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1. INTRODUCTION

Adhesively bonded joints are a very attractive solution of joining techniques
over the conventional joining methods such as bolted or riveted joints, mainly
due to its high strength-to-weight ratio. Especially in composite structures,
adhesively bonded joints are used extensively. But due to susceptibility of
bonded joints to environmental conditions and operational loading, as well
as manufacturing defects such as lack of adhesion, the fatigue performance
of adhesively bonded structures is a major concern even though adhesive
joints show better fatigue performance than equivalent classical conventional
fasteners [1]. Therefore, operational structural health-monitoring techniques
are of utmost importance for damage tolerant service philosophy.

Backface strain (BFS) measurement is a very efficient technique in order
to monitor crack initiation and propagation under both static and fatigue
loading in adhesive joints. By this method, sensors are placed onto the
exposed surface, i.e., backface of the material to be bonded. Zhang and
Shang [2] first assessed the use of the BFS technique in bonded joints. Their
work with single-lap joint (SL)) allowed for finding out that by detecting the
switch in the direction of the BFS change, crack initiation can be monitored.
However, the work of Crocombe et al. [3] regarding BFS technique was more
elaborate and concluded that the BFS response was highly dependent on its
location and the greatest change in BFS with damage occurs in the overlap
zone. Therefore, the strain gauge should be placed on the overlap of the joint
especially close to the zone where load transfer occurs. Shenoy et al. [4]
investigated the crack initiation and propagation behavior in SLJ using BFS
technique and showed that fatigue failure in bonded joints goes through
various stages starting from an initiation period, then a slow crack growth
period followed by a faster growth period before a rapid quasi-static type
fracture.

In this paper, an array of strain gauge sensors is used instead of one sin-
gle sensor, in order to overcome the aforementioned limitations due to the
use of one single sensor. Moreover, this approach allows for evaluating the
possibility of using arrays of other sensor types, like Fiber Bragg Gratings
(in short FBG), which can be placed on a single optical fiber, thus simplifying
the manufacturing of sensor arrays and reducing considerably the amount of
wiring. FBG sensor is a very efficient tool for measuring strains in particular
environments due to some great advantages such as immunity from electro-
magnetic interference, capacity to measure very high strain with high resol-
ution. They match quite well with the composite materials applications, have
long-term stability, and can be used at elevated temperature. The working
principle of a FBG sensor is as follows [5]: the Bragg grating is made of a
series of refraction index changes, spaced at a constant length period; when
a Bragg grating is traversed by a white light, it reflects back only a light with a



nearly monochromatic spectrum centered on a specific wavelength, and
transmits all the other wavelengths. The peak wavelength of the reflection
spectra changes with the strain or temperature applied on the gratings. A
special instrument, named “interrogator,” is used to gather data from the
FBG sensors.

FBG sensors have a great potential in the field of structural health moni-
toring [6]. FBG sensors have been used successfully to detect the changes in
the longitudinal strain distribution due to fatigue the crack propagation in a
doubler plate joint [7]. Bernasconi et al. [8] used an array of distributed FBG
sensors on one side of composite adhesively bonded joints and monitored
the fatigue crack growth. Da Silva et al. [9] focused on the development
and testing of a technique used to measure strain levels inside an adhesive
joint by FBG sensors in their work. Since several FBG sensors can be inserted
in a single fiber, this enables to monitor easily the changes in the strain dis-
tribution due to the fatigue crack propagation in a joint.

The data coming from the sensors on a structure can be directly visua-
lized by means of Augmented Reality (AR) systems. Augmented Reality is a
technology coming from Computer Science that allows the user to see virtual
contents in the real world [10]. This one is a highly potential technology that
is continuously expanding since 1990s and it has been experimented in many
different fields like marketing, medicine, military, and in industry as well. The
contents are dynamically changed in real time in order to maintain a spatial
and temporal coherence between the real environment and the virtual one.
In this manner, the user can see the object and, at the same time, contextua-
lized data from sensors directly on the object itself.

According to Furmann et al. [11], the use of AR to display data can be
very effective. Actually, AR can speed up and enhance the human process
visualization and comprehension of the data. Several investigations about
the use of AR to visualize data have been already carried out. Malkawi
et al. represent the air condition in a room due to an air diffuser through
an immersive AR visualization [12]. Rauhala et al. developed a solution for
mobile phones to represent information regarding to the humidity [13]. Gold-
smith et al, instead, propose SensAR, a system to monitor the temperature
and the noise level in a room [14]. White and Feiner, instead, use a mobile
PC to represent the CO pollution in a neighborhood by means of an outdoor
application [15]. However, according to the knowledge of the authors so far,
there are no AR applications oriented to visualize information during fatigue
testing. Besides, another contribution is given by the prediction and visuali-
zation of the crack growth on the specimen in real time.

This paper aims to provide a detailed investigation on the possibility of
designing a monitoring system of fatigue crack growth in bonded SLJs using
BFS measurements, first using relatively inexpensive electrical strain gauges
to assess the feasibility of the monitoring system, then using FBGs for a more
compact monitoring system, and then set a framework of a visualization tool



based on AR for real-time monitoring of fatigue crack growth in adhesively
bonded joints.

2. INVESTIGATION PROCEDURE

2.1. Specimen

The type of specimen under investigation is an adhesively bonded S1J. The
substrates are aluminum 2024 T3 and HexPly®™ (Hexcel Corporation, Stam-
ford, CT, USA) M49/42%/200P/AS4-3K carbon fiber reinforced polymer
(woven, ply orientation 0°) bonded by epoxy structural adhesive DP 760
(3M Company, St. Paul, MN, USA). Two specimens were manufactured,
one without artificial defects and one with an artificial crack which has been
created in one side of one joint by inserting a Polytetrafluoroethylene (PTFE
or Teflon) tape. The artificial pre-crack was then measured by optical micro-
scope from two sides, one is side A where the crack length was found to be
5.7 mm and the other is side B where the crack length was 8.0 mm, as shown
in Fig. 1 (There is always uncertainty while creating an artificial crack by
inserting a Teflon tape as its initial position inside the adhesive can be altered
during bonding; therefore, we have different crack lengths in side A and side
B in our case).

FIGURE 1 (a) Detailed dimensions (in mm) of the specimen; (b) artificial crack; (c¢) side A of
the pre-crack, 5.7mm long; (d) side B of the pre-crack, 8.0 mm long.



2.2. Finite Element Analysis

In order to establish the relationship between the position of the crack tip
during fatigue crack propagation and the strain field to be measured by
the sensors’ array, a finite element (FE) model has been developed for the
problem under evaluation. The FE mesh is shown in Fig. 2(a). Twenty node
three-dimensional solid stress elements were used. In the case of the com-
posite adherend, orthotropic material properties with respect to the laminae
were assigned. For the adhesive, 8 node three-dimensional cohesive ele-
ments were chosen. The cohesive elements were connected to the upper
and lower adherend using a kinematic constraint. The existence of the crack
was modeled by modifying this length of constraint between adhesive and
the aluminum adherend. Different models with different crack lengths were
built and analyzed to simulate fatigue crack growth.

2.3. Correlation Between Crack Tip Position and Strain Field

A number of FE analyses were carried out by continuously varying the crack
lengths and the strain values along the chosen lines shown in Fig. 2(a). From
the analyses for different crack lengths, it is observed that the position of the
minimum peak of the BFS values has an interesting correlation with the crack
length, which is evident in Fig. 3(a), where BFS distribution along the alumi-
num substrate is shown starting from 5 mm prior to the overlap to 22 mm into

Aluminum CFRP

ADHESIVE

(b)

FIGURE 2 (a) Detailed FE model with three lines to be analyzed; (b) Crack modeling in the
FE analysis.
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FIGURE 3 (a) Results from FE analyses: backface strain for different crack lengths. (b) Corre-
lation between the position of greatest minimum peak and the crack length.

the overlap. The BFS is plotted along the ordinate and the true distance along
the overlap is on the abscissae.

It is found that the greatest minimum peak of strain profile follows the
crack tip linearly with an offset of 1.98 mm. Hence the length of the crack, a,
has a linear correspondence with Xy suain, the position of the minimum
BFS, expresses by

a = (Xninstmin) + 1.98 mm. (1)



2.4. Location and Application of Strain Gauges

From the FE analyses, it is observed that the greatest minimum peak of BFS
curve follows the crack tip. As one of our specimens has already an artificial
crack in one side of the lap joint, in order to measure the strain field with suf-
ficient accuracy, 10 strain gauges from HBM (Hottinger Baldwin Messtechnik
GmbH, Darmstadt,, Germany), series 1-LY13-0.6/120 were bonded. Ten is the
maximum number of gauges which can be bonded on the surface, taking into
account the size and the requirements for installation. To capture the mini-
mum peak of the BFS strain curve, we applied these 10 strain gauges in three
arrays onto the backface of the aluminum substrate in that side of the joint
where the pre-crack exists. It is likely that during fatigue loading, crack would
start propagating from this side due to the presence of this artificial crack. The
detailed configuration of the strain gauges installment is shown in Fig. 4.
For continuous monitoring of the crack propagation in the joint on the
basis of the 10 strain values recorded by the strain gauges, a function has
been developed in Matlab (Mathworks, Natik, MA, USA) environment based
on the correlation found by FE analyses which is mentioned in Eq. (1). This
Matlab function was then being used to monitor crack position during the
experiment by taking the BFS values measured by the strain gauges attached
to the aluminum substrate as inputs. The function scans for the minimum

FIGURE 4 True positions of strain gauges on the specimen in accordance with the analyzed
lines in FE analyses (all values are in millimeters): (a) schematic drawing and (b) installed
strain gauges on the specimen.



strain value among all the strain values. Then it identifies the corresponding
position of that minimum peak of BFS value on the aluminum substrate. After
that, it takes into account two more strain values adjacent to the minimum
peak strain value and their corresponding positions on the aluminum adher-
end, one just before and another just after the lowest minimum value and
apply spline interpolation to accurately evaluate the position of the negative
peak strain value, i.e., Xninswain Value. Then, that value is fed to Eq. (1) to
identify the crack position.

2.5. Augmented Reality Framework for Real-Time Visualization

The AR framework used in this work is composed by three main modules,
which have to work together in order to provide an augmented visualization
to the user. Figure 5 shows the three modules. The first part regards data
acquisition from sensors on the specimen and it is called Acquisition Module.
These data are continuously stored in a main PC and they are used to feed
the second module, called Analysis Module. Analysis Module uses the
acquired data to detect the crack position according to Eq. (1). The module
works in real time and it does not need any synchronization with the Acqui-
sition Module. The Analysis Module can actually work by a pre-defined
update frequency or by asynchronous user command. The data regarding
sensors and crack position are then distributed by a server on the main PC
to all of the devices connected. The communication is provided by a wireless
network.

The third module is the AR interface. This one gets the data from the
main PC and uses them to represent virtual objects on the specimen. The
augmented visualization is possible by a camera and a display. The camera
captures the environment, in which the specimen is placed, while the display
shows the virtual contents superimposed on the camera frame. Figure 6
represents more into detail the workflow of the AR interface.

: Ob;eﬂ ~ . Interface
em panfe
| N | {

Se | e : 1
: 1 Bl Acquisition Analysis N 1

} . R M AR
M Module Module !

: ] 1 Interface
. ]
!

AR
Interface

FIGURE 5 The Augmented Reality (AR) system framework. The three main modules are in
blue. Data from some sensors placed on the object are acquired by the Acquisition Module
and then analyzed by the Analysis Module in order to estimate the crack length. All the data
are then taken by the server and distributed to all the AR interfaces connected.
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FIGURE 6 Architecture of the AR interface.

Once the camera has grabbed a new image, the tracking algorithm
recognizes the markers in the scene. Then, it estimates the relative position
between the camera and the marker through the coordinates of the marker
vertices in the image [16]. The tracking data are then used to represent the
virtual objects, as they were located on the specimen, with a proper position,
orientation, and perspective. The virtual objects involved are arrows, text,
and other graphics contents that can ease the data understanding to the user.
A configuration file with the location of the sensors on the specimen is used
to indicate to the AR interface where the virtual objects should be placed.
Finally, data from the server are used to change the appearance of the virtual
objects, like the textual representation of the data acquired from sensors or
the crack length.

3. EXPERIMENTAL ANALYSIS AND RESULTS

3.1. Using Electrical Resistance Strain Gauges

We acquired the data from the strain gauges through two HBM (Hottinger
Baldwin Messtechnik GmbH, Darmstadt, Germany) Spider 8 control units
and by the software HBM Catman (Hottinger Baldwin Messtechnik GmbH,
Darmstadt, Germany). The machine that applied the loads is a servo-hydraulic
system MTS Landmark™ (MTS, Eden Prairie, MN, USA) with a capacity of 100
kN. At first, we applied 2-kN static loading to the specimen in order to test the
crack detection technique based on minimum negative BFS. We applied the
static loading to two specimens having the same geometry and strain gauges
configurations, one specimen with a pre-crack which is shown in Fig. 1 and
the other one without any pre-crack. The acquired results from the static



experiments are shown in comparison with the FE analysis in Figs 7 and 8. We
can see that the position of the negative peak, determined by the experiment,
which is vital for crack monitoring, matched the value obtained from FE analy-
sis. The magnitude of the BFS value in the negative peak seems to be a bit
higher than the FE calculated values; this may be due to a higher bending
effect in practical cases.

Then we carried out a fatigue test with the pre-cracked specimen. The
machine applied a fatigue loading with a load ratio of 0.1. The maximum
load at the beginning of the test was 4 kN and then it was gradually increased
up to 6.8 kN with a frequency of 4Hz. The acquisition module took the
values from the sensors with a frequency of 100Hz, collected data from
the sensors, and fed to the Analysis Module every half second. In our frame-
work, we used the Matlab function which determines crack position in the
Analysis Module of the AR system. The Analysis Module takes the data
acquired and it estimates the position of the crack in the specimen. In
Fig. 9, the visualization through AR system at the initial stage of the experi-
ment is shown where the BFS graph is superimposed onto the specimen
and the red stripe shown refers to the crack.

From Fig. 9(a), it is clear that the initial condition of the crack length
recorded by the visualization AR tool coupled with the Matlab function is
in accordance with the pre-crack length measured by the optical microscope
earlier. After 150 000 cycles, we recorded a crack length of 19.8 mm by means
of the AR visualization tool which is shown in Fig. 9(b). In order to validate
the crack length obtained by the system, we measured the crack length by an
optical microscope. The value from the measurement is shown in Fig. 10
with 18.2mm for side A and 14.3mm for side B, probably indicating an
inclined crack front.
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FIGURE 7 Experimental and finite element analyses for the pre-cracked specimen under a
2-kN static load.
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FIGURE 9 BFS graph on top of the specimen and detection and visualization of the pre-crack:
(a) initial condition, (b) final condition (red stripe indicates the crack).



(b)side B

FIGURE 10 Measurement of crack by optical microscope:— (a) side A, measured crack length
is 18.2mm; (b) side B, measured crack length is 14.3 mm.

By means of this optical measurement, we found a relatively good
accordance with the value we obtained by the BFS technique.

3.2. Using Optical Strain Gauges (FBG Sensors)

In the next step of the investigation, the array of strain gauges was replaced
by an array of FBG sensors installed on other specimens having the same
dimensions as the previous one. Also in this case, an artificial crack of
10 mm was inserted in one specimen. In this second pre-cracked specimen,
care was exercised to keep the PTFE tape in position, by making it wider

A

CFRP
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FIGURE 11 FBG sensors installation configuration (all values are in millimeters).
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FIGURE 12 Static results for the experimental and finite element analyses for the pre-cracked
specimen; strains measured by FBGs.

than the specimen. The configuration of the FBG positioning is shown in
Fig. 11.

As before, at first we carried out a static test for both specimens, one
without any crack and the other one with a pre-crack of length 10 mm.
The results of the static analysis obtained from the experiment with the com-
parison of the corresponding FE analysis are shown in Figs 12 and 13.

From Figs 12 and 13, it is clear that for both cases, the position of the
negative peak of the BFSs measured by FBGs is the same as the positions
obtained by the FE analyses and maintains approximately a 2-mm offset from
the crack tip as found in the study above. Then, we were able to visualize the
experimental result for the 10-mm pre-cracked specimen in AR system
coupled with the Matlab function for crack detection and monitoring
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FIGURE 13 Static results for the experimental and finite element analyses for the specimen
without crack; strains measured by FBGs.
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FIGURE 14 Visualization of the position and length of the crack based on negative peak
detection of backface strain by FBG sensors by Augmented Reality (AR) framework (left,
visualization by AR interface; right, position of the minimum BFS detection by Matlab function
in the Analysis Module as seen by the vertical blue line).

(Fig. 14). Tt appears that by AR it is possible to display different types of infor-
mation, like values of the strain recorded by the sensors, a graph of the vari-
ation of the strain values along the specimen’s axis, and the size of the crack
(in this case the artificial one).

Based on these preliminary results, it is possible to infer that the same pro-
cedure which was set up using strain gauges can be implemented using FBGs. It
is then possible to implement the same fatigue crack monitoring and visualiza-
tion technique, which, in the case of FBGs, present the advantage of a drastic
reduction of the size and the number of wires which are necessary to use.

4. CONCLUSIONS

A method for structural health-monitoring system of metal-composite adhesively
bonded joints in composite structures was developed, based on the detection of
BFS peak detection and visualization by AR framework. By means of this meth-
odology, it was possible to detect and monitor the crack propagation in real time
in the bonded joint during a fatigue test. In this work, strain gauges were used
for acquiring backface strain and to monitor crack propagation in fatigue load-
ing. A similar framework was also adopted by replacing the electrical resistance
strain gauges with optical strain gauges such as FBG sensors and the tests con-
firmed the feasibility of the system also with this kind of sensors.
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