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I. INTRODUCTION

HEALTH monitoring of real-life structures (especially the
safety-critical ones, see [1]) is nowadays perceived as a

critical and important field of study. Health monitoring systems
have to provide timely information along the whole life cycle
of the structures [2], [3], to prevent failures under service
or extreme external actions. To work properly, the systems
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require a reliable model of the structure to be continuously fed
by the information collected by permanently installed sensors.

Focusing on composite laminates, consisting of a stacking
sequence of laminae or plies joined together through resin
enriched regions, structural health monitoring plays a promi-
nent role. In fact, composite structures are now adopted in
various fields ranging from aeronautics to civil engineering; in
all the cases, the high stiffness to weight and strength to weight
ratios featured by composite materials, specifically designed in
order to attain them, are appropriately exploited to guarantee
higher performances. This can also increase the sensitivity of
the structural components to defects, in case their toughness
is not high enough to guarantee an overall ductile response,
providing a possible nucleation of catastrophic failure events.

The microstructure of composites, characterized by inter-
faces (or interphases) between materials featuring differ-
ent mechanical and thermal properties [4]–[6], raises issues
linked to the health monitoring. As the mentioned inter-
faces, prone to fail by cracking under repeated external
actions [7]–[9], are buried inside the structure, an accu-
rate, effective and fast on-line monitoring strategy has to be
devised.

In case of composite structures interacting with harsh envi-
ronments or asked to feature specific aerodynamic properties,
an attractive approach for their continuous monitoring is to
embed the sensors inside the bulk of the structure (material-
integration) during the production process, taking advantage
of the interlaminar regions between laminae. This strategy
was followed, e.g. in [10]–[14], to install sensing systems
constituted by fiber Bragg grating, piezoelectric sensors, high
resistivity electric grids, or photonic crystal fibers. All these
methods can attain high accuracy in detecting delamination,
i.e. interlaminar debonding between adjacent laminae, but
they also cause a distortion of the microstructure [15]–[17].
Such distortion can be hardly controlled in small compos-
ite panels, may get increased in real-life structures by the
structural dimensions, and it finally leads to the nucleation
of small defects in the resin-enriched regions surrounding
the sensors. This nucleation of defects is usually triggered
also by the induced local stress concentration [18]. The final
outcome of this embedding approach might be as summa-
rized in [19], where piezoelectric sensors were adopted in
the monitoring system: laminates failed by cracking exactly
where the sensors had been placed, with a remarkable reduc-
tion of the overall strength and toughness of the composite.



Another important issue linked to this monitoring scheme, is
related to its reliability, and specifically to the capability to
transfer the local strain field from the composite to the sensors
[11], [16], [20]. Overall, it is recognized that, if not accurately
designed, deployed and embedded, this class of monitoring
systems may have adverse effects on the life cycle of the
structure.

In [21], partially moving from the results gathered in [22],
we proposed a surface-mounted monitoring scheme, adopting
micro electro-mechanical system (MEMS) accelerometers as
sensing devices. Dealing with light weight composite struc-
tures, the adoption of non-invasive MEMS sensors, extremely
light in weight on their own, appears to be of paramount
importance. Likewise the previously listed strategies, this
on-line, continuous monitoring of the structural health does
not directly track the presence and size of the delaminated
area(s); instead, collected data have to be post-processed to
indirectly estimate the health of the structure. We proposed to
adopt commercial-off-the-shelf sensors, developed for mobile
and gaming applications, hence characterized by a huge mass
production and extremely low costs. Obviously, such sensors
cannot feature the same accuracy of the previously listed
sensing devices, and require ad-hoc post-processing steps in
order to get informative data on the health of the laminates.

In [21], we shaped the problem frame and run an experimen-
tal campaign to collect results relevant to a so-called mode I
(opening only) propagation of the delaminated area, supposed
to be the only structural damage. Through a simple, beam
bending model of the tested specimens, the experimental and
theoretical outcomes were found to be in fairly good agree-
ment, provided that the analysis is moved to the frequency
domain. In this work, we discuss a different data reduction
procedure for the same kind of mode I testing, handling a
different composite material. We therefore extend the former
investigation, showing for the methodology results related
to its effectiveness (in terms of sensitivity to damage) and
robustness (in terms of repeatability of the monitored state at
varying specimen). Moreover, we show that experimental and
theoretical results (the latter ones still guided by beam bending
models) do agree well, independently of the local stress state at
the tip of delamination; hence, also so-called mode II (shearing
only) conditions are accounted for and explored. This aspect
looks interesting too, as the microstructure (both at the lamina
and panel levels) may lead to different composite behaviors in
case of mode I or mode II loading conditions.

The remainder of this paper is organized as follows.
In Section II details relevant to the composite material, the
laminate production and the loading protocols are provided;
moreover, features of the adopted MEMS accelerometer are
given, together with details on how it has been mounted,
through its board, on the surface of the tested specimens.
Section III deals with the theoretical, beam bending model
of the composite response to different loadings, to provide
the engine for the monitoring of the structural health, i.e. of
the delamination length. In Section IV the experimental data
are interpreted on the basis of the previously discussed theo-
retical model, showing a good accuracy as far as the sensed
structural effects of the delamination length are concerned.

Finally, in Section V some concluding remarks on this inves-
tigation are provided, along with proposals to improve the
current results.

II. EXPERIMENTAL

To extend the experimental campaign reported by
Mariani et. al in [21], in this work two different kinds
of laboratory test configuration have been considered: the
double-cantilever-beam (DCB) [23] one, and the end-loaded-
split (ELS) [24] one. Schematics (with notation) and pictures
of the deformed shape of the specimens under the two different
loading conditions are given in Figure 1. Both the setups have
been adopted to test very simple and slender (beam like)
composite samples with constant rectangular cross section,
containing a delamination that was artificially inserted on the
laminate midplane during manufacturing. DCB specimens are
subject to point loads inducing an opening of the delamination
(mode I), while ELS specimens are loaded in a cantilever
fashion to induce shearing (mode II) of the delaminated arms.

The same laminated sample geometry has been con-
sidered for both DCB and ELS configurations, using a
carbon/fibre reinforced epoxy, supplied as pre-pregs. The
reinforcement consisted of a 8 harness satin fabric made of
Hexcel™HexTow™AS4C fibers; the matrix was a toughened
epoxy resin (HexPly™8552). Composite panels were pre-
pared by manual lay up using a [0]12 ply stacking sequence,
see e.g. [25] and [26], cured in autoclave and milled to the
final dimensions using a diamond saw and a mill. To nucleate
the initial delamination, a 13 μm thick PTFE film was placed
on the laminate midplane. Overall sample dimensions were
200 × 25 × 4.5 mm (length, width, thickness), while the initial
delamination length was 60 mm. These dimensions are compli-
ant with the ASTM D-5528 standard for interlaminar fracture
testing of composite materials [23]. In order to connect the
samples to the testing machine, aluminum load blocks have
been bonded to the specimen ends with an epoxy adhesive
(3M DP-490); these blocks have been then connected to the
test rig using pins. For the two test setups, the geometry and
dimensions of the samples and of the load blocks are provided
in Figure 2.

The specimens were instrumented with the commercial-
off-the-shelf LIS3LV02DQ three-axis, digital output MEMS
accelerometer [27]. This sensor is characterized by a full
scale of ± 2g (which can be switched to ± 6g, g being the
gravity acceleration), a bandwidth of 640 Hz, a sensitivity
of about 1000 LSb/g (LSb standing for least significant bit)
and a resolution of 1 mg. This sensor senses also the gravity
acceleration, so the output along the y-axis (see Figure 1)
is expected to be −1g when the specimens are unloaded.
In a quasi-static framework, this feature can be exploited
to get insights into the specimen deformation through local
inclinations relative to the gravity direction.

As the purpose of the present investigation is the assessment
of the sensor’s capabilities, the instrumentation has been
devised in a simple way, by using the evaluation board
typically supplied by STMicroelectronics. This board carries
the accelerometer, a microprocessor for data acquisition and
an USB connector for power supply and communication.



Fig. 1. Schemes (top row) and pictures (bottom row) of the test setups: (a)–(c) DCB test and (b)–(d) ELS test.

Fig. 2. Dimensions (in mm) of the samples and board position: (a) DCB and (b) ELS.

The positioning of the board over the specimens, in the two
tested configuration, is shown in Figure 2. The board has been
rigidly joined to the specimen by using four screws and a
back plate. The back plate was made of PMMA, to result
flexible enough and follow the specimen deformation without
breaking.

The use of the board has allowed not to design a flexible
circuit board to connect the chosen accelerometer to the
specimen surface. On the other hand, the use of such a board,
whose dimensions are much larger than those of the MEMS
sensor (see Figure 2), has provided some constraints on the
board and sensor placement. For the ELS configuration, it has
also posed limits on the displacements that can be prescribed,
so as to be withstood by the board itself too. Anyhow, with
the present setup it has been possible to attain displacements
causing a crack propagation of about 25 mm, which was
considered adequate for the purpose of this study.

By placing the board as shown in Figures 1 and 2,
the delamination growth has been monitored using a
time-continuous protocol for the longest possible time span.
A possible drawback of such a positioning is that it corre-
sponds to the region featuring the smallest accelerations along
the specimen axis. Furthermore, it should be noted that the
relatively low precision of sensor positioning can add some
scattering to the measurements (see relevant comments in
Section IV).

The mechanical tests were performed on an Instron
1185R5800 electro-mechanical testing machine, equipped with
a 10 kN load cell. Due to the specific loading rigs used, the
upper load point of the DCB specimen is actually fixed, i.e.
it cannot move in any direction, and the load point of the
ELS specimen is fixed too.

The testing protocol adopted for both the setups has been
as follows: on each specimen, a series of different tests have



Fig. 3. Typical raw output (acceleration and load) for the two test configurations, along a single load step: (a) DCB and (b) ELS.

been run by prescribing a sinusoidal variation of the load point
displacement δ, according to the following law

δ = δ0 + �δ sin(2π fδt) (1)

where δ0 is the baseline displacement, �δ is the amplitude
of the displacement oscillation, t is time and fδ is the test
frequency. fδ and �δ have been respectively set to 0.5 Hz and
2.5 mm for all the tests; the baseline displacement δ0 has been
instead progressively increased from test to test on the same
sample (or from one load step to the next one), so as to cause a
stable delamination propagation. Moreover, δ0 has been chosen
to vary in a range of values so that crack propagation was
confined at the beginning of each load step (see also [21]),
according to the �δ value adopted. The duration of each load
step has been set to 200 cycles.

During each load step, the delamination length has been
monitored by direct, optical observation of the specimens; to
make such a measurement easier, the specimen sides have
been coated with a thin layer of typewriter correction fluid
and marks have been placed regularly along the specimens
length as per [23]. Further details on the test protocol can be
found in [21] and [28].

Typical results, in terms of load vs. time and acceleration vs.
time traces as recorded during a single load step, are shown in
Figure 3a and Figure 3b for the DCB and ELS configurations,
respectively. The acceleration shown, ax , is the component
along the longitudinal x-axis, see Figure 1. Similar results have
been obtained for the through-thickness, y-axis acceleration,
and are not reported here for brevity.

For both configurations, the graphs show that the initial
baselines for the measured accelerations are different from
zero. As for the DCB specimen, this is due to the weight
of the sample and of the sensing system, which slightly tilts
the specimen axis. As for the ELS specimen, it is instead due
to the fact that at t = 0 the sample is already under load,
and an angle is formed between the gravity direction and the
normal to the beam profile. As it can be seen, the acceleration
output is rather noisy, in particular for the DCB case where

the baseline signal is closer to zero. This noise requires the
signal to be appropriately post-processed, as discussed in what
follows.

As far as the load time histories are concerned, Figure 3
shows that, after initial drops during the first few cycles, the
load peaks get constant and delamination no longer grows:
a steady-state specimen configuration is therefore approached.

III. CRACK LENGTH MONITORING SCHEMES

For the two test configurations described before, different
monitoring schemes for the delamination length have been
developed, taking into account the relevant specimen responses
and loading conditions at the crack tip. Mechanical models of
the specimens have been therefore built in order to find a sim-
ple correlation between the crack length and the accelerations
measured by the MEMS sensor.

As for the DCB specimen, a monitoring scheme derived
using simple beam theory and exploiting the acceleration along
the vertical (y) axis was developed and used by the present
authors in [21]. Here we test a different scheme, exploiting
instead the acceleration along the horizontal (x) direction.

The DCB specimen basically consists of two built-in can-
tilevers joined at the delamination tip (hence the name); this
is of course a simplification of the actual behavior of the
specimen, which does not take into account the very high
stress gradients close to the delamination tip. The rest of
the specimen (x < 0, see Figure 1a) can be considered
approximately unloaded, so that it undergoes only rigid body
motions. In the preceding discussion, distributed loads linked
to the sample weight have been disregarded; this does not
represent an issue, due to the light weight feature of composite
materials.

Let v(x) be the vertical displacement of the longitudi-
nal axis of the DCB specimen. Within the framework of
Bernoulli-Euler beam theory, which neglects shear deforma-
tions (see, e.g. [5]), and in case of small displacements, for
a uniform rectangular cross section the solution of the beam
equation with boundary conditions v(a) = 0 (fixed load point)



and dv(0)/dx = 0 (beam perfectly built-in at the delamination
tip) yields

v(x) = 4P
(
x3 − a3

)

E Bh3 (2)

where P is the applied load, a is the delamination length,
B is the out-of-plane sample width (see Figure 2a) and h is
its thickness, E is the elastic modulus of the material along the
x-axis (we recall that composite materials are anisotropic due
to their microstructures, but once the stacking sequence has
been defined the Young’s modulus E of the whole laminate
can be obtained). In (2), only the upper arm is considered; due
to symmetry in the specimen geometry and loading conditions
(see Figure 1a), the load point displacement δ results to be
2v(0). As stated in Section II, for the DCB test the upper
load grip does not move, whereas the lower one is vertically,
downward displaced by δ. The compliance of the specimen is
thus given by

C(a) = δ(a)

P
(3)

which of course depends on the delamination length a.
As beam kinematics is characterized by cross sections keeping
a plane shape when deformed, the longitudinal displacement
field u can be expressed as

u(x, y) = ua(x) − y
dv

dx
(4)

where ua(x) is the axial displacement satisfying the differential
equilibrium equation:

d

dx
(EA dua

dx
) = −η. (5)

In (5), A is the cross section area of each arm of the laminate
and η is the distribution of external axial forces acting on the
beam. Since there is no net force acting along the x-axis and
because of the zero displacement at the load point (x = a),
the function ua vanishes everywhere. Relations (2) and (4) thus
provide the horizontal displacement field u, which is only due
to the beam deflection and varies according to the following
expression

u(x, y) = −12Px2 y

E Bh3 (6)

which fulfills the null condition at x = 0. For x < 0, the
sample region where the sensor is placed, there is no net
internal action so that the displacements of that part of the
beam are the same as those at x = 0. Hence, according to the
linear theory here considered, there should be no horizontal
accelerations measured by the MEMS sensor.

However, since the thickness and, therefore, the bending
stiffness of the specimen is rather small, the out-of-plane
displacements can get large during loading, especially for
large values of δ0 in (1). Bending, even in the absence of
any axial force η, can cause an axial displacement ua, linked
to the projection onto the horizontal axis x of the deformed
geometry of the specimen arms, which is supposed to decrease
at increasing load point displacement (see Figure 1a). Such
non-zero axial displacement turns out to be a rigid body-like

motion of the part of the specimen not bent by the opening
load P , or by the relevant load point displacement δ. Hence,
the difference between the actual length of the beam arms
(A in Figure 1a) and the distance between the delamination tip
and the load line a, which is of course zero in the undeformed
configuration, may provide a way to determine the horizontal
displacement of the undamaged part of the specimen. Unfortu-
nately a closed form solution for the non-linear DCB problem
featuring finite deformations, does not exist; in a work by
Williams [29] an implicit solution was found, which cannot be
adopted here for monitoring purposes. In the absence of such
explicit theoretical interpretation of the data, as a monitoring
engine we introduce an empirical correlation between the
delamination length and the acceleration or better, as it is going
to be discussed in Section IV, its Fourier transform.

Moving now to the ELS specimen, and consistently with
the optimization procedure proposed by the authors in
[30] and [31] to deploy MEMS sensors over complex struc-
tures, the quantity chosen for monitoring the delamination
length is the rotation of the sample along its longitudinal axis.
In fact, as the MEMS accelerometer is able to sense also the
gravity acceleration, the output in terms of sensed acceleration
components can be exploited to obtain the current orientation
of the device relative to the vertical direction.

Consider now the reference system in Figure 1b. In this case,
as long as the analysis is once again confined to the hypotheses
outlined above and the delaminated arms can be considered
perfectly built-in at the crack tip, the vertical displacement
field in the undamaged region x < L − a is straightforwardly
obtained by integration of the beam equation as

v(x) = P(3L − x)x2

4E Bh3 (7)

and does not depend on a. As we are interested in the region
where the sensor is placed, there is no need to evaluate the
displacements in the delaminated region; for the purpose of
the present work, it will suffice to recall that the compliance
of the ELS specimen is given by [29]:

C(a) =
(
a3 + L3

)
P

2E Bh3 (8)

Within the present beam theory, the in-plane rotation of the
ELS specimen axis for x < L − a can be obtained as
φ(x) = dv

dx . Dividing such rotation by the applied displacement
δ and using (3) and (8), the following equality is recovered

φ(x)

δ
= 3(2L − x)x

2
(
3a3 + L3

) (9)

If xM E M S stands for the position of the MEMS in the
adopted reference frame, the aforementioned orientation of the
sensor relative to the vertical direction can be easily evaluated,
in the present quasi-static setting, as

φ(xM E M S) = arctan

(
ay

ax

)
(10)

IV. RESULTS

Let us start by considering the DCB specimen. From the raw
data collected in Figure 3a, it is rather evident that the time



Fig. 4. DCB test: statistics of the sensed acceleration peaks at varying
delamination length (different symbols correspond to different samples).

history of the measured acceleration could be hardly used to
infer the delamination length. Due to the high noise to signal
ratio, there is no significant difference between the MEMS
output before and during loading (which, for the case under
consideration, starts varying sinusoidally around t = 9 s). Note
that the same holds true also when considering the acceleration
along the y-axis, see [21].

Figure 4 gathers the average values of the acceleration peaks
and the relevant scattering, as recorded during each load step,
reported against the corresponding delamination length. Here,
different symbols have been adopted for different samples.
In this plot, the delamination length a has been computed by
measuring the specimen compliance C as the slope of the load
vs. load point displacement curve, once the length got station-
ary after the initial transient stage mentioned in Section II,
and then solving (3) for a. Due to the scattering in the data,
there is no evidence for any correlation between the sensed
acceleration peaks and the damage size. If a sensing scheme
based on raw accelerations were employed, it would therefore
be impossible to detect delamination growth. Although part of
the scatter can be attributed to the positioning of the sensor
board over the specimen, some sort of filtering technique can
be adopted in order to get meaningful data. As proposed
in [21], a Fourier transform has then been applied to the
acceleration data; as an example, Figure 5 shows the results
in the proximity of the prescribed displacement frequency
fδ = 0.5 Hz. Plots referring to three different load steps are
shown, at increasing baseline displacement δ0 and, therefore,
delamination length. It clearly emerges that peaks at the
test frequency fδ are well defined and sharp, and can be
distinguished from the noise even for delamination lengths
close to the maximum attainable with the proposed setup.

As reported in [21], Figure 5 shows that the peak amplitude
decreases at increasing delamination length a; this feature can
hence be adopted to establish a one-to-one relation between a
and the sensor output. Relevant results, in terms of amplitude
of the peak at fδ against crack length are shown in Figure 6,
where once again different symbols in the scattered data
correspond to different samples. Although the scatter seems to
keep growing for big delamination lengths, a clear correlation

Fig. 5. DCB test: Fourier transform of the acceleration signals, as obtained
while testing a single sample during three subsequent load steps.

Fig. 6. DCB test: magnitude of the peak of Fourier transform of the
acceleration signals at the test frequency fδ = 0.5 Hz, and best fitting
according to the functional form provided by beam theory (different symbols
correspond to different samples).

between the peak of the signal at the test frequency and crack
length can be seen; the trend shown is rather similar to the
one found in [21] on the basis of the beam bending theory
described in Section III. The current data have been fitted in
Figure 6 with a power law, k/an , where k and n are constants
to be empirically tuned, as this functional form is the one
expected in accordance with our previous works. The best
fit of all the data, which is shown as a continuous line in
Figure 6, yields n = 2.6, which is rather close to the theoretical
value n = 3, see [21]. Even if empirical, such a correlation
shows that MEMS sensors can be successfully adopted for
monitoring the state (or health) of the composite laminate,
even when small acceleration peaks have to be distinguished
from the noise through the simple filtering technique here
discussed.

As far as the ELS specimens are concerned, Figure 3b
have reported that the sensed acceleration suffers from a
noise level much reduced in comparison with the DCB case.
A prognosis of the laminate health therefore turns out to be
much easier. As a result, in Figure 7 the scattering is shown
for the ratio between the angle φ(xM E M S), see (10), and δ,



Fig. 7. ELS test: statistics of the measured inclination angle, and theoretical
prediction by beam theory (different symbols correspond to different samples).

during the stationary stage of each load step, along with the
corresponding prediction provided by the beam theory. The
limited scattering in the experimental data is here accompanied
by a very good agreement between the measured and predicted
values.

The present results prove that, with this test setup, the sensor
can be successfully adopted to monitor the position of the
delamination tip. Nevertheless, it is worth mentioning that
from (9) it emerges that the angle φ is rather sensitive to
indeterminacy in the MEMS position xM E M S ; hence, part of
the different experimental and theoretical trends in Figure 7
can be attributed to a slightly different placement of the sensor
board over different samples, mainly due to the present setup
involving the use of a back plate.

The outcomes of the present investigation, supplemented by
the former ones of [21], have therefore supported the claim
that composite laminates can be inexpensively monitored
through inertial MEMS sensors. To get effective estimations
and forecasts of the structural health, we have shown that
ad-hoc analyses are required to model the real behavior of
the structure; this is indeed a crucial aspect of any health
monitoring strategy.

V. CONCLUSION

Composite laminates can fail because of the inception and
subsequent growth of interlaminar decohesion. Due to com-
plex loading conditions, such decohesion does not necessarily
start at the free surface in real-life structures. So, a direct visual
inspection approach cannot be adopted and health monitoring
systems are required to sense (hopefully in real time) changes
of the structural behavior with respect to the undamaged state,
without enhancing the changes themselves.

In this paper, we have provided an experimental/theoretical
investigation of the effectiveness and robustness of a
MEMS-based, surface-mounted health monitoring scheme for
laminates. Through standard laboratory tests, like the double-
cantilever-beam (DCB) and the end-loaded-split (ELS) ones,
the said effectiveness has been evaluated on the basis of the
sensitivity of the sensor output to the size of the delami-
nated area; the robustness has been instead assessed through

the repeatability of the results at varying specimen. The
accelerations sensed by a commercial-off-the-shelf, three-
axis MEMS accelerometer has been post-processed to obtain
structural information, validated through comparison with
a simultaneous measurement of the specimen compliance
(which is proportional to the delamination size). To this
purpose, mechanical models based on beam bending theory
have been discussed for the samples featuring a pre-existing
delamination, progressively growing under cycling (sinu-
soidally varying) loadings.

Independently of the local loading condition at the delam-
ination tip (namely, independently of the test setup), the
experimental trends, shown at increasing delamination length,
have been in good agreement with those foreseen by beam
bending, as already partially discussed in [21].

To avoid or, at least, reduce issues related to the scatter-
ing of the experimental outcomes, in future investigations a
network of sensors, appropriately deployed over the samples
or structures, will be adopted. Powering of the network and
synchronization of the sensors output will be therefore inves-
tigated too.
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