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ARTICLE INFO ABSTRACT

Keywords: This work aims to explore innovative joining processes for additively manufactured components, and, in par-
Joining ticular, to assess the feasibility of hybrid weld-bonded joints by comparing their performance with the baseline
POIYmeFS ) bonded and welded joint configurations. The novelty of the proposed solution lies in the fact that welding is
Process'mg techniques achieved using a 3D printed material with conductive filaments, a solution derived from the use of embedded 3D
Numerical model . Lo . - . . P .

Adhesive bonding printed circuits (direct printing) in the AM components. Direct printing can be used to obtain an accurate local
Welding control of the thermal cycle and to overcome geometrical limitations inherent to the process, as for example the
FFF need of access for the welding tools.

Additive manufacturing AM The feasibility of the hybrid weld-bonded joint was assessed and, while for adhesive bonding the use of dedi-

cated surface treatments was found to be necessary to improve the joint performance, the welding process was
determined to be the most promising joining process, especially when directly integrated into a multi material

additive manufacturing (MMAM) process.

1. Introduction

New developments on Additive Manufacturing (AM) processes
(Han and Lee, 2020, Tan et al., 2020) and the wider availability of high
performance reinforced materials (Arif et al., 2020, van de Werken et al.,
2020) are enabling new industrial AM applications, addressing the needs
of various applications, including healthcare products (Ramola et al.,
2019, Ghomi et al., 2020), robotics (Jilich et al., 2019, Kaur and
Kim, 2019), light weight and safe vehicle structures (Zaharia et al.,
2020, Ozen et al., 2020) and, in general, where highly optimized-for-
the-application components are used.

In particular, analysing the recent literature and the previously cited
examples, it can be noticed that some of the most promising technol-
ogy and design techniques advances are achieved by coupling the local
control on the geometry (Mao et al., 2018, de Lima and Paulino, 2019),
used for example to create field driven lattice structures, to the local
control on the material properties provided by the multi-material pro-
cesses, enabled by the widespread availability of materials with very
different characteristics (Arif et al., 2020, Ahmed et al., 2020).
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This design method belong to the Design for Additive Manufactur-
ing (DfAM) concept (Alfaify et al., 2020) and one of DfAM aims is to
integrate functions in the components geometry to achieve embedded
multifunctionality Wood (2016) obtaining, for example, controlled stiff-
ness or variable thermal and electrical conductivity (Wang et al., 2020).

Another focus of DfAM is that the widespread use of AM components
creates a need for effective and practical joining processes, suitable to
assemble these AM parts and create more complex final products.

Furthermore the nominally limitless design freedom, provided by the
AM process features in some applications, could be not achievable due to
the constrains of a 3D printer build volume, component positioning and
3D printing parameters adjusted for printability instead of maximum
performance (Bardiya et al., 2020). This is especially true when service
loads in structural applications require the use of AM with long fibre re-
inforced materials. Therefore, in many cases it is convenient to decom-
pose the component in optimized sub-assemblies to enable the choice
of the optimal printing set up for the application, using the effect of
the print parameters on the material as design variable (Bergonzi et al.,
2021, Frascio et al., 2019, Kiendl and Gao, 2020, Chacén et al., 2019)
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Fig. 1. Concept of welding and self-healing using AM conductive material and embedded circuits.

and addressing the limited building rate of AM process by performing
multiple parallel builds.

While fastening and snap-fit connections represent commonly en-
countered solutions for this issue, the use of adhesive bonding has been
explored by several authors (Frascio et al., 2020), as it provides a better
distributed stress field that allows for higher joint performance and a
larger degree of geometrical freedom in the design of the coupling in-
terfaces. Furthermore, a locally controlled, AM-enabled tailoring of the
mechanical properties is leading towards the implementations of graded
and functionally graded structures and bondline (Nakanouchi et al.,
2019, dos Reis et al., 2020), to change the joint stress distribution, e.g.
reducing peel stress at overlap ends, addressing some of the major draw-
backs of the bonding technology (da Silva et al., 2018). Moreover, DFAM
could allow to obtain AM components ready to be assembled by the AM-
enabled control on the material properties, on the surfaces patterns or
using integrated material treatments in the AM build, e.g. plasma treat-
ment can be integrated in the materials deposition to improve intralayer
adhesion (Frascio et al., 2020).

Considering most AM processes rely on thermoplastic polymers,
other joining processes are also suitable, mostly based on thermal weld-
ing, many of which have already been found to be effective for join-
ing long fibre thermoplastic matrix reinforced materials (Ahmed et al.,
2006). Moreover, implementing DfAM for these processes can fur-
ther explore the advantages of multi material additive manufacturing
MMAM to include conductive reinforced polymers and direct writing
(Wang et al., 2020, Kwok et al., 2017, Flowers et al., 2017, Mora et al.,
2020, Stano et al., 2020) to embed circuits and heating elements through
the thickness of the materials. The end result are components that can
be joined together via the application of a controlled electric current.
Other key advantages are the geometrical freedom obtainable in the
weld zone, as no access for external tools is needed, and the improved
control over the welding set up geometry, one of the most relevant pro-
cess parameters (Brassard et al., 2020). Furthermore, these circuits and
heating elements could also be used for structural monitoring and to
enable self-healing (Fig. 1), taking advantage of the knowledge on the
failure mechanism of layered materials developed on components man-
ufactured with other processes (Banea and Da Silva, 2009, Shang et al.,
2019).

Finally, taking in account the layered nature of AM processed ma-
terials and the current state of the art in bonding and welding join-
ing processes, the use of AM opens the possibility to design and man-
ufacture novel energy absorbing and crashworthy components. These
components can combine different joining methodologies to enhance
joint performance both under static and dynamic loading conditions
(Machado et al., 2018, Braga et al., 2016), redistributing the loads.

In this work an experimental study is carried out on three different
joining solutions, suitable for joining AM components. Bonded, welded
and hybrid weld-bonded joints are studied. This work was carried out in
order to assess the technical feasibility of the different welding and hy-

Table 1
Manufacturing  parameters em-
ployed in the FFF process.

Printing parameters

Layer height (mm) 0.2
Infill (%) 100
Deposition speed (mm)/s) 60
Deposition pattern lines

Nozzle temperature (°C) 220

brid processes using AM processed conductive thermoplastic filaments
and to compare the relative advantages and disadvantages of the differ-
ent joining solutions.

2. Materials and methods

In this section the materials used in this work are reported and the
characterization methods implemented to carry out the experimental
tests are described in detail.

2.1. Materials

An Ender 3 pro 3D printer (Creality, Shenzhen, China), equipped
with 0.4 mm nozzle was used for the fabrication of the adherends using a
Fused Filament Fabrication (FFF) process. Two different polylactic acid
(PLA) thermoplastic filaments were used, a bulk PLA by Sunlu for the ad-
herends (Zhuhai sunlu industrial Co., Zhunhai, China) and a conductive
PLA by ProtoPasta for the weld pads (ProtoPlant extrusion technology,
Vancouver, Washington, USA). The conductive PLA was selected follow-
ing the findings of Flowers et al. (Flowers et al., 2017), which reports
this material as suitable to manufacture resistors that could be used even
to perform welding via joule heating. This is due to the relatively high
resistivity p of the material, that is equal to 12 Q cm. The printing pa-
rameters reported in Table 1 were used to manufacture the adherends.
The mechanical properties of both PLA materials were characterized by
manufacturing tensile specimens according to the ASTM D638 — 14, ge-
ometry type IV, with the printing set-up used for the adherends (Table 1)
and selected according to the manufacturer specifications and to the
work by Frascio et al. (Frascio et al., 2019). The specimens were mod-
elled in Creo Parametric 5.0 while the slicing was performed with Ul-
timaker Cura 4.6, imposing a correction factor to improve dimensional
accuracy.

All specimens were manufactured in the same position on the bed,
aiming to enhance reproducibility, laid flatwise with crisscross ma-
terial deposition + 45° in the raster in respect to the loading direc-
tion, as shown in Fig. 2, selected according to the works of Kiendl
et al. (Kiendl and Gao, 2020) and Frascio et al. (Frascio et al., 2020),
(Frascio et al., 2018). Tensile test with unidirectional material depo-
sition of 0° specimens were performed to obtain the nominal stress to
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Fig. 2. Material deposition pattern of the specimens.

implement the cohesive law. After manufacturing, the adherends were
degreased using isopropyl alcohol, wiping along the main direction.

The adhesive used in this work was the Teroson PU9225 by Henkel
(Henkel Italia Srl, Milan, Italy), a bicomponent polyurethane based ad-
hesive, selected due to its mechanical properties, in particular to the
adhesive and the PLA Young’s modulus ratio, according to the work by
Machado et al. (Machado et al., 2018).

2.2. Experimental methods

2.2.1. Adherends characterization

Recent literature at time of writing (Frascio et al., 2020) pointed
out how, for bonded joints with AM adherends, surface modifica-
tions could be necessary to improve the adhesion. The surface en-
ergy evaluation was carried out on the AM adherends, in the over-
lap area, in order to take into account the effect of the surface mor-
phology created by the manufacturing process (Bergonzi et al., 2021,
Packham, 2018). The surface energy was assessed via contact angle mea-
surements, using the equilibrium of the forces, as proposed by Young’s
equation Gordon (1805) and the Owens-Wendt-Rabel-Kaelble (OWRK)

mmm Adherend
mmm  Adhesive

dg
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method Owens and Wendt (1969). The contact angle measurements
were performed using a OCA 15 goniometer (DataPhysics, Neurtek In-
struments, Eibar, Spain) under ambient conditions, using three differ-
ent liquids: water (polar liquid), ethylene glycol 55% (polar liquid)
and n-hexadecane (nonpolar) as shown in (Dantas et al., 2021). The
procedure was repeated after an atmospheric pressure plasma (APP)
surface treatment. The APP treatment was carried out using Arcotec
GmbH (Ebhausen, Germany) equipment, manoeuvring the torch at a
distance of 15 mm from the surface for 180 s, the treatment parameters
were set according to literature and previous experience of the authors
(Dantas et al., 2021, Frascio et al., 2021, Jorda-Vilaplana et al., 2014,
Noeske et al., 2004).

2.2.2. Adhesive characterization

Adhesive characterization was performed to produce the data for the
finite element analysis (FEA) model of the joint. The Teroson PU9225
adhesive was characterized through bulk tensile test, according to the
ASTM D638 - 14, geometry type IV, and by performing Double Can-
tilever Beam (DCB) and End-Notched Flexure (ENF) tests. The DCB and
ENF tests were performed using two different set-up configurations, as
shown in Fig. 3.

Dimensions H (mm) B (mm) L(mm) a;(mm) T (mm)
Steel 12.7 25.0 290.0 45.0 0.3
PLA 10.0 20.0 140.0 30.0 0.3

The first test configuration uses steel adherends and fracture tests
were carried out according to the procedure shown in the work by de
Moura et al. (de Moura et al., 2008, de Moura et al., 2009). This is a
standardized procedure and was performed to obtain results compara-
ble with the ones published in the literature. Compliance-Based Beam
Method (CBBM) data reduction was used and critical fracture energy
evaluation was done using Eq. (1) for mode I

6p2 2(15 1
1c= (5 —_— )
B*h RE,  5G;
and using Eq. (2) for mode II
9p2a?
Gyp= —¢ 2
€T 16B2E 13 @

Fig. 3. DCB and ENF nominal dimensions for
steel and AM PLA specimens (Bergonzi et al.,
2021, de Moura et al., 2008).
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h B L E: 7 t
Dimensions
(mm) (mm) (mm) (mm) (mm)
Steel 12.7 25.0 290.0 45.0 0.3
PLA 10.0 20.0 140.0 30.0 0.3
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Fig. 4. Welding process set up realized according to (Brassard et al., 2020,
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Where P is the load, a, is the equivalent crack length to account for
the fracture process zone, E; is the flexural modulus of the adherend,
G5 is the shear modulus of the adherend, B is the width and h is the
height of the adherend (Fig. 3). The second test configuration uses PLA
adherends, according to the work by Bergonzi et al. (Bergonzi et al.,
2021) for mode I (DCB test), using cylindrical contact points of radius
5 mm and a span of 100 mm for mode II (ENF test), in order to produce
representative data of the real joint configuration, being able of taking
into account the effect of the AM surface morphology in case of weak
adhesion (interfacial failure).

At least three repetitions were performed for each characterization
test.

2.2.3. Welding process set-up

The welding set up design, shown in Fig. 4, was based on the works
by Hou et al. (1999) and Brassard et al. (2020).

The welding set up comprises of a non-conductive jig, an AC power
supply, able to provide up to 220 V at 50 Hz and controlled using pulse-
width modulation (PWM), a thermographic camera Fluke Ti25 Thermal
Imager (Fluke Ibérica, S.L., Madrid, Spain) and a system to adjust the
clamping distance. It is worth noting that clamping distance is one of
the most relevant process parameters, as pointed out in (Brassard et al.,
2020). The thermal cycle was adjusted in order to obtain a temperature

I Adherend, bulk PLA
I Adhesive, Teroson PU9225

mm \Weld, conductive PLA Bonded

Conductive polymer

Welded
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range in the 170-250 °C range in the welding area, as recommended in
the work of Vanaei et al. (2021). The welding process parameters were
chosen with a preliminary characterization: the configuration used for
the joints was modified on the upper side, replacing the full size ad-
herend with a single layer adherend. Using this configuration was pos-
sible to measure a thermal map representative of the studied application.
A clamping distance of 1.5 mm was selected, for which the resistance
of the conductive plates was assessed to be 1.5 + 0.4 kQ in between the
contact points. The optimum welding parameters were found to corre-
spond to a power density of 440 kW/m? and a pressure of 1 MPa applied
for a time of 120 s.

2.2.4. Joint configurations

In this work three joint configurations were investigated. These are
the bonded, welded and hybrid weld-bonded joints (Fig. 5).

To select the adherend thickness and to determine the adhesive per-
centage of the total overlap in the hybrid solution, a preliminary linear
elastic FEA analysis was carried out with the Abaqus (Dassault Systémes
Simulia Corp., Johnston, Rhode Island, United States) finite element
software. An adherend thickness of 8 mm was selected to guarantee
stress levels below the PLA yielding value. The adhesive overlap length
in the hybrid solution was selected to improve the joints reproducibil-
ity and by observing the trend of the maximum peel and shear stresses,
which were found to stabilize in the weld for a total bond length greater
than 16 mm. The selected joint geometry is reported in Fig. 6 with the
same overlap length and bondline thickness being used for all investi-
gated configurations. Bulk PLA thin spacers were 3D printed at conduc-
tive PLA ends to ease the joint manufacturing process and shield the
adhesive during the welding process.

All mechanical characterization processes were performed using
a universal testing machine, the INSTRON® 3367 (Norwood, Mas-
sachusetts, USA) equipped with a 30 kN load cell. The tests were carried
out under displacement control and at a test speed of 1 mm/min. Load-
displacement (P- §) curves were obtained for each configuration and at
least three repetitions were performed for each characterization test.

3. Numerical modelling

A finite element analysis (FEA) was performed using the Abaqus fi-
nite element software package for the bonded, welded and weld bonded
joint configurations under study (Fig. 7).

All the experiments were 2D modelled with plain strain, four node,
quadrilateral solid elastic elements (type CPE4) for the adherends and
the adhesive or the weld. In the bondline, a cohesive layer of 0.1 mm was
modelled using four node cohesive elements (COH2D4). The layer of
cohesive elements is implemented with a triangular traction-separation

Weld-bonded

—>

Fig. 5. Joints configurations investigated.
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Fig. 7. Schematic representation of the
numerical model realized in Abaqus for
the bonded, welded and weld bonded joint
configurations.
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Bulk and conductive PLAs mechanical properties

Young’s modulus (MPa)

Stress at failure (MPa) Strain at failure (%)

Bulk PLA 2850.4
Standard deviation = 46.8
Conductive PLA 3110.5
Standard deviation 134.7

56.4 34
21 0.17
54.5 24
4.4 0.18

cohesive zone model (CMZ) law using the values obtained as reported
in 2.2.2 section, allowing to accurately model the joint failure process.
The dependence of the fracture energy on the mixed mode was modelled
using the power law fracture criterion. The mesh size was refined to re-
duce element size in areas where large stress gradient occurs correspond
and to ensure at least five cohesive elements within the fracture process
zone at incipient failure. Each section of the model was assigned with
the material properties obtained in the experimental characterization of
the materials, described in Section 2.

4. Results and discussion
4.1. Polylactic acid characterization

The results of the mechanical characterization of the PLA materials
are reported in Table 2. It is worth noting that the stiffnesses of the bulk
PLA and the conductive PLA differ by less than 10%, a result consistent
to what is reported by Rane et al. (2019). Therefore, it could be possible
to tailor the physical properties for the specific application, using the
conductive particles as explored in (Wang et al., 2020, Kolisnyk et al.,
2019), without creating significant stiffness gradients in the component
that could result in undesirable stress intensity factor effect under ser-
vice loads.

The unidirectional specimens stress at failure was 26.2 + 1.5 MPa,
this value was used to model the welded material strength in the cohe-
sive law as representative of the intralayer adhesion between the fused
filaments.

The PLA surface energy characterization identified an increase of the
surface energy from 33.3 mJ/m? (as is from 3D printing) to 61.1 mJ/m?
(after APP treatments). The typical contact angles obtained with water
droplets are shown in Fig. 8.

Fig. 8: Typical contact angle for wated droplet on AM PLA surface
(a) as is from manufacturing, 77°+1° (b) after 180 s of APP surface
treatment, 40°+1°.

4.2. Adhesive characterization

The results of the tensile test on the Teroson PU9225 bulk adhesive
are reported in Table 3.

The results of the DCB and ENF test, using the Teroson PU9225 ad-
hesive with steel and AM PLA adherends are reported in Table 4.

Although cohesive failure was found in the tests carried out with
steel adherends, with the PLA adherends weak adhesion was identified,
as the failure surfaces showed a mixed failure mechanism, despite the
APP surface treatment (Fig. 9).

As cohesive failure corresponds to the maximum performance
achievable in the bondline (da Silva et al., 2018), by comparing the
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Tensile mechanical properties of bulk Teroson PU9225 adhesive.

Young’s Modulus (MPa)

Stress at failure (MPa) Strain at failure (%)

Average 576.9
Standard deviation 16.1

133 13.0
0.3 0.1

(b)

Fig. 8. Representative fracture surfaces for steel adherends
(a) and PLA adherends (b) obtained performing DCB tests
according to (Bergonzi et al., 2021, de Moura et al., 2008).

(a)

Fig. 9. Representative experimental curve and FEA result for the bonded SLJ.

Table 4

Adhesive and cohesive characterization of the Teroson PU9225

adhesive.

STEEL PLA

Fracture toughness mode I Gic (N/mm) Gic (N/mm)
Average 1.39 0.53
Standard deviation 0.04 0.15
Fracture toughness mode I G;c (N/mm)  Gyc (N/mm)
Average 7.60 1.90
Standard deviation 0.10 0.14
Failure Cohesive Mixed

values it can be assumed that the bonded joint performance could be
improved by exploring different surface modifications, fully integrated
in the AM process, e.g. as described in (Frascio et al., 2020), or per-
formed manually, e.g. chemical etching (Dantas et al., 2021).

4.3. Joints test and results comparison

A representative load-displacement curve of the adhesively bonded
SLJs is reported in Fig. 9, average failure load was 2722.7+192.8 N.

In Fig. 10 the failure surface of a bonded SLJ is shown, where a mixed
failure mechanism can be clearly observed.

Fig. 9 also includes the result from the FEA analysis carried out as
described in Section 3 using the cohesive traction-separation law param-
eters obtained with the PLA adherends (Table 3 and Table 4). A good
correlation with the experimental values can be observed.

A representative load-displacement curve of the welded SLJ is re-
ported in Fig. 11, average failure load was 3830.3+177.9 N.

In Fig. 12 a failure surface for the welded SLJ is shown. It can be
seen that failure is cohesive in the weld material.

In Fig. 11 the load-displacement curve obtained with the FEA model
is also reported. The cohesive traction-separation law was fitted us-
ing the parameters ranges suggested in literature (Spoerk et al., 2017,
Khan et al., 2019). Good correlation was found by setting G;c equal to
0.4 N/mm and Gy equal to 0.8 N/mm.

R
e

4000

—Experimental
---FEA

3500
3000

0O 02 04 06 08 1 1.2
Displacement (mm)

14 16 18

Fig. 10. Typical failure surface for adhesively bonded SLJ, nominal bonding
area is 25x25 mm.

A representative load-displacement curve of the weld-bonded SLJ is
reported in Fig. 13 average failure load was 2777.5 + 232.9 N. Around
0.9 mm of displacement a drop in load can be observed; by visual in-
spection of the specimens while performing the joint tests was possible
to notice that it is correlated to a first failure that occurs in the bonded
overlap of the hybrid weld-bonded joint..

Observing the failure surface of an hybrid joint, shown in Fig. 14, it
can be seen as the adhesive is not affected by the different joint config-
uration, while the weld failure process is slightly different, suggesting
that this process output is geometry dependent (Brassard et al., 2020).

The FEA model is implemented using the CMZ traction-separation
laws validated for the bonded and welded SLJ configurations
(Moroni et al., 2010). It can be observed how the model is able to pro-
vide a good agreement with the experimental data in the elastic portion
of the curve, while, at failure, load and displacement are both overesti-
mated. In Fig. 13 it is shown how the FEA model result diverges from
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Fig. 11. Representative experimental curve and FEA result for the welded SLJ.

4000
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14 16 18

Fig. 12. Typical failure surface for welded SLJ, nominal welding area is 25x25
mm.

Fig. 13. Representative experimental curve and FEA result s for the weld-
bonded SLJ.
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Fig. 14. Typical failure surface for weld-bonded SLJ, nominal joining area is
25x25 mm.

Fig. 15. Comparison of the representative experimental curves of the investi-
gated SLJ configurations.

the experimental one at the displacement that corresponds to the failure
in the adhesive despite the same fracture pattern can be observed in the
experiment and in the numerical model, that is at first in the bonded
areas of the overlap and then in the welded notch. This difference can
be related to the approximations of the inverse method used to model
the weld-bonded joint due to its performance geometry dependency and
to the mixed-mode of failure of the adhesive.

A comparison of the experimental results for all the investigated con-
figurations is shown in Fig. 15 superimposing the representative curves.

It can be seen that in the explored configurations the welded SLJ has
the best performance in terms of load and displacement, while the hy-
brid weld-bonded configuration has similar performance to the bonded
joint in terms of maximum load.

5. Conclusions

An experimental study on three different joining solutions for AM
materials was carried out, considering bonded, welded and weld-bonded
joints. A dedicated set-up for the welding process was designed and a
preliminary characterization process was performed to determine the
process parameters that lead to cohesive failure of the joint. The effec-
tiveness of the APP surface treatment procedure was assessed through
surface energy measurement and this technique was used to improve the
adhesion in bonded and weld-bonded joints. SLJs were mechanically
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tested for each joining solution and corresponding numerical models
were developed in order to better understand the performance of each
configuration under study.

» Adhesive bonding of AM processed components is a challenging pro-
cess due to the low surface energy of thermoplastic polymers and the
peculiar morphology conferred by the material deposition pattern.
Thus, 3D printing parameters and component positioning should be
considered as major joint design factors. For the materials used in
this work, weak adhesion was encountered even after APP surface
treatment. This indicates that alternative surface treatment solu-
tions, e.g. chemical etching, should be explored to enable structural
applications of this joining process.

The technical feasibility of the hybrid weld-bonded joint using AM
with a conductive thermoplastic polymer was assessed and a cor-
responding numerical model was created. This model was able to
show good correlation with the experimental results. The investi-
gated configuration, both in terms of materials and geometry, did
not lead to a performance improvement. This was mainly a result
of the low level of adhesion between the adhesive and the AM sub-
strates. Hybrid weld-bonded joints and bonded joints with stiffness
tailored bondline solutions were proven to be effective after geom-
etry optimization and especially under dynamic loading conditions.
The obtained results suggest that this joining solution, with further
optimizations to the adhesion level, will be relevant for industrial
applications for component manufactured with AM and composed
of long fibre reinforced thermoplastic matrices.

The welding joining process was found to be a highly promising join-
ing process for the assembly of AM components. No surface modifi-
cation was required for the proposed configuration and, taking ad-
vantage of multi material AM process capability for direct printing of
integrated circuits, it is entirely possible to design components ready
to be assembled and with an optimized geometry of the welding area.
It is worth noting that integrating welding setup in the component
would ease the welding process, overcoming critical aspects such as
the need for a fine control over the clamping distance. Theoretically,
any polymer can be used with conductive particles and multi mate-
rial AM can be used to create joints with tailored stiffness, achieved
by varying the volumetric percentage of the reinforcements and the
matrix polymers.

Finally, the results of this work clearly indicate that locally con-
trolled joule heating using AM with a conductive thermoplastic filament
could be expanded to other joint designs, such as locally cured adhesives
(using conductive pads at adherend-adhesive interface), or self-healing
(placing conductive pads in critical area were delamination and damage
could occur). These features can all be implemented with the inclusion
of dedicated embedded circuits in the bulk material, able to perform
localized welding through the thickness.
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