity feedback control algorithm. Fakhari 
et al. [138] developed finite element formulation based on 
HSDT to analyze nonlinear natural frequencies, time and 

frequency responses of FG plate with surface-bonded piezo-
electric layers under thermo-electro-mechanical loads. The 
von Karman nonlinear strain-displacement relationship is 
used to account for the large deflection of the plate. The ma-
terial properties of FGM are assumed temperature depen-
dent. Shirazi et al. [139] studied active vibration control of 
a simply supported rectangular plate made from FGMs with 
fuzzy logic control. Modal analysis was implemented to ob-
tain the first nine natural frequencies and mode shapes of 
the plate. 

Ebrahimi [140] presented a nonlinear dynamics and vi-
bration analysis on pre-stressed FG circular plates that are 
bonded with piezoelectric actuator layers in a thermal envi-
ronment. The equations of motion are derived using CLPT 
based on Kirchhoff’s-Love hypothesis with von-Karman 
type geometrical large nonlinear deformations. The material 
properties of the FG core plate are assumed to be graded in 
the thickness direction according to the power law distribu-
tion. Jadhav and Bajoria [141] investigated the active vibra-
tion control analysis of thick FG plate integrated with piezo-
electric layer at top and bottom face using finite element 
method based on FSDT and HSDT, von- Karman’s hypoth-
esis and degenerated shell element. The analysis is carried 
out on newly introduced metal based FGM material which is 
mixture of aluminum and stainless steel. Jadhav and Bajoria 
[142] developed a finite element model for free and forced 
vibration analysis of a piezoelectric thin FGM plate using 
HSDT. The natural frequencies are compared with the natu-
ral frequencies of a layered composite plate with 21 layers 
using ANSYS. Jodaei et al. [143] studied the free vibration 
analysis of FG piezoelectric annular plates using state-space 
based differential quadrature method and comparative be-
havior modeling by an artificial neural network. Talabi and 
Saidi [144] developed a novel exact closed-form procedure 
based on the third order shear deformation plate theory to 
analyze in-plane and out-of-plane frequency responses of 
circular/annular FGM plates embedded in piezoelectric lay-
ers for both close/open circuit electrical boundary condi-
tions.

4.  CONCLUSIONS 

This article makes an effort in summarizing recent de-
velopment in stability as well as vibration control analysis 
of piezolaminated composite and FGM plates. Piezoelectric 
materials possesses a property of direct and converse piezo-
electric effects which can be adequately employed to control 
the deflection, vibration, shape and buckling of the structure. 
The review paper is divided into following sections: stabil-
ity analysis of piezolaminated composite plates and piezol-
aminated FGM plates, vibration control of piezolaminated 
composite plates and piezolaminated FGM plates. This pa-
per is an evidence of contributions from researchers for high 
quality and tremendous work in the area of stability as well 
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as vibration control analysis of piezolaminated composite 
plates and piezolaminated FG plates.
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1.  INTRODUCTION

The mantra of “Bigger, Faster, Cheaper” is an increasing-
ly highlighted requirement for composites manufacturing; 
bigger size and production volume, faster production rate, 
and all for a cheaper price [1] without impacting on quality 
(rather improving on it). Quality in this instance refers to as-
suring low variability in the manufacturing process. Within 
the automotive sector the need for vehicle light-weighting 
may be answered by increased use of composites materials 
but this requires vastly improved productivity. The gener-
ally adopted automated methods do not yet meet demanded 
lay-up rates, largely hindered by the delays in areas such as 
quality inspection, and the use of continuous fibre architec-
tures can lead to numerous induced defects. Discontinuous 

fibre architectures are currently employed in non-loadbear-
ing structures with random alignment in both thermoset and 
thermoplastic matrices in order to attempt to meet produc-
tion volume, but with heavily reduced properties owing to 
the lack of alignment (such as [2]). There is certainly a great 
potential for highly aligned short fibre composites to enter 
production within an automotive basis if they provide the 
ability to meet productivity targets without significant reduc-
tions in material properties [3].

The price of composite materials remains very restrictive 
for low value, high volume production and the variability of 
the material as supplied, in terms of mass distribution and 
fibre waviness [4], translates to designs being more conser-
vative—meaning a greater volume of material is needed. 
Material supply could soon be an issue as there is a grow-
ing demand for carbon fibre in a number of markets with 
forecasts predicting upwards of 100,000 metric tonnes re-
quired for 2020 [5]. It is predicted that while aerospace and 

© 2014 DEStech Publications, Inc. All rights reserved. 
doi:10.12783/issn.2168-4286/2/3/4/Such

ABSTRACT

The most popular methodologies employed to manufacture composite components 
still lack sufficient rate to meet demand. Furthermore, the state of the art in automated 
processes imposes restrictions on component geometrical complexity. Many of these 
restrictions arise directly as a result of the use of continuous fibre reinforcements. Pro-
cessing and use of highly-aligned discontinuous fibres may avoid many of the manu-
facturing defects induced in continuous fibre architectures, which are a result of design 
decisions and manipulations during processing operations, while theoretically allow-
ing for similar mechanical properties if alignment and orientation are tightly controlled. 
An overview of the history of aligned short fibre composites has been presented, with 
the focus upon process and application of highly aligned advanced composites with 
properties near to that of continuous fibre composites. When continuous carbon fibres 
were first developed, there remained an interest to create aligned discontinuous fibre 
composites in order to form more complex components. This interest has reappeared 
in recent years with methods divided into those which align short fibres and those which 
introduce discontinuities into aligned fibres. It is clear that discontinuous material sys-
tems have their uses and applications, but greater development is still required in or-
der to better quantify and categorise the materials and their associated properties and 
processes. 

© 2014 DEStech Publications, Inc. All rights reserved.

KEYWORDS

composite materials 
discontinuous 
short fibre 
alignment

*Corresponding author. E-mail: Matthew.Such@bristol.ac.uk,  
Tel : +44-(0)117-331-5769

Journal of Multifunctional Composites, 3  (2014)  155–168



M. SUCH, C. WARD and K. POTTER156

consumer markets will experience predictable growth, the 
industrial sector, which includes automotive, will see rapid 
growth. Analysts predict that the widespread use of com-
posite materials relies on a heavily reduced price for carbon 
fibre to around $10/kg or lower [6]. For example the abil-
ity of BMW to deliver the i3 body panels at the production 
rate and cost that it has achieved is due, in part, to securing 
raw material supply and to increasing rates of automation 
via novel preforming and stamp/infusion forming. In order 
to meet the future demand, carbon fibre precursors will need 
to be found from alternative sources rather than petrochemi-
cal, and for automotive needs lignin based precursors may 
be more suitable, although the derived fibres currently lack 
desired properties. Materials will also have to have a greater 
degree of multifunctionality—to do more with less.

The major drivers for employing discontinuous compos-
ites thus revolve around the ability to increase productivity 
by utilising forming methods unavailable to continuous fibre 
composites, changing design criteria to allow geometrical 
complexity, increasing fibre hybridisation by intermingling 
a larger array of fibre types to tailor material properties for 
greater ductility or stiffness retention, and increased sustain-
ability by aligning recycled and reclaimed fibres in non-
loadbearing cases. The application of discontinuous fibre 
composites could be considered an enabling technology for 
low value, high volume production, as it will help increase 
productivity without having too great a shift on the current 
manufacturing landscape. Conversely, it could be seen as a 
disruptive technology for high value, low volume produc-
tion where it will impact design choices but may enable the 
incorporation of multifunctional materials.

This paper overviews the history of aligned short fibre 
composites and their applications, the focus being upon 
highly aligned advanced composites with properties near to 
that of continuous fibre composites, neglecting those meth-
ods which do not provide sufficient alignment. The aim of 
the paper is to steer the development and use of aligned dis-
continuous fibre composites, by unifying current work and 
highlighting required development routes. It concentrates on 
process development and applications rather than reporting 
mechanicals by type in detail as this is beyond the scope 
of the review (evidence within this works suggests further 
work is needed in this area).

2.  DISCONTINUOUS MATERIALS

Much of the early work in advanced composites focused 
on the development of materials incorporating natural fi-
bres, which by their very nature are discontinuous, within a 
polymeric matrix. Gordon-Aerolite [7] is an example of this, 
which utilised flax fibre within phenolic resin. It was realised 
early on that in order to derive the best performance from 
a composite, a high degree of fibre alignment was needed. 
Within the UK, research led by J.E. Gordon at the Explo-

sives Research and Development Establishment (ERDE), 
developed several alignment processes while working on 
novel structural materials. A drive for stiffer fibres resulted 
in the development of ceramic whiskers and filaments, with 
alignment moving away from random mat. Eventually the 
production of continuous carbon fibres in the 1960’s saw 
unidirectional and woven fabrics gain popularity. As fibres 
transitioned to continuous forms, interest was apparently 
lost in developing alignment mechanisms and using discon-
tinuous material. However, as highlighted by McMullen [8] 
in 1984, short fibre composites offered improved drapeabil-
ity and allowed for a greater degree of hybridisation than 
their continuous fibre rivals. There has been a resurgent 
interest in discontinuous materials over recent years with a 
number of processing methods being reported in open lit-
erature. Had these methods been available prior to the de-
velopment of continuous fibre it could be suggested to be 
a more advanced field than it stands today. The hierarchy 
of discontinuous fibre composites, as reviewed, is shown in 
Figure 1. The dashed box highlights those methods which 
have been reviewed, other discontinuous methods which ex-
ist do not impart enough alignment, utilise long fibre lengths  
(> 200 mm), or both. Both thermoset and thermoplastic ma-
trices are considered.

In order to achieve aligned discontinuous fibres a number 
of methods and processing methodologies have arisen over 
time, with a clear divide in approaches between methods 
which introduce discontinuity into virgin fibres via break-
ing and slicing, and those which attempt to align short fibres  
(< 100 mm) through a number of fluid, acoustic, electric, or 
mechanical mechanisms. The prior has a much more com-
mercial focus with alignment being present from the outset, 
and introduced discontinuities providing enhanced manu-
facturing capabilities via faster forming operations. The 
latter has the potential to utilise short fibres from a variety 
of sources, and it is thought that future developments will 
enable recycled materials to be utilised, as well as hold the 
ability to intermingle fibres for hybridisation. The ability to 
create hybrid composites may serve to be beneficial and al-
leviate many of the problems currently encountered with the 
brittle nature of continuous carbon fibre composites. It may 
also enable multifunctional capabilities, including those out-
lined by Gibson [9]. Hybrid composites generated a lot of 
interest in the 1970’s and 1980’s in order to further under-
stand the synergistic hybrid effect. Many properties deviate 
from a simple rule of mixtures and hybridisation can lead to 
increased ductility, important as composites seek to advance 
beyond the elastic limits often associated to the material 
class. Swolfs  et al. [10] recently review fibre hybridisation 
and discussed the growing trend of pseudo-ductility. Inter-
mingling of different fibre types may lead to more effec-
tive load distribution by introducing a small amount of high 
modulus carbon fibres alongside high strength carbon fibres. 
When compared with continuous fibre composites, these dif-
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ferences should lead to a decrease in process costs as well as 
an increase in flexibility.

2.1. Fiber Alignment Processes

A number of processes exist within the textile industry 
for the alignment of short fibres. These techniques, such as 
carding, have limited applicability within an advanced com-
posites environment; suffering from numerous restrictions 
due to non-homogenous packing and insufficient alignment 
[11]. The dominant mechanisms of alignment therefore in-
volve utilising a carrier fluid to induce fibre alignment with 
a converging flow.

One of the earliest reported methods in open literature, 
was developed in the early 1960’s; it was an alginate process 
to align whiskers of silicon carbide [12]—a fibre suspension 
(whiskers mixed within a few percent of ammonium alginate 
in water) was extruded through a precipitating bath before 
being wound onto a drum and then washed and dried. This 

technique is however somewhat hampered by the slow car-
rier fluid removal, and a restricted volume fraction. A de-
velopment of the technique, using similar convergent fluid 
principles, is the ERDE glycerine technique. Bagg  et al. 
[11] investigated the alignment of fibres and whiskers by the 
use of this process, and an overview of the set-up is shown 
in Figure 2, similarly within US Patent 3,617,437 [13]. It 
involved suspending asbestos, and later carbon, fibres within 
a glycerine solution bath which was deposited onto a flat 
gauze filter bed with a pump to remove the carrier fluid, via 
a reciprocating tapered profile nozzle. Excess glycerine was 
then washed off and a heater used to dry the mat, and matrix 
infusion was subsequently carried out.

Salariya and Pittman [14] used the technique to prepare 
aligned discontinuous prepregs, and provided a thorough 
analysis to assist in the design and operation of the process. 
In comparison to earlier work by Kacir  et al. [15-19], a high-
er degree of alignment was achieved by use of single carbon 
fibres rather than glass fibre bundles. It was concluded that 

Figure 1.  Scope of reviewed methods within the paper.

Figure 2.  Glycerine process overview.
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shorter fibres suffered from less alignment loss on exiting 
the nozzle. The problem with the work as reported is the 
low volume fraction of the fibres in the resulting preform. As 
with many reviewed methods, large reductions were noted in 
strength with a lesser reduction in stiffness, when compared 
to continuous fibre composites. One of the biggest difficul-
ties encountered with the glycerine process, which imposes 
a restriction on the productivity of the process as well as 
preform thickness, is successful removal of the carrier fluid 
without causing fibre misalignment. Allan  et al. [20] utilised 
shear controlled orientation in order to align short fibres dur-
ing injection moulding. Building on previous work by Allan 
and Bevis [21], a quadruple live-feed moulding device was 
able to control macroscopic shears to induce fibre alignment. 
This orientation controlled injection moulding allowed 
greater part quality, with reduced variability in stiffness 
and strength in comparison to conventional moulding tech-
niques, but the process has somewhat limited application to 
simple components with strongly anisotropic requirements.

An evolution of the glycerine process, arising in the 
1970’s, to more efficiently remove carrier fluid is the centrif-
ugal alignment process as presented by Edwards and Evans 
[22]. An overview of the set-up is shown in Figure 3, simi-
larly within US Patent 4,016,031 [23]. In this process align-
ment was achieved by spraying a fibre suspension (again 
utilising glycerine as a carrier fluid) through a tapered noz-
zle directed at a rotating mesh cylinder, with fluid removed 
via an outlet, in order to create a fibre mat. The technique 
was able to produce aligned carbon, glass, and hybrid fibre 
mats, with improved fibre alignment compared to the glyc-
erine method as evident from material performance testing. 
A vacuum drum filter technique [24] was also developed at 
a similar time, and involved depositing the fibre suspension 
onto a rotating vacuum drum filter in order to again create an 
aligned fibre mat. As previously, this highlighted the ability 
to use short fibres for hybrid materials and the potential to 
utilise recycled material. The drawbacks are the limited pro-
duction rate of a batch process, and limited production size 
that was dependent on the centrifuge dimensions.

 Friedrich  et al. [25] investigated the static and fatigue 
properties of discontinuous fibres reinforcing two thermo-
plastic matrix systems of polyimide and polyethersulphone, 
prepared by the vacuum drum filter technique reported pre-
viously by Richter [24]. It was observed that the failure 
mechanisms were similar in nature to continuous fibre com-
posites; however there were far more crack initiation sites 
owing to an increased number of available fibre ends. The 
UK’s MoD reportedly licensed their alignment technology 
to both Klinger and Technical Fiber Products Ltd to create 
‘Highform’ and ‘Disco’ respectively, which suffered from 
reduced properties alongside improved formability [26–27]. 
Flemming  et al. [28] investigated a highly aligned discon-
tinuous carbon fibre thermoplastic prepreg produced by 
Technical Fiber Products Ltd, most probably the ‘Disco’ 
material but this is not confirmed. The process involved 
mixing carbon and thermoplastic fibres in a fluid before 
passing them through nozzles onto a sloping rail and then 
onto a rotating cylindrical mandrel. Unfortunately while the 
statistics reported fibre alignment of ±4° it is evident from 
the supplied micrograph and histogram that fibre alignment 
was actually over a greater range. It is noted that both High-
form and Disco failed to commercialise successfully and 
were discontinued in the mid-1990’s, somewhat attributed 
to processing difficulties, though research on available stock 
clearly continued for a short period afterwards.

A number of alignment processes involving pneumatic 
alignment have been reported in literature. It originates from 
techniques used to create random mat composites provid-
ing low levels of alignment involving chopping and spraying 
fibres to create preforms, dating back to circa 1950. Eric-
son and Berglund [29] oriented discontinuous glass fibres 
within a thermoplastic matrix to produce oriented glass-mat-
reinforced thermoplastics (GMT) components. Glass was 
fed through a rotating cutter and mixed with thermoplastic 
powder and then blown onto a perforated steel sheet via ori-
entation plates. The process had the advantage of being net 
shape, with accompanying low scrap rates, but suffered from 
a lack of alignment. The P4 process ('Programmable Powder 

Figure 3.  Centrifuge process overview.
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Preform Process’), was developed to achieve a greater de-
gree of alignment in fibreglass preforms in the early 1990’s 
by a similar process [30]. It was later developed to create 
carbon fibre preforms for aerospace (P4-A) as investigated 
by Rondeau  et al. [31], with reference to the effect of vary-
ing tow size on mechanical properties. It concluded that a 
better tensile strength was attained by smaller diameter car-
bon fibre tows which have accompanying lower stress con-
centrations. During the transition of the process there were 
a number of difficulties reported, relating to problems with 
chopping and dispersion of carbon tows, effectively leading 
to a reduced throughput in comparison to glass (500 g/min 
instead of 1900 g/min respectively) [32]. Reeve  et al. [33] 
investigated the mechanical property translation in the P4-A 
process, concluding that there is a future potential for use in 
aerospace structures due to acceptable percentages of stiff-
ness and strength retention.

Harper  et al. [34] investigated the feasibility for align-
ment in the Directed Carbon Fiber Preforming (DCFP) 
process. Chopped carbon fibres and powdered binder are 
sprayed through a robot mounted convergent nozzle onto 
a shaped and perforated tool, to create a solid preform, 
which is later infused to produce the component. The mo-
tion of the robot in combination with the nozzle contributes 
to the alignment of the deposited fibres. This is somewhat 
analogous to the convergent fluid flow in the glycerine pro-
cess. The alignment of different fibre lengths (28, 58, and  
115 mm) was measured alongside mechanical properties and 
it was found that fibre length, tow size, and preform thick-
ness have an effect on the level of alignment. It was noted 
that bundles of fibres were much easier to align, in contrast 
to the glycerine method, but generally more difficult to im-
pregnate with resin. The dry alignment techniques suffer 
from restrictions on minimum fibre length and productivity 
of batch processes, but successful demonstration of applica-
tions with recycled carbon fibre has also been made [35].

Shotton-Gale  et al. [36] reported on two techniques un-
der development to create discontinuous aligned prepregs, 
namely, an acoustic vibration method and a fibre chopper 
delivery system. The fibre chopper method involved chop-
ping E-glass fibres roughly 7mm in length immediately 
prior to deposition onto a variable-speed conveyor belt with 
an adhesive substrate. The acoustic vibration method used 
a speaker unit to encourage alignment in 4.5 mm E-glass 
fibres as they passed along two flutes, prior to deposition 
onto a resin substrate. Neither method achieved the desired 
level of orientation or property retention. Vyakarnam and 
Drzal [37–38] experimented with aligning fibres by the use 
of an electric field to align dry fibres in a continuous process 
but the achieved orientation is again lacking. Scholz  et al. 
[39] used ultrasonic assembly to align milled glass fibres, 
wherein a standing acoustic wave manipulates reinforcing 
particles to pressure nodes. It is thought that the develop-
ment of such a process will lead to a wider range of possible 

fibre architectures, but it is currently hampered by volume 
fraction and alignment issues.

Many of the methods within the literature align tows as 
opposed to individual fibres. From this a strength reduction is 
witnessed due to the required increase in critical fibre length, 
and the greater size of the discontinuity at the tow ends com-
pared to a fibre. That is to say, a short fibre tow has an in-
creased diameter compared to a single fibre, thus requiring a 
longer critical length to maximise the stress transfer capabil-
ity. Therefore the methods which align singular fibres, com-
pared to tows, appear to be more beneficial. This may create 
future process requirements to separate tows reclaimed from 
reused or recycled materials (in order to maximise the re-
sulting material strength in order to utilise fibres from larger 
tows while standardising produced ply thickness). Such pro-
cesses appear to offer the best route to include hybrids/mul-
tifunctionality at the fibre level, but depending on the type 
it may not be cost effective to do so. Hence tow/fabric level 
incorporation may need to be targeted as a route to incorpo-
ration, although this appears largely by spray processes, and 
this could reduce the available material options. 

The problem with most of the fluid methods is the re-
stricted productivity due to batch processing or carrier fluid 
removal stages, whereas other alignment techniques suffer 
from lack of alignment and consequently low fibre volume 
fraction. Yu  et al. [40–42] have recently reported on a new 
wet method (HiPerDiF) which aligns fibres via the momen-
tum change of a fibre suspension in water impacting a plate. 
It is a continuous process which utilises water as a low vis-
cosity carrier fluid, and therefore has the potential for an in-
creased production rate over glycerine based processes, due 
to the relatively shorter time needed to remove the carrier 
fluid. It has demonstrated very high alignment and property 
retention figures in comparison to other reported continu-
ous alignment techniques. A similar water borne technique 
has been recently reported by [43], which targets recycled 
materials commingled with cellulose, although producing a 
more random mat form. Interestingly in this process pheno-
lic resin could be used in the water as a suspension that on 
drying will act as a tacifier, and which in principle could be 
used to create core materials amongst others, although early 
results suggest development of the mechanical properties of 
the products are required. 

2.2.  Induced Discontinuity Processes

A number of different methods have been utilised in or-
der to introduce discontinuities into unidirectional prepreg 
or fabric. Stretch breaking is a process normally used in the 
textile industry to shorten natural fibres prior to spinning. An 
overview of the set-up is shown in Figure 4, similarly within 
European Patent 0,272,088 [44]. The process involves ten-
sioning a tow between rollers and randomly breaking with 
lateral deflection by using breaker bars or rollers running 
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at different speeds. In the late 1980’s DuPont adapted the 
stretch breaking technology to produce discontinuous car-
bon fibres with random lengths between 25 and 150mm. 
Okine  et al. [45–46] reported tensile stiffness and strength 
property retention of 100% for stretch broken AS4-carbon 
within an amorphous polyamide copolymer matrix. If the 
process did produce formable thermoplastics with 100% 
property retention then it is surprising that this did not trans-
late to widespread use, and begs the question of which oth-
er factors of importance should be reported and discussed 
within literature. Elsewhere, Chang and Pratte [47] reported 
property retention of 96% for stretch broken AS4-carbon 
within a polyetherketoneketone (PEKK) matrix, and used 
the system to prepare a demonstrator wing rib for a Bell 
Helicopter V-22. With process development, the LDF (Long 
Discontinuous Fiber) Thermoplastic Composite Technology 
was sold by DuPont but never really gained a foothold in the 
market, due to difficulties with processing relating to high 
peak and yield stresses, and the materials were withdrawn 
in 1993 [26]. Perhaps a renewed interest will appear with 
stretch broken thermoplastic forms, as thermoplastic com-
posites should be expected to become used more widely in 
high volume manufacturing.

A similar process has been under development by Hex-
cel in the US since the late 1990’s to create SBCF (Stretch 
Broken Carbon Fiber) with support from a number of indus-
trial partners including Boeing Integrated Defense Systems, 
Northrop Grumman, and the Applied Research Laboratory. 
The development of SBCF has been widely reported within 
a very short timeframe in SAMPE conferences, including ef-
forts to generate material characterisation data alongside ap-
plication examples [48]. In 2002, initial development led to 
an average broken filament length of 100 mm which proved 
beneficial with respect to continuous fibres for forming. In 
an effort to attain greater formability, a second generation 
of SBCF was developed with an average filament length of 
70mm; and further size reductions lead to a 50 mm average 
[49]. The focus in recent years has been to develop a system 
utilising IM7/8552 to find applications in US Navy aircraft 

programs [50]. Jacobsen [51–52] has reported on properties 
when stretched at the prepreg level, to retain high properties 
and alignment.

Dillon and Barsoum [53] reported on the developments 
for automated forming of SBCF materials, by understanding 
the uniaxial and biaxial response with varying temperature 
and pressure; and related works on forming a demonstra-
tor fairing [54]. The work touched upon the difficulty of 
processing IM7 fibres, in respect to AS4, due to the lower 
strain response. Renieri  et al. [55] echoes a similar point 
while investigating forming of hemi-ellipsoids—that the 
SBCF AS4 fibre is much more readily formable, and a mate-
rial with a shorter broken fibre length is more useful. Munro  
et al. [56] investigated the formability of SBCF in order to 
understand time and rate dependence of the material, both 
analytically and experimentally. At high extension rates 
substantial deformation is accompanied by visual damage. 
Work undertaken in conjunction with Albany Engineered 
Composites has created the pi preform woven SBCF which 
can be used to preform complex geometry components and 
frames [57–58]. Current comparisons between SBCF and 
continuous materials rely on a range of test geometries, but 
fail to quantify laminate wrinkling or the resulting property 
reduction [59]. The material is thought to have a promising 
future, at least within literature, but it is unclear exactly if it 
has transferred into use for the US DoD systems for which it 
was identified [60].

Other stretch broken techniques have been developed by 
competitors, but appear to be much less widely reported. 
These include the Courtaulds Heltra process, with products 
marketed under the trade names Grafitx and Filmix (0.1K 
tow spun cut-staple carbon fibres is co-spun with Polyether 
ether ketone, PEEK, to produce a highly formable yarn) 
[61]. A similar process developed in recent years is the spun 
carbon tow by Pharr Yarns, a ~1K tow spun from a stretch-
broken 50K tow [62], with the possibility of being spun into 
a hybrid material. It has seen use in consumer goods includ-
ing hockey sticks and bicycles. TPFL developed by Schappe 
is a stretch broken commingled carbon fibre/PEEK yarn 

Figure 4.  Stretch breaking overview.
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[63], stretch broken from 12K or 24K tow, and spun to yarns 
of 1K, 3K, or 6K tow. The material has found use in the 
consumer market within the Mantis HE electric golf caddy. 
Other forms of Schappe material are known to be available, 
such as slivers and stitching yarns, but they do not appear 
to be reported on in the literature. As identified by Creasy 
[64], in order to avoid high stresses when forming, the bro-
ken fibre length needs to be as small as possible but with 
widely distributed breaks (possibly done by a prior crimping 
process) to influence breaking zones and broken fibre length. 
There needs to be tighter control over the fibre domain to 
reduce drawing stresses.

Pepin Associates Inc. [65–66] has developed DiscoTex 
over a number of years, which is a discontinuous composite 
reinforcement offering enhanced formability. The fabric is 
created by assembling discrete lengths of tows with a solu-
ble binder; has entered into Boeing's Material Specification 
Database, and can be used in a range of complex compo-
nents that Boeing uses. Due to its entry into this database it 
has undergone a strict regime of testing for verification. The 
system has also been evaluated for use in composite patch 
preform repair [67] where it is well suited due to its high 
formability characteristics. Another recent product by Pepin 
Associates is DiscoTape, which is an aligned discontinuous 
unidirectional tape with a “brick-like pattern” [68]. Despite 
being investigated to form radomes, little other open litera-
ture appears available on it.

Recent work undertaken by Li  et al. [69] introduced 
angled slits into prepreg in order to create Unidirectionally 
Arrayed Chopped Strand (UACS) laminates. This is a con-
tinuation of work undertaken by Taketa  et al. [70–72]. The 
slit pattern used has an effect on the elastic properties as well 
as the material’s flowability (and potentially local quality 
impacts for characteristics such as compaction behaviour). 
These methods, by which discontinuities are introduced into 
virgin prepreg, allow for good retention of stiffness, but suf-
fer from a large reduction in strength and remove much of the 
value from the material in order to ease the draping process. 
DForm [73] developed by Cytec is similarly a slit prepreg 
for increased formability, but owing to the large strength re-
duction noticed from the slit process it is used and marketed 
as a material for complex geometry moulds. Although slit 
methods offer a high control of alignment and volume frac-
tion, the slits introduce a much larger knockdown. Further 
process refinement may help reduce this to more desirable 
levels.

The PERFORM process [26,74] developed by IMT in-
volves micro-perforation of a UD prepreg by laser drilling 
an array of holes 0.05 to 0.25 mm in diameter. This has the 
effect of controlled fibre length, alignment, and volume frac-
tion. Some stretch broken processes by contrast can suffer 
losses on all accounts during impregnation, as there are con-
trol problems associated with impregnating a discontinuous 
tow dependent on the process, although these processes can 

also occur at the prepreg level. Also highlighted is the abil-
ity to target regions where formability is required and laser 
drilling only those sections. Matthams and Clyne [75–76] 
investigated the properties of such a material. Stiffness had 
no discernible reduction which is in keeping with theory, 
however, tensile strength was reduced due to these inclu-
sions. When compared with stretch broken systems there is 
a reduction in the stress needed to form parts, though di-
rect comparisons are difficult through the literature as ex-
perimental procedures vary. PERFORM unfortunately rep-
resents another promising technology which has ceased to 
be reported in recent years, perhaps owing to lack of direct 
support from a major manufacturer for lengthy and costly 
certification processes. That said laser processing of com-
posites for areas such as surface preparation for bonding do 
seem to continue to advance beyond other methods, and so it 
is likely the processing technique will remain in some form.

For induced discontinuity material, it is clear that the 
stretch broken materials are relatively successful, being that 
they are commercially available, but most seem to target 
or incorporate thermoplastic matrices by choice. Thermo-
set materials are in research; however most concentrate on 
the modification of continuous products. There are risks of 
knock downs in mechanical properties depending on the pro-
cess used. The commercially available materials appear to 
be dominated by one or two suppliers and forms. This could 
change in the near future with the advent of recycled ma-
terials such as [77–78] becoming increasingly established, 
and it is suggested they could challenge the present scenario. 
Though not induced discontinuity forms per se, reforming 
virgin fibre selvage trim into spun tows and then into fabrics 
does show similarity to some of the techniques previously 
described. In terms of multifunctionality, as incorporated 
into the material, it is difficult to see how this is possible in 
these forms, and so should they be targeted for development 
further modifications will be required. This risks increasing 
costs and decreasing properties. That said, these forms will 
allow for multifunctionality to be incorporated as part of the 
lay-up process, although whether the combination will be 
better than a continuous material or offer significant advan-
tages is debatable. 

3.  DISCUSSION

The literature surrounding the development of aligned 
short fibre materials spans several decades which can make 
direct comparisons between processes difficult, due to the 
methods by which data is presented, and the changes in prop-
erties of reinforcing fibres over that period. For example, 
over this period sporadic work appears to have been done 
in areas such as exploring and predicting elastic constant 
sensitivity to critical features [79–83], and failure methods 
[84–85]; however little to no work in comparing the various 
materials. The main issue appears to have been the existence 
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of a number of experimental obstacles to producing highly 
aligned discontinuous composites that could be accurately 
modelled. White and Abdin [86] and Papathanasiou  et al. 
[87] are perhaps examples of this. It should be noted that 
predictive works for random fibre distributions have simul-
taneously continued [88–89] over the same timeframe. It 
could be argued that the difficulty in commercialising the 
products, along with the general shift to continuous product, 
negatively impacted on the materials keeping pace with gen-
eral technology and fibre property developments.

As a result of this lack of clarity a chronological order of 
historic processes is proposed (though likely to be incom-
plete), and available in Figure 5, to begin to enable qualita-
tive comparison between techniques with associated mate-
rial data, as available, and shown in Table 1. Many historic 
processes reportedly offer better alignment though utilise a 
poorer quality fibre and so report reduced properties. For this 
reason effort has been made to compare property retention, 

in strength and stiffness, to allow for variations in fibres and 
matrices. It is clear that future literature investigating dis-
continuous materials should acknowledge property retention 
for a wider array of properties, alongside listing aspect ratio 
and fibre alignment. If such a review is to also include hy-
brid requirements, then examples such as [90] should also 
be considered. 

From the process literature sources it is shown that the 
convergent fluid processes failed to properly commercialise 
due to processing difficulties, although offered property re-
tention and fibre lengths that were very agreeable. Then wit-
nessed is a shift in alignment processes to longer fibres with 
pneumatic processes, and aspect ratios with accompanying 
large strength reductions, for the sake of high volume manu-
facturing. Numerous other alignment processes have been 
reported in academic literature, but these are lacking with 
respect to alignment and property retention. Induced discon-
tinuity processes are commercially available in some forms 

Figure 5.  Timeline of aligned discontinuous material systems since 1960, qualitative comparisons with associated data in Table 1.
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Table 1.  Aligned Discontinuous Fiber Composite Material Comparisons  
to Those Processes Highlighted in Figure 5.

Method Year Matrix Fibre Type
Length 
(mm)

Alignment 
(°) Vf (%) E1 (GPa) ER (%) σ1 (MPa) σR (%)

LDF [45] 1987 PA Carbon Fiber 81.3  ±5 (92%) 55 130 100 1696 100

SBCF [51] 2010 EP Carbon Prepreg 50 60 161 100 2625 94

DiscoTex [66] 2007 EP Carbon Tow 32 63 97 535 93

Centrifuge [22] 1980 EP Carbon Fiber 3 55 119 93 1211 85

Laser Drilled [75] 1999 PPS Carbon Prepreg 20–100 57 136 100 1500 82

Disco [28] 1996 PEI Carbon Fiber 3 ±14 (100%) 50 100 94 1100 80

HiPerDiF [41] 2013 EP Carbon Fiber 3 ±3 (80%) 55 115 91 1509 80

PERFORM [74] 2008 EP Carbon Prepreg 50 132 100 1546 78

UACS [69] 2013 EP Carbon Prepreg 25 60 49 97 500 68

Highform [45] 1987 PES Carbon Fiber 3.2 ±5 (85%) 49 99 79 1000 60

Glycerine [15] 1978 EP Glass 0.4K Tow 3.2–12.7 ±15 (95%) 50 31 80 290 50

DForm [73] 2008 EP Carbon Prepreg 20–60 70 95 600 46

P4-A [30] 1999 EP Carbon 3K-12K Tow 50.8–127 55 110 81 710 40

DCFP [34] 2008 EP Carbon 6K, 24K Tow 28–115 ±10 
(21–94%)

35 55 85 293 31

Chopped [36] 2010 EP Glass Tow 7 ±10 (78%) 48 27 62 300 25

Acoustic [24] 2010 EP Glass Tow 4.5 ±10 (80%) 65 28 64 110 10

Vacuum Drum [24] 1980 EP Carbon Fiber 2–4 55 105 1200

Vacuum Drum [25] 1985 PI/PES Carbon Fiber 3 55 91 955

ADF [37] 1997 Nylon-12 Glass 0.2K, 0.4K Tow 3.2–25.4 ±20 (70%) 40 17 225

GMT [29] 1993 PE Glass Tow 25 ±52 (100%) 15 3 38

Ultrasonic [39] 2014 BisGMA/
TEGDMA

Glass Fiber 0.05 9 0.017 45

Note: EP - epoxy, PA - polyamide, PI - polyimide, PES - polyethersulphone, PE - polyethylene, PEI - polyetherimide, PPS - poly-phenylene sulphide. Other fibre types and matrices 
are available for many of the methods. Length, alignment, fibre volume fraction, and elastic properties are supplied where reported. Data is ranked first by tensile strength retention 
(σR), then by stiffness retention (ER), to account for different fibres and matrices.

but this has been through greater support in development 
from defence industry and government backing; owing to the 
fact they offered higher property retention although several 
products had noticeable processing difficulties. The effec-
tive aspect ratio of the reinforcement is critical for property 
retention, and formability within these induced discontinuity 
methods, as well as the random nature of stretch breaking 
processes, needs further refinement. The PERFORM process 
represents a system where the discontinuity can be targeted 
to increase formability in discrete regions, such as suggested 
in [91]. Above all else the key future technology is the devel-
opment of a continuous process by which to produce highly 
aligned discontinuous carbon fibres with an aspect ratio and 
reinforcement volume fraction to allow for high processabil-
ity and property retention. Multifunctionality should operate 
in collaboration with this top level need. 

As in Figure 6, there exists a ‘sweet spot’ in which per-
formance loss is acceptable for processability gains by using 
highly aligned short fibres. Unaligned short fibres can offer 
high processability in terms of volume and part complexity, 

but lack performance, whereas continuous material forms 
do not utilise 100% of their properties when employed in 
complex geometries due to associated defect knockdowns, 
material variability, and design allowables. There are ex-
ample processes that are perhaps beginning to explore such 
a relationship. A process recently developed by Toho Tenax 
entitled ‘Part via Preform’ involves creating a random strand 
sprayed preform and a placed preform of continuous fibre 
by automated fibre placement, which are brought together 
prior to resin transfer moulding [92]. Results are promising, 
but geometrical complexity is limited by the continuous tape 
placement. A modification of this process is being consid-
ered by the authors, which aims to use DCFP in conjunction 
with a highly novel tape placement process entitled ‘Contin-
uous Tow Shearing’ [93–94] (that ultimately could be cou-
pled up to the HiPerDiF process or enable hybrid materials 
use). Another process is Patch Preforming [95–96], whereby 
coupons of low areal weight or thermoplastic material are 
picked and placed to a tool according to a pre-programmed 
design for coupon architecture through the laminate. Al-
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though such a process is not likely to be well suited to dis-
continuous materials such as SBCF it could offer opportu-
nity for economic use of recycled material as scrap coupons, 
that though limited in its discontinuity could be made highly 
aligned, and work is known to be moving forward in this 
area [97]. Another interesting recent development of late is 
the deposition works of Voith Composites where rovings 
are deposited by an apparent modification of an Automated 
Fiber Placement head to form highly aligned and prepared 
preforms [98]. Such a process could offer significant ben-
efits, and would certainly be an advance on examples such as 
Hexcel’s HexMC [99] which is limited to tooling materials 
(BMI resin) although some demonstrator parts as structures 
are known to have been trialled [100]. Finally, the advent of 
additive manufacturing could enable the ‘sweet spot’ design 
space to be fully realised. Examples of selective laser sin-
tering with short carbon fibre have been reported [101] and 
though details are sparse at this time materials including ran-
dom short fibre fibres are becoming increasingly available.

It is possible that the use of recycled CF (rCF) as short 
fibre, and applications towards the automotive sector [102–
103], will begin to dominate this field. Most of the previous 
techniques certainly could be argued to be aiming towards 
this sector; and examples such as the 3-DEP™ process [104] 
and its use with rCF [105] (or DCFP as previous [35]) are 
perhaps evidence of this. Other examples in research on scrap 
material reuse as short fibre, such as [106–110], also show 
possible advances and requirements in this area of recycling. 
However many of these processes still employ unaligned/
random forms that as [110] show can be significantly inhib-
ited by the discontinuity nature and relative performance. 
The works of LeBlanc  et al. [111] and also examples by 
Greene Tweed [112] suggest that this can be overcome, but 
these processes are still random by nature and dominated 
by thermoplastic matrices which may not be suitable for all 

users. Many of these recent interests that could employ rCF 
use fibre lengths comparable to the induced discontinuity 
processes, yet these are orders of magnitude larger than the 
aligned discontinuous materials of interest. 

Currently there exists no singular all-encompassing stan-
dard by which the productivity, formability, and flexibility 
of a material system can be judged. Examples such as Potter 
[113-114], and Tsuji  et al. [115] are available, however there 
has not been a unified strategy whereby definitive character-
istics can be reported. For example, Tsuji  et al. [118] inves-
tigated the drapeability of aligned discontinuous fibre com-
posites with particular attention paid to the contributions of 
fibre geometry, orientation, and volume fraction. Drapeabil-
ity was defined as the tip deflection of a cantilevered beam. 
This somewhat neglects the various methods by which com-
posite prepreg can deform during drape, and the required ex-
tension needed to form features with double curvature. The 
conclusions echoed previous works where discontinuous 
composites had improved drapeability, at the expense of re-
duced longitudinal modulus, but such formability impacts on 
mechanical properties needs further investigation. A greater 
body of work therefore needs to be undertaken in order to 
understand the forming of aligned short fibre architectures in 
comparison to other discontinuous products and continuous 
forms. Demonstrator parts in literature include a number of 
hemispheres, hemi-ellipsoids, and beaded panels [116–118]. 
A standardised component is required for direct comparison 
between material systems and effective property retention 
or degradation, with quantitative part quality measurements. 
In order to account for productivity, more research is re-
quired into the rate dependent properties of the materials 
during forming operations. Process and material flexibility 
is a somewhat more qualitative measurement, requiring the 
material to be used in numerous forms or processes. 

In order to enable future development, and to ensure the 
current interest in discontinuous materials is maintained, it is 
suggested that a metric will need to be developed by which 
to judge various processes and materials. A wider array of 
data is needed within literature, and a more cohesive ap-
proach with regards to reported mechanical properties that at 
present can be extremely difficult to extract pertinent details 
from. For example, limited development of the pertinent ar-
eas of source books such as ASM v1 to v21 [119–120] has 
been evident and requires rectifying. Until such a time, it is 
difficult to envisage discontinuous material use in high value 
applications without bespoke development and use, or the 
widespread incorporation of multifunctionality to them. 

4.  CONCLUSIONS

An overview of the known published history of aligned 
short fibre composites has been presented, with a focus upon 
highly aligned advanced composites with properties near 
to that of continuous fibre composites. When continuous 

Figure 6.  Performance and processability ‘sweet spot’ of highly 
aligned short fibres [44].
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carbon fibres were first developed there retained an inter-
est to create aligned discontinuous fibre composites in order 
to form more complex components. This interest has reap-
peared in recent years with methods divided into those which 
align short fibres and those which introduce discontinuities 
into aligned fibres. Figure 5 and Table 1 together provide an 
overview of the history of those developments.

Alignment methods are dominated by convergent fluid 
and pneumatic processes. Convergent fluid processes use a 
viscous carrier fluid to induce alignment within short fibres, 
and pneumatic technology chops and sprays tows to cre-
ate preforms. These methods generally suffer from lack of 
alignment and have an associated large property reduction 
with comparison to continuous forms. A recent fluid process 
which relies on momentum change of a low viscosity carrier 
(HiPerDiF) promises greater alignment and property reten-
tion.

Induced discontinuity methods involve stretch breaking, 
slit, and perforation methods. These methods usually have 
higher associated property retention. Stretch breaking is a 
process adapted from the textile industry in which a tow is 
stretched between rollers and randomly broken at intervals, 
the random nature of the breaks can introduce problems dur-
ing forming. Perforations in prepreg, by laser drilling an ar-
ray of holes, may represent a much smarter system where the 
discontinuity can be locally targeted to increase formability 
in discrete regions.

It is clear that discontinuous material systems have their 
uses and applications, but greater development is still re-
quired in order to better quantify and categorise the materi-
als and their associated properties and processes. The im-
mediate result of which should be the creation of a metric by 
which to standardise and compare the vast amount of histori-
cal data, and act as a guide for future developments.
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