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Abstract: It is often necessary to connect e-textile devices with power supplies and other peripherals
using electrical wires. This connection is usually achieved with the use of wires that are consequently
bonded to the e-textile circuit using conductive epoxies or solders. This paper reports the mechanical
failures that arise from this bonded joint during bending by considering the connection of textile-
based Litz wires to screen-printed silver conductors using a combination of conductive epoxies
and tapes as bonding adhesives. Cyclic bending results of the conductors around a 5 mm bending
diameter rod show that conductors with bonded joints degrade after 3500 cycles with the formation
of cracks and fractures around the bonded joints. Conductors without bonded joints achieve more
than 10,000 bending cycles without the formation of cracks in the conductors.
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1. Introduction

E-textiles combine electronic and textile materials to achieve electronic solutions
that are more integrated into human life. Such solutions include health monitoring and
rehabilitation [1], aesthetic augmentation [2], and sustainable energy solutions for low
power wearable devices [3]. However, the transition of e-textiles from research prototypes
to commercial devices significantly hinges on the reliability and robustness of the e-textile
in real consumer environments [4]. One such reliability concern centres on achieving
durable wired connections between e-textile circuits and their power supplies and/or
external peripheral devices. Most of the reliability research on e-textiles has focused
on preventing fatigue failures along the embedded conductors under practical stresses.
Different methods for improving the durability of conductors that have been reported
include the optimization of conductor design with serpentine structures [5], locating the
conductors on the neutral axis of the printed e-textile [6], and using mechanically resilient
functional materials to enhance the lifetime of the e-textile [7,8]. However, the first point
of mechanical failure typically occurs at the bonded joints where electronic components
are bonded to the embedded conductors [9] or where the wires connect the e-textiles to
external devices and power supplies [6]. For a typical printed e-textile construction, shown
in Figure 1, wired connections are unavoidable, hence it is imperative to find solutions that
mitigate these failures through robust bonding methods.
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the real-time acquisition and logging of the resistance change of the printed conductor un-
der repeated cyclic bending. This approach simulates the practical bending stresses associ-
ated with the use of textiles and examines the behaviour of the bonded joints under me-
chanical stress. This study is useful for understanding the challenges associated with inter-
facing e-textile circuits and devices with required peripherals. 

 
Figure 1. A typical construction of printed e-textiles. 

 
Figure 2. Bonding methods for wired connections on screen printed e-textiles showing (from left to 
right) rigid, flexible, and intermediate bonded joints. 

2. Materials and Methods 

The screen-printed e-textile shown in Figure 3 uses a dumbbell-shaped interface and 
conductor layer pattern and was fabricated on a DEK 248 semi-automatic screen printer 
based on the printing process described in [10]. The non-planar surface of textiles often 
necessitates the printing of an interface layer to smooth and planarize the textile before 
any functional layers can be printed. Consequently, in this work a custom-made polyester 
fabric, IsacordPoly60, with an average thickness of 207 µm was used as the textile sub-
strate [11]. The textile was selected to limit the printed thickness of the interface layer to 
50 µm with a surface roughness of <2 µm, which currently represents the state of the 
art. The interface and conductor layers were realized using screen printable UV cured 
polyurethane ink, Fabink UV-IF1004, and thermally cured silver paste, Fabinks TC-
C4007, from Smart Fabric Inks Ltd. These inks were chosen for their printability, flexibility, 
and strong adhesion to textiles [12]. The achieved thickness for the silver conductor was 5 
µm. 

Silver loaded epoxy, conductive copper film, and low-temperature solders were used 
to attach textile-based Litz wire to the printed conductor based on the three bonding meth-
ods shown in Figure 2. The silver epoxy was cured for 10 min at 120 °C while the copper 
film was pressure-bonded onto the conductor after the Litz wires were soldered. Since the 
silver-loaded epoxy becomes stiff and rigid when fully cured, the conductive copper film 
was chosen to increase the flexibility of the bonded joints and minimize the stiffness gra-
dient between the bonding material and the printed conductor. 

 

Figure 1. A typical construction of printed e-textiles.

This paper evaluates three different methods for joining textile-based Litz wires to
screen printed silver conductors on a polyester fabric, as shown in Figure 2. The bonded
joints shown in Figure 2 consist of rigid, flexible and intermediate joints implemented by
using conductive films and adhesives. The durability of these joints is assessed through the
real-time acquisition and logging of the resistance change of the printed conductor under
repeated cyclic bending. This approach simulates the practical bending stresses associated
with the use of textiles and examines the behaviour of the bonded joints under mechanical
stress. This study is useful for understanding the challenges associated with interfacing
e-textile circuits and devices with required peripherals.
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Figure 2. Bonding methods for wired connections on screen printed e-textiles showing (from left to
right) rigid, flexible, and intermediate bonded joints.

2. Materials and Methods

The screen-printed e-textile shown in Figure 3 uses a dumbbell-shaped interface and
conductor layer pattern and was fabricated on a DEK 248 semi-automatic screen printer
based on the printing process described in [10]. The non-planar surface of textiles often
necessitates the printing of an interface layer to smooth and planarize the textile before any
functional layers can be printed. Consequently, in this work a custom-made polyester fabric,
IsacordPoly60, with an average thickness of 207 µm was used as the textile substrate [11].
The textile was selected to limit the printed thickness of the interface layer to 50 µm with a
surface roughness of <2 µm, which currently represents the state of the art. The interface
and conductor layers were realized using screen printable UV cured polyurethane ink,
Fabink UV-IF1004, and thermally cured silver paste, Fabinks TC-C4007, from Smart Fabric
Inks Ltd. These inks were chosen for their printability, flexibility, and strong adhesion to
textiles [12]. The achieved thickness for the silver conductor was 5 µm.
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Silver loaded epoxy, conductive copper film, and low-temperature solders were used
to attach textile-based Litz wire to the printed conductor based on the three bonding
methods shown in Figure 2. The silver epoxy was cured for 10 min at 120 ◦C while the
copper film was pressure-bonded onto the conductor after the Litz wires were soldered.
Since the silver-loaded epoxy becomes stiff and rigid when fully cured, the conductive
copper film was chosen to increase the flexibility of the bonded joints and minimize the
stiffness gradient between the bonding material and the printed conductor.

Test Setup for Monitoring Bonded Joint during Cyclic Bending

Three samples of each of the bonding methods were subjected to 90◦ cyclic bending
around a 5 mm bending radius under a bending tensile load of 1.5 N as described in [13].
The cyclic bending is driven by a stepper motor. Real-time monitoring and assessment of
the performance of these bonded joints under cyclic bending stress was achieved by contin-
uously measuring and recording the electrical resistance of the screen-printed conductor
using a LabView controlled Keithley multimeter, as shown in Figure 4. The durability of
the samples containing any of the bonding methods was compared with that of samples
without any bonding material.
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Figure 4. Bending test setup for real-time monitoring of bonded joints under cyclic bending.

3. Results and Discussion

The result showed that the presence of the bonded joints generally induced more
stress on the silver conductors during bending and generated the fractures shown in
Figure 5. Whilst samples without the bonded joints survived more than 10,000 cycles
before crack formation, samples with bonded joints only survived 3500 cycles, after which
the electrical resistance of the samples could not be measured by the Keithley multimeter.
These fractures introduced poor contact between the contact pad of the conductor and the
bonding materials. The poor contact triggered high contact resistance between the wire
and the silver conductor and introduced noise into the electrical resistance measurement
of the printed conductor, as shown in Figure 6. Figure 6a shows the actual change in the
normalised electrical resistance (i.e., the ratio of the electrical resistance in bending to the
measured resistance before bending) of the printed conductor over 3000 bending cycles
before any noticeable failure at the bonded joint of the conductive epoxy was detected. As
soon as the bonded joint began to fail, an upsurge of almost 1000 was initially noticed in
the normalised resistance. This eventually deteriorated with an increase in the normalized
resistance of up to 7000 within 1000 bending cycles, as shown in Figure 6b.
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conductive epoxy to increase the bonding strength of the conductive film as shown in 
Figure 7b. This result was expected since the epoxy-based bonded joint showed more re-
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Figure 7 compares the performance of the flexible bonded joints created from electri-
cally conductive film, and the intermediate joints formed by combining conductive epoxy
with the conductive film. The results indicate that the flexible joints quickly degraded
under cyclic stress as shown in Figure 7a and introduced sudden peaks and fluctuations
to the measurement within the first 1000 bending cycles due to intermittent contact. The
magnitude of this generated noise reduced with the intermediate joints, which used the
conductive epoxy to increase the bonding strength of the conductive film as shown in
Figure 7b. This result was expected since the epoxy-based bonded joint showed more
resilience under bending. In all the tested samples, the failure point always occurred
at the interface between the bonding material and the printed conductor, as shown in
Figure 5. The crack length propagated through the printed conductor when the sample
was repeatedly loaded with bending stress.
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4. Conclusions

Bonded joints are currently unavoidable for e-textile design because they are useful
for interconnecting devices on the textile and for wiring/connecting e-textiles to power
supplies and peripherals. This paper reports the durability of three different bonded
joints of varied degrees of flexibility. The results show that bonded joints remain a critical
failure point for e-textile interconnections. The reported results show that rigid epoxied
joints produce the best results but ultimately result in the cracking of the conductive
patterns. Flexible connectors with better adhesion than currently available pressure-bonded
conductive films are still required to minimise the stiffness mismatch created by epoxy
joints. It is recommended that the durability of the printed e-textiles could be improved
by minimizing the number of bonded joints where possible during e-textile design and
manufacture; this can be achieved by integrating more of the electronics into or onto the
textile, thus reducing the need for interconnections.

Author Contributions: These authors equally contributed to this work. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the WEARPLEX project with the grant agreement ID 825339 under
the EU Horizon 2020 funding—ICT-02-2018: www.wearplex.soton.ac.uk (accessed on 22 April 2022).

Data Availability Statement: The data for this paper can be found at: doi.org/10.5258/SOTON/D2192.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Paul, G.; Torah, R.; Beeby, S.; Tudor, J. A printed, dry electrode Frank configuration vest for ambulatory vectorcardiographic

monitoring. Smart Mater. Struct. 2017, 26, 025029. [CrossRef]
2. Hardy, D.A.; Moneta, A.; Sakalyte, V.; Connolly, L.; Shahidi, A.; Hughes-Riley, T. Engineering a costume for performance using

illuminated LED-yarns. Fibers 2018, 6, 35. [CrossRef]
3. Almusallam, A.; Torah, R.N.; Zhu, D.; Tudor, M.J.; Beeby, S.P. Screen-printed piezoelectric shoe-insoleenergy harvester using an

improved flexible PZT-polymer composites. J. Phys. Conf. Ser. 2013, 476, 012108. [CrossRef]
4. Komolafe, A.; Zaghari, B.; Torah, R.; Weddell, A.; Khanbareh, H.; Tsikriteas, Z.M.; Beeby, S. E-textile Technology Review—From

Materials to Application. IEEE Access 2021, 9, 97152–97179. [CrossRef]
5. Koshi, T.; Nomura, K.I.; Yoshida, M. Measurement and analysis on failure lifetime of serpentine interconnects for e-textiles under

cyclic large deformation. Flex. Print. Electron. 2021, 6, 025003. [CrossRef]
6. Komolafe, A. Reliability and Interconnections for Printed Circuits on Fabrics. Ph.D. Thesis, University of Southampton, Southamp-

ton, UK, 2016.
7. Merilampi, S.; Laine-Ma, T.; Ruuskanen, P. The characterization of electrically conductive silver ink patterns on flexible substrates.

Microelectron. Reliab. 2009, 49, 782–790. [CrossRef]
8. Jin, H.; Matsuhisa, N.; Lee, S.; Abbas, M.; Yokota, T.; Someya, T. Enhancing the performance of stretchable conductors for e-textiles

by controlled ink permeation. Adv. Mater. 2017, 29, 1605848. [CrossRef] [PubMed]
9. Szalapak, J.; Scenev, V.; Janczak, D.; Werft, L.; Rotzler, S.; Jakubowska, M.; Schneider-Ramelow, M. Washable, Low-Temperature

Cured Joints for Textile-Based Electronics. Electronics 2021, 10, 2749. [CrossRef]
10. Komolafe, A.; Torah, R. Effect of textile primer layer on screen printed conductors for e-textiles. In Proceedings of the 2021 IEEE

International Conference on Flexible and Printable Sensors and Systems (FLEPS), Manchester, UK, 20–23 June 2021; pp. 1–4.
11. Komolafe, A.O.; Nunes-Matos, H.; Glanc-Gostkiewicz, M.; Torah, R.N. Evaluating the effect of textile material and structure for

printable and wearable e-textiles. IEEE Sens. J. 2021, 21, 18263–18270. [CrossRef]
12. Smart Fabric Inks Ltd. Smart Fabric Technology. Available online: http://www.fabinks.com/ (accessed on 3 December 2021).
13. Komolafe, A.; Torah, R.; Wei, Y.; Nunes-Matos, H.; Li, M.; Hardy, D.; Beeby, S. Integrating flexible filament circuits for e-textile

applications. Adv. Mater. Technol. 2019, 4, 1900176. [CrossRef]

www.wearplex.soton.ac.uk
http://doi.org/10.1088/1361-665X/aa5436
http://doi.org/10.3390/fib6020035
http://doi.org/10.1088/1742-6596/476/1/012108
http://doi.org/10.1109/ACCESS.2021.3094303
http://doi.org/10.1088/2058-8585/abfe4c
http://doi.org/10.1016/j.microrel.2009.04.004
http://doi.org/10.1002/adma.201605848
http://www.ncbi.nlm.nih.gov/pubmed/28370661
http://doi.org/10.3390/electronics10222749
http://doi.org/10.1109/JSEN.2021.3086235
http://www.fabinks.com/
http://doi.org/10.1002/admt.201900176

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

