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Abstract In this paper, the classic embedding technique, with bared sensors, and a
recent proposal, the monitoring patch, are compared with the aim to improve the
composites in-core instrumentation. The monitoring patch emerges with the need to
industrialize sensors integration inside composite structures; thus, a complete evalua-
tion of its mechanical performance has to be done. Numerical and experimental
campaigns are carried out on elementary carbon-epoxy coupons to evaluate the
benefits and disadvantages of this procedure compared with the typical interlayer
sensor embedding. The results show that the use of monitoring patch does not affect
significantly the mechanical performance of instrumented coupons. An instrumentation
transfer function (ITF) is proposed to link the information that electronic devices can
detect, the mechanical phenomena around these electronic devices and the measure-
ments data acquired by global or local techniques (DIC, FEM, gauges). A good
correlation between the strain data acquired and the strain values calculated by
FEM confirms the approach of the ITF to evaluate the influence of the monitoring
patch on the measured signal.
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1 Introduction

Composites instrumentation is an emergent domain, because it is not used on industrial
structures and it has the potential to cover multiple applications. This approach stands on the
information recovered at any given time by several sensors placed in-core and/or at the surface.
The collected data are treated in order to establish a link between the sensors’ response and the
physical state of the composite structure. However, this attachment stays as an open problem
and a scientific challenge, which many researchers have shown interest on [1–5].

Composite’s instrumentation finds several drawbacks not only on the technical or econom-
ical aspects but also on the ideological one, which retards its direct application on industrial
structures. One major drawback is the difficulty to obtain information truly representative of
the composite’s integrity. Another reason why embedded sensors are not widely used is
because they are not inherently fail-safe. That is, if the sensor or it connections to the recording
instrumentation fail, the monitoring device will most likely assume that the lack of a signal
means nothing is happening. Also, it is necessary to conceive the instrumentation process from
the very beginning of structure’s design, a practice which is not classical today. Additionally,
designers frequently assume that the embedded sensor can be the initiation site for delamina-
tion growth. Therefore, the sensor is assumed to be an implanted flaw. Finally, the sensors’
wire connection creates a constraint for signal recovery and for its replacement in case of
miscarriage [6, 7].

Hundreds of academic and industrial teams have worked on this domain worldwide more
than 20 years. Some institutions, like NASA have important scientific resources that regroup
scientific transverse capabilities such as sensors, signal treatment, composite structures and
embedded systems.

Additionally, multiple physical principles, like optical signals, PZT and MEMS, have been
imagined to develop numerous innovating sensors’ prototypes. Some of these devices are
glued on surface, while others are in-core embedded. In laboratory and on test cases, they are
currently capable to deliver information of the creation and the evolution of degradation
mechanisms or damage [8, 9].

The number of composite industrial structures on transport domain, and particularly on
aeronautics and space, is infinity. For these applications, the failure probability of structural
components is commonly fixed at 10−9 by flight hour. Therefore, it should be convenient to
demonstrate that the chain damage - sensor - signal treatment - decision taking presents a
failure probability widely smaller, like 10−11 by flight hour [10, 11].

This background suggests working on numerical models of thermomechanical behaviour
that integrate the structure’s reality, and therefore its variability. Also, these models should
define pertinent target marks that regroup the physical behaviour at the different scales of the
composite structure.

The sensors development has to be done in two ways. On one hand, the devices should
translate the evolution of the targets marks, and on the other hand, they should coexist without
causing any influence over the structural health integrity. Additionally, this process must be
carried out with a limited number of sensors capable to cover extended surfaces. Nowadays,
we don’t know how to link on a direct way the information delivered by the sensor and the real
state of the composite structure. In fact, the sensors must resist severe manufacturing condi-
tions like temperatures up to 180 °C and pressures over 7 bar [12–14, 28–32]. Therefore the
sensors’ should be integrated on the manufacturing process without additional tasks on it.
During the composite structure manufacturing, the sensors should record several parameters in
order to allow the definition of the initial state, which is a function of the internal stresses and
strains. Each sensor must be replaceable after a local damage on the structure or a proper
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malfunction. That is why the reparability constraints should be taken into account in the
sensors’ design process.

Fibre Bragg Gratings (FBG) is the most common sensors to be used for composites in-core
instrumentation. Their long fibre morphology gives them plenty adaptability to identify strains
and temperature changes inside composite structures [1, 2, 4–6, 9, 11–13, 29, 30]. Nonethe-
less, there are some physical phenomena applications such as identification of internal damage
or damping where FBG do not give direct measurements. In this case, it is necessary to use
another kind of sensors that can detect these phenomena inside composite structures. This is
the reason why “ceramics sensors” are an attractive alternative to researchers all over the world
[3, 7, 8, 10, 15–21].

Composites instrumentation with ceramic sensors is visualized typically by placing the
devices directly between the composite plies during the lay-up. Nonetheless, the sensor’s
addition creates geometric and material discontinuities inside the composite structure. With
this distortion, the stress flux inside the instrumented structure is locally modified with the risk
to create an interior damage.

Several studies have analysed the mechanical performances of composite structures instru-
mented with PZT devices [16–21]. From the late 1990’s, there was an interest to evaluate
different forms of sensor’s placement such as ply embedding or ply cut-out embedding. These
first thoughts to conceive sensor housings inside composite structures were proposed at the
same time [21, 22]. A proposition for hosting the sensor with grouped or dispersed plies
interlacing gave the composite coupons a better performance to crack propagation. However,
even when there was not a remarkable influence on the mechanical properties due to the
sensor’s presence, there was not concluding evidence if the initial damage was caused by the
embedding procedure or the sensor’s housing [21–25].

Because the sensor housings studied before are built in the structure itself, they cause
perturbations on the sensor’s neighbourhood such as resin pockets or plies misalignments.
These perturbations are a big unknown since it is not possible to make a clear definition of the
sensor surroundings. Also they could influence the sensors response, or moreover, they could
create the very first damage to the structure. These perturbations, near the bared sensors,
remain few studied until now and could become a major risk for the integrity of the composite
structure.

For this reason, the ICA and CES Company propose an alternative technique of sensor’s
embedding for composite structures: “the monitoring patch” [3]. This methodology is con-
ceived to promote composite instrumentation into industrial level, particularly by granting the
consistency of the industrial chain. The monitoring patch is based on the idea of minimizing
sensors intrusion effect by governing their integration, by controlling the environment which
surrounds the sensor.

The embedding method by monitoring patch is easier to integrate on the structure by its
dimension on centimetres, without extending considerably the manufacturing procedure of the
composite structure. The in-core sensor insertion is more automatic than the insertion of
sensors of very tiny dimensions. Furthermore, the monitoring patch has a mechanical and
electrical protection role on the sensor. This property allows an improvement on the measure-
ment capability which at least should be at the same range than the trustworthiness of the
instrumented structure. This embedding technique can be applied to multiple technologies
such as PZT [7, 8, 16–19, 32] or flexible ultrasonic transducers [14, 32]. A similar approach to
the monitoring patch has been suggested for tracking crack growth in metallic structures. It is
call a crack growth gage [2] and it has been used to track damage accrual in plane stress aircraft
structures. However, the difference with the crack growth gage relays on the valued added that
monitoring patch will give to composites as in-core instrumentation embedding technique.
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To quantify the benefits of the monitoring patch, it is necessary to compare it with the
classic embedding technique. The first paper treating the feasibility of monitoring patch had
shown promising results [3]. However multiple opened questions about the mechanical
performances of composite structures instrumented by this proposal came through.

On the scope of this research, the manuscript is ordered as follows. First, an experimental
set-up is briefly described in order to compare three groups of epoxy carbon coupons: one
without instrumentation, one with in-core bared sensors and one with the monitoring patch.
Then the results are compared by means of Digital Image Correlation and FEM models. The
analysis of in-core strains (those that sensors could acquire) and out-side strains (those
recovered by DIC or strain gauges) is discussed by means of an instrumentation transfer
function. Finally, the concluding remarks are cited to expose the benefits and drawbacks of the
monitoring patch as instrumentation technique.

2 Experimental Procedures

2.1 Tensile and Four-Point Bending Setups

In order to show the advantages and disadvantages of monitoring patch face to the classic
embedding procedure, a comparison by an experimental-numerical campaign is done. The
sensor intrusiveness is seen from a numerical point of view. Then, the concept of transfer
function is presented here to quantify the influence of the patch and is value added.

Three sets of Hexcel M21 T700 GC carbon-epoxy coupons were fabricated via autoclave.
The first group consists in free-sensor coupons which are used as reference. Then, the second
group includes coupons with a bared sensor between the composite plies. Finally, the third
group involves coupons with a monitoring patch inside. All groups have three coupons each
one, in order to have reliable statistical results.

On this work, the mechanical comparison is the priority; therefore, polycrystalline silicon
lures are used as sensors. These silicon lures are used as main ceramic substrate for tunnelling
junction sensors (TJS) developed by LAAS [32]. The size of these decoy sensors is fixed on
2×2×0.3 mm and they are glued to a PCB Kapton flex connection of 50 mm long. The
monitoring patch consists in four CTMI pre-impregnate epoxy/glass plies, as described in [3].
The decoy sensor is placed over a base ply, followed by two hosting plies and finishing with a
covering ply, giving the patch 55 mm per side. The strategy chosen here cannot take advantage
of in-situ measurements. On one hand, the sensors employed are mute, and on the other hand,
the evaluation method for the monitoring patch must be established whatever the use of the
sensor. The goal is to link a surface measurement with in-core information calculated by
numerical simulations. This goal is inducted under two loading configurations: traction and
bending. For the tensile tests, the following eight plies quasi-isotropic configuration is selected:
(0/45/90/-45/bared sensor or patch/-45/90/45/0). The monitoring patch is placed on the middle
plane of the tensile coupons. For the bending tests, the following seventeen plies quasi-
isotropic configuration is proposed: (0/45/90/-45/0/-45/90/45/0/45/90/-45/0/-45/90/bared sen-
sor or patch/45/0). The monitoring patch is placed outside the middle plane of the bending
coupons. Figure 1 shows the two types of instrumentation, bared sensor and monitoring patch
during coupons manufacturing process.

Due to the loading capacity of the testing machine, the nominal dimensions for the carbon-
epoxy coupons are 300×75×2 mm with a testing zone restricted to 200 mm. For the coupons
instrumented with the monitoring patch, the patch-coupon width ratio is 0.6 [3]. All specimens
are instrumented with strain gauges at the surface: one gauge at the sensor’s location and one
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gauge at the flex connection end. For coupons with monitoring patch an additional gauge at the
patch border is placed. All mechanical tests are carried out at a displacement rate of 2 mm/min
until the coupon failure is reached.

Coupons for tensile tests are painted with a black/white random speckle pattern in order to
record them with Digital Image Correlation (DIC) [26, 27]. This time, a pair of 8-bit Qimaging
Qicam CCD cameras, with 2.4 mm diameter Tamrom lenses and 70 mm of focal distance, is
used. The region of interest (ROI) is fixed on the instrumented zone, with a bared sensor or a
monitoring patch, in order to acquire the displacements due to the imposed loading. During the
tensile tests, an image is taken every 3 kN. Image post-treatment is done by means of the VIC
3D® software. Image resolution is 1,360×1,036 px2 with a subset (S) of 19×19 px2 and a step
(p) of 9 px. The image resolution (g) is estimated to be 0.11 mm/px and the spatial resolution
(S·g) is calculated in 2.1 mm.

For the 4-points bending tests, the support span is fixed on 200 mm while the loading span
is established in 100 mm. The instrumented zone, with bared sensor or patch, is placed on the
extended face during the test. Figure 2 illustrates the experimental setup for the tensile and
four-point bending tests.

2.2 Numerical FEM Models

With the goal to complete an experimental-computational study two numerical models are
performed using the finite element method (FEM) by means of the SAMCEF™ software. The
2D model is created with 16640 linear multilayer shell elements and 50177 nodes (cf. Fig. 3a).
The boundary conditions for the tensile test are described as follows. The model is clamped at
the bottom by means of the fixations along the X, Y, and Z axes and fixing also the rotation
along Y axis. At the top, the fixations are set along the Y and Z axes. The machine

a

b c d

sensor flex

Fig. 1 Manfacturing of carbon-epoxy coupons for in-core instrumentation. a Sensor with flex connexion, b
constitutive plies of monitoring patch, c coupon with bare sensor and d coupon with monitoring patch

a b

Fig. 2 Experimental setup for the instrumented coupons, a tensile test with DIC and b 4-point bending test
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displacement is imposed via the X direction. On the other hand, boundary conditions for the
four-point bending test are the following. On the support lines, the translation on Z axis
remains blocked. The machine displacement is imposed on the Z direction on the loading lines.
This simple modelling is acceptable because of the distance between the studied zone and the
boundary conditions imposed to the specimen.

The 3Dmodel is proposed to represent the constitutive lay-up at the instrumented zone with
a better precision. The use of a 3D model lies on study the delamination and interlaminar
fracture on the instrumented zone in further works. This model, at the mesoscopic scale, is
created with 20833 linear multilayer cubic elements and 73530 nodes. For the instrumented
structure, each element through-the-thickness represents four carbon-epoxy plies. In the case
of the monitoring patch, each element through-the-thickness represents a glass-epoxy ply of
the patch. Resin pockets at the corners of patch plies are simply modelled with tetrahedral
isotropic elements. The boundary conditions are obtained from the results calculated by the 2D
model and used at the edge of the instrumented zone. For the tensile test, the average value of
the displacement field on the patch border at the mobile clamp is recovered. Then, these values
are imposed on one edge of the 3D model; meanwhile, the other edge is clamped with the
same restrictions described for the 2D model. For the bending test, the average deflection
displacement on the instrumented zone is obtained. Then, the displacement values are imposed
along the middle plane of the 3D model and the edges are simply supported like the 2D model.
Illustrations of the 2D and 3D models are shown in Fig. 3.

3 Comparison Between Bared Sensor and Monitoring Patch Instrumentations

3.1 Coupons Tested Under Tensile Loading

The mechanical response of carbon-epoxy coupons under tensile loading is described by
means of load – strain curves. Strain values obtained by each method, strain gauges, DIC and
FEM models are compared.

a)

b)

c)

Fig. 3 FEMmodels developed for the comparison between the two embedding techniques: a 2Dmodel of the 4-
point bending test, b numerical zoom of the 2D model and c 3D model of the instrumented zone
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First, there is interest to set the initial state on the instrumented zone surface for the three
kinds of coupons. Figure 4 presents the topographic field acquired by the CCD cameras for the
reference, bared sensor and monitoring patch coupons. For the reference coupons, there is
homogeneity on the surface heights; therefore, the thickness remains constant. For the bared
sensor coupons, the heights champ reveals the presence of the sensor and its flex connection. A
small protuberance is created due to the sensor and numerous height irregularities are visible.
These random defects are possibly related to the classical embedding process. For the
monitoring patch coupons, the image shows a considerable hump caused by the embedded
patch. However, the monitoring patch guarantees a gradual change on the coupons thickness.
The surface out of the monitoring patch is more regular, which describes uniform sensor
integration with the structure and more control on the embedding process.

For the tensile tests, Fig. 5 shows the load – strain curves for the three types of coupons.
Even if all coupons have a linear behaviour, the measurements obtained on sensor’s location
show some differences for each kind of coupons. The reference coupons and the bared sensor
coupons have a larger elongation than those with the monitoring patch. The monitoring patch
coupons seem to be the most stiffened of the three types. The three types of coupons present
the same strength level. If we are interested on the local stiffness at sensor’s location, the
coupons provided with a monitoring patch are 10 % more stiffened than those with a bared
sensor inside and 20 % more stiffened than the reference coupons. This behaviour is expected,
from a qualitative point of view, because of the local over-thickness caused by the monitoring
patch.

As a visual support, Fig. 6 shows the longitudinal strain field (εxx) by DIC for each family
of coupons: reference, with bared sensor and with monitoring patch. The longitudinal strain
field for the reference coupons and those with bared sensor do not reveal substantial differ-
ences. It is hard to conclude that fracture of bared sensor coupons occurs due to imposed load
or due to the presence of the sensor; nonetheless, the main crack is near to sensor’s location.
For the coupons equipped with a monitoring patch, the longitudinal strain field (εxx) is
heterogeneous and reveals particular zones. The patch zone presents the lowest strain values
for the entire cartography. Strain rises gradually from sensor’s emplacement until the patch
borders. The patch borders show over-strained zones which reach the coupon’s edges. It is

0

0.75

Z (mm)

Bare sensorReference

15 mm

Monitoring 
Patch

15 mm 15 mm

a b c

x

Fig. 4 Topographic fields for the three types of coupons a reference coupons, b coupons with bare sensor and c
coupons with monitoring patch
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important to remark that the main crack on this kind of coupons is localized on the patch
border, causing the final failure of the composite coupon.

Whatever the embedding technique employed, the sensor creates an over-thickness which
modifies locally the geometry of the composite structure. The over-thickness promotes lower
strain values on this zone than the strain mean value for the rest of composite coupon. For
coupons with the bared sensor inside, the thickness changes abruptly, however, for coupons
with the monitoring patch the over-thickness zone varies regularly thanks to the slope of the
monitoring patch constitutive plies. For this reason, the patch edge is under a higher stress state
which generates over-strained zones.

Figure 7 shows a qualitative and quantitative comparison between the longitudinal strain
field for the monitoring patch coupons by DIC and FEM. A good correlation between
experimental and numerical tests in terms of localization and strain intensity can be noticed.
Additionally, Fig. 8 shows the strain field at the surface ply (0°) for both FEM models
proposed. Both have similar tendencies for the strain cartography and showing the strain field
heterogeneity of the instrumented zone by monitoring patch. The goal to make these

Strain gauge

FEM

DIC

Patch + sensor

Bare sensor

Reference

Fig. 5 Load – longitudinal strain (εxx) curves comparing the three types of instrumented coupons under tensile
loading

13.5

εxx

(10-3)

15.5

Reference Bare sensor

15 mm 15 mm

14.5 x 10-3 14.5 x 10-3

x

13.5 x 10-3

15.5 x 10-3

Monitoring 
patch

15 mm

a b c

Fig. 6 Longitudinal strain field (εxx) at the surface ply (0°) before failure (94 kN) for the a reference coupons, b
bare sensor coupons and c) coupons with monitoring patch

714 Appl Compos Mater (2014) 21:7 7–70 24



qualitative comparisons is to validate the correct convergence of both numerical models and to
justify their further use to evaluate the instrumentation transfer function (ITF).

3.2 Coupons Tested Under Bending Loading

An analogous procedure is made to evaluate the mechanical performances of instrumented
carbon-epoxy coupons under 4-point bending test. The strain-load curves are plotted with data
acquired by two techniques: strain gauges and FEM on Fig. 9. The three types of coupons
exhibit linear behaviour at the beginning of the test, followed by non-linear performance at the
end of the test. The strain measurements display that instrumented coupons are more stiffened

Instrumented zone

10 mm

7 x 10-3

11 x 10-3

7 x 10-3

12 x 10-3

7

12

Over-strain zones on the patch border

ba

10 mm

x

Instrumented zone

εxx

(10-3)

Fig. 7 Longitudinal strain field (εxx) at the surface ply (0°) for the coupons with monitoring patch by a DIC and
by b FEM for 66 kN of tensile load

3

7

3 x 10-3

a

b

3 x 10-3

6.4 x 10-3

10 mm

25 mm

εxx

(10-3)

6.2 x 10 -3

Fig. 8 Longitudinal strain field (εxx) on the instrumented zone at the surface ply (0°) for 30 kN of tensile load by
a 2D shell model and b 3D tetrahedral model for coupons with monitoring patch
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than reference coupons. Once again, coupons prepared with a monitoring patch seem to be the
most stiffened from the three families. All coupons have a similar ultimate strength, nonethe-
less, on the linear zone the coupons with monitoring patch are almost 10 % more stiffened than
coupons with bared sensor and almost 20 % more stiffened than the reference ones.

These observations are verified with the FEM models. Figure 10 illustrates the longitudinal
strain field (εxx), at the surface ply on the bend side, for the coupons with monitoring patch. As
well as for the tensile test, the instrumented zone reveals a heterogeneous strain field. The zone
of sensor location stays less strained than the patch border, which appears as the most strained
zone for the entire coupon. The gap between the strain values for the sensor zone and for the
patch border is 15 %. With these results, the patch border is, once again, the zone with the
highest risk to crack propagations and possible fractures.

Fracture modes for the instrumented coupons are illustrated in Fig. 11. The most
important delamination, for coupons with bared sensor, appears between those plies

Patch + sensor

Reference

Bare sensor

Experiment

FEM

Fig. 9 Load – longitudinal strain (εxx) curves comparing the three types of instrumented coupons under 4-point
bending loading

a c

0

9.5

b

25 mm

2 mm

55 mm

5 x 10-3

9 x 10-3

εxx

(10-3)

Fig. 10 Longitudinal strain field (εxx) for the 4-point bending coupon with monitoring patch by FEM models at
3kn load. a Strain mapping of the external ply, b zoom for the instrumented zone and c zoom on the sensor
location
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where the device was placed. The interlaminar fracture causes a partial debonding of
the sensor and its wire connection from the composite plies. There is also a secondary
damage on the interface of the plies below the sensor due to the bending loading.
Delamination for coupons with monitoring patch appears on the ply above the
monitoring patch. As well as for the tensile test, the main crack is found on the
patch border because the instrumented zone is more stiffened due to the presence of
the patch. There is too a supplementary damage on the surface plies of the coupons
due to the bending load. In both load cases, even if the internal drop-off slope of the
patch’s plies diminishes the intrusive effect of the sensor, the coupon-patch border
seems to be the weakest point for an elementary composite plate instrumented with a
monitoring patch.

4 Link Between the Strain Field of Embedded Sensor and Strain Values Measurable
on Surface: The Instrumentation Transfer Function

Once the strain field of coupons with monitoring patch is described, the next step is to analyse
the strain level to which the sensor stands to. In further work, the strain of the sensor,
calculated by FEM will be compared with the information provided by the sensor itself when
it is fully operational. With the numerical – measurement correlation cited above, the possi-
bility to link a stimulus captured by the sensor to a mechanical event on the near surroundings
should be done with better accuracy.

The link between the strain level to which the sensor stands to (εs), the strain mean value of
the near surroundings (εn) and the strain on surface (εsu) will be know it, from now on, as
“instrumentation transfer function (ITF)”.

4.1 Instrumentation Transfer Function in Tension

Figure 12 shows the longitudinal strain field for the sensor and its wire connection
embedded in the monitoring patch by FEM for the tensile coupons. According to the
numerical results, the strain value on the patch base-ply (εn) is 20 to 25 % bigger
than the strain value recorded on the sensor (εs). With this observation, the strain of
the near surroundings (εn) is partially transmitted through the patch and finally
captured by the sensor. Therefore, the strain level detected by the sensor (εs) is a
function of the strain level at the near surroundings (εn), mainly those on the patch

Main crack at 
sensor location

Main crack at 
patch border

Secondary 
delamination

Secondary 
delamination

ba

Fig. 11 Illustrations of the final failure of instrumented coupons under 4-point bending test, a bare sensor
coupon and b coupon with monitoring patch
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base-ply. The strain level can be adjusted by a correction factor, called from here now
as “encapsulation factor in tension (mt)”. This hypothesis is described in Eq. 1:

εn ¼ mt ⋅ εs with 1:2≤mt ≤1:25 ð1Þ
The main consequence of sensor encapsulation is that electronic devices only

capture a portion of the strain in the near surroundings. Regardless the embedding
technique, this can be due to the difference between the compliance of the sensor’s
material and its local environment and the compliance associated with the composite
structure. For this reason, the encapsulation factor cited before plays a huge role to
link the measurements acquisition by the sensors and their correct interpretation.

The strain value at the surface ply, where any other technique can be applied (DIC,
strain gauges), is known from now on as “strain on surface (εsu)”. Figure 13 shows

a b

2.4 x 10-3

2.2 mm

2 7

2.2 mm

Sensor

Flex wire

4 x 10-3

εxx (10-3)

Fig. 12 Longitudinal strain field (εxx) for a the tunnelling junction sensor and for b the flex wire connexion by
FEM (tensile test at 30 kN)

a b

3 x 10-3

5 mm

2 7

Sensor
zone

Flex wire
zone

3 x 10-3

4 x 10-3

x

Sensor
zone

Flex wire 
zone

5 mm

3,5 x 10-3

εxx (10-3)

Fig. 13 Longitudinal strain field (εxx) for a the −45° carbon – epoxy ply adjacent to the patch and b the 0° carbon
– epoxy ply at the surface of the instrumented coupon (bottom view of 3D FEM model, tensile test at 30 kN)
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the longitudinal strain field for the near surroundings on the ply at 45° adjacent to the
patch and for the ply at 0° at the surface of the composite coupon. Both strain fields
are plotted with the 3D FEM model. As well as described before, the sensor strain
(εs) can be linked with the strain on surface (εsu) to which values could be recovered
also through surface techniques (DIC, gauges, etc.). These two values can be adjusted
by a correction factor, called “instrumentation factor in tension (nt)”. The mathemat-
ical relation now is written in Eq. 2:

εsu ¼ nt ⋅ εs ð2Þ
On the case of tensile tests, all the plies inside de coupons are under the same range of

global strain. In consequence, the near surrounding strain (εn) is equal to the strain on surface
(εsu). The encapsulation factor in tension (mt) is therefore equal to the instrumentation factor in
tension (nt). With this axiom (cf. Eq. 3), there is now a real possibility to compare the internal
strains of a composite structure with the external measurements that are available with different
global and local technologies. In this context, the relation between information from many
sources must be correlated and corrected with the factors cited above to assure a credible
interpretation.

εsu ¼ εn ⇒ mt ¼ nt
εsu ¼ mt ⋅ εs for tensile tests

ð3Þ

Figure 14 shows at two loading stages on the tensile tests, the strain values for the
different zones acquired or calculated by the experimental and numerical techniques
described previously. The monitoring patch is able to transfer between 80 % and
85 % of the strain in the near surroundings (εn) toward the sensor. In one hand, we
assume that this information should be enough accurate to determine the strain
amplitude on the zone that needs constant monitoring. In the other hand, this
attenuation effect protects the sensor which can operate up to the damage of the zone
of interest, for example, in the case where the maximum admissible strain of the
sensor is lower than the strain of the monitored zone. Equation 3 has resumed the
instrumentation transfer function (ITF) for composite coupons with monitoring patch
under tensile load.

Fig. 14 Comparison between the strain mean values on the different target zones of coupons with monitoring
patch by different measurement techniques for the tensile test
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4.2 Instrumentation Transfer Function in Bending

We proceed in a similar way, in order to establish the influence of instrumentation in
composite coupons under 4-point bending condition. Same consideration used before
is taken; both the patch base-ply and the carbon-epoxy ply adjacent to it have the
same strain level. The numerical results show that the near surrounding strain (εn) is
20 to 25 % higher than the sensor strain (εs), as shown in Eq. 4. With this fact, it can
be stated that the “encapsulation factor in bending (mb)” stays at the same range for
the two loading conditions imposed.

εn ¼ mb ⋅ εs with 1:2≤mb≤1:25 ⇒ mt ¼ mb ð4Þ
On one hand, Fig. 15 shows the longitudinal strain field for the sensor and its flex

connection embedded in the monitoring patch by FEM for the 4-point bending
coupons. On the other hand, Fig. 16 illustrates the longitudinal strain field for the
near surroundings on the ply at 90° adjacent to the patch and for the ply at 0° at the

a b

3 x 10-3

2.2 mm

3 7

2.2 mm

Sensor

Flex wire

4 x 10-3

εxx (10-3)

Fig. 15 Longitudinal strain field (εxx) for a the tunnelling junction sensor and for b the flex wire connexion by
FEM (4-point bending test at 3 kN)

a

5 mm

3 7

Sensor
zone

Flex wire
zone

3,8 x 10-3

x

εxx (10-3)

b

5,5 x 10-3

Sensor
zone

Flex wire
zone

5 mm

Fig. 16 Longitudinal strain field (εxx) for a the 90° carbon – epoxy ply adjacent to the patch and b the 0° carbon –
epoxy ply at the surface of the instrumented coupon (bottom view of 3D FEMmodel, 4-point bending test at 3 kN)
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bend surface of the composite coupon. Both strain fields are plotted with the 3D FEM
model as well.

The strain level changes from ply to ply through-the-thickness on a 4-point
bending plate. The strain becomes zero if we approach to the neutral fibre and raises
the highest values if we are near the external plies. If the monitoring patch is placed
on the coupons surface, the near surroundings strain (εn) and the strain on surface
(εsu) will have the same value. However, if the patch is embedded, the near sur-
roundings strain will be proportional to the distance which separates the adjacent ply
to the patch with the neutral fibre of the plate. The relation between (εn) and (εsu)
now is depicted in Eq. 5:

εn ¼ 2d

ep
⋅ εsu with 0 <

2d

ep
≤1 ð5Þ

Where d is the distance from the neutral fibre to the position of the patch base-ply and ep is
the thickness of the composite plate.

Going back to the definition of near surroundings strain (εn), the strain on surface can be
written as a function of the sensor strain (εs). Equation 6 describes this relation as follows:

εn ¼ mb ⋅ εs ; εn ¼ 2d

ep
⋅ εsu ⇒ εsu ¼ mb ep

2d
⋅ εs ð6Þ

Finally it can be attested that the instrumentation factor in bending (nb) depends on the
encapsulation factor (mb) and also on the location of the monitoring patch inside the composite
plate. Equation 7 describes this conclusion:

εsu ¼ nb ⋅ εs with nb ¼ mb ep
2d

ð7Þ

For this reason the numerical results, for the 4-point bending coupons, show that
the strain on surface (εsu) is up to 70 % higher than the sensor strain (εs). The correct
interpretation of the data acquired by the sensor will depend on the embedding
technique, in this case due to the monitoring patch. The relevant comparison showed
here is between the data acquired by the decoy sensor and the data measured at the
surface.

Fig. 17 Comparison between the strain mean values on the different target zones of coupons with monitoring
patch by different measurement techniques for the 4-point bending test
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Figure 17 displays for two loading stages for the 4-point bending tests, the strain
values for the different zones acquired or calculated by all the experimental and
numerical techniques described earlier. The variation on the strain values confirms
that the information that the sensor receives has to be adjusted with the instrumen-
tation factor in order to compare it with the acquisitions on the zone of interest. At
the end, Eq. 7 has described the instrumentation transfer function (ITF) for composite
coupons with monitoring patch under bending load.

5 Conclusions

On the scope of this article, a comparison between the classic embedding technique and
another by monitoring patch is done in order to evaluate this new proposal for the instrumen-
tation of composite structures.

Carbon – epoxy coupons with embedded instrumentation, bared sensors and monitoring
patch, are tested under tension and 4-point bending to determine their mechanical perfor-
mance. Strain fields for each type of coupons are quantified with local techniques (gauges) and
global procedures (DIC and FEM).

For the classic instrumentation, the mechanical performance of elementary coupons is not
affected by the embedded bared sensor. It is difficult to know if the fracture is induced by the
value of the imposed loading or by the local distortion generated by the bared sensor.
Nonetheless, the main crack is very close to the sensor location.

For the monitoring patch instrumentation, the mechanical performance of elementary
coupons is not reduced due to the presence of the monitoring patch. Locally, on the sensor
location, these coupons are 10 % more stiffened than those with the classic embedding. The
monitoring patch modifies locally the strain field by creating over-strained zones at the patch
border. At this site, the coupons appear to be more vulnerable to crack initiation and failure
propagation.

From the fact that the sensitive face of the sensor is always en contact with the patch base-
ply, the sensor is more stimulated by the strains of this layer. The numerical models show that
the strain level of the sensor’s nearest carbon-epoxy ply is similar to the strain level of the
patch base-ply. With these results, the monitoring patch assures the good strain transfer
between the composite structural layers and the sensor device.

On this paper, the instrumentation transfer function (ITF) is proposed to relate the
strain level of the sensor (εs), the value of the near surroundings strain (εn) and the
strain on surface (εsu). The ITF relays on the sensor’s encapsulation factor (m). The
correction factor of the data acquired by the sensor will depend on the use of the
monitoring patch as embedding technique.

All tested made show the viability to instrument elementary composite coupons with the
monitoring patch. The monitoring patch has the potential to be applied on piping, civil
engineering structures and off-shore installations, where the size, type and connectivity of
the sensors have not severe restrictions. The very next step is to apply the monitoring patch in
the scope of a Multi-Instrumented Technical Evaluator (MITE) [28] to evaluate composite
structures from their manufacturing [29–32] until their service under combined loadings.
However, further work should continue the exploration of this proposal in order to apply it
on the framework of industrial scale structures.
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