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ABSTRACT 

Stretchable electronics are electronic systems that comply with dimensional changes 
of the substrate without the loss of functionality. Stretchable electronic technologies 
are developed for the manufacturing of wearable electronics, which require soft and 
elastic substrates. Thus, stretchable electronics have normally (I) a deformable 
thermoplastic polyurethane (TPU) substrate, (II) rigid printed circuit board (PCB) 
module islands, and (III) stretchable interconnections between the islands. In the 
system, the mechanical and electrical features have a linkage, where the electrical 
performance is affected by the mechanical difference of the components. 

In this thesis, manufacturing methods are researched to control and decrease the 
mechanical differences in stretchable electronics. The joining of rigid and stretchable 
substrates with structural and non-structural adhesives is studied with peel tests. 
Also, TPU 3D printing on the TPU substrate is explored to optimize shaped 
stretchable interconnections. The 3D printing is further adapted for the stretchable 
3D-printed interconnections and sensors. Finally, the interconnection deformations 
close to the islands are studied in hybrid stretchable circuit board (SCB) technology. 

The results show that the structural adhesives are incapable of complying with 
the elongation of TPU substrate, which induces irregular peeling. With the non-
structural adhesive, the adhesive stretches, producing stable peeling. In the case of 
small and local interconnection supports, the adhesives are replaced by 3D printing 
directly molten TPU plastic on the screen-printed TPU substrate. The good adhesion 
of ~ 1,9 N/mm allows the supports to increase the safe elongation of 
interconnections by ~ 27%. Moreover, the 3D printing of TPU is usable for 
stretchable 3D printed structures. Unlike with current conductive 3D printing 
materials, permeable carbon fiber nonwovens enable stretchable and conductive 
composites. Thin ~ 53 µm fiber layer deforms evenly with cyclic 50 % elongation, 
and thick > 150 µm fiber layers have the best resistance results 4 Ω□. Lastly, with 
various protective structures, the interconnection transition area close to the SCB 
islands is used to stabilize the samples at 10 % and 20 % cyclic elongation. 

Demonstrated new manufacturing methods advance stretchable electronics by 
balancing the mechanical differences of the system, which increases the stretchability 
and integration level of stretchable systems. More durable and smaller systems build 
a foundation for indistinguishable structural electronics and maintainable wearable 
electronics for casual use, military, sports, and healthcare sectors. 
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1 INTRODUCTION 

Stretchable electronics can be described as electronic systems that provide same 
electrical properties as traditional rigid electronics, but with the ability to comply with 
complex mechanical deformations [1]. Stretchable electronics are used in a growing 
sector of wearable electronics, where stretchable electronics are applied on clothing 
or skin for better comfort, higher functionality, and new applications [2]. The 
“intelligence” of wearable stretchable electronics is still widely based on traditional 
electronics components, which have progressed from single transistors in the 1950s, 
through early integrated circuits (ICs) in the 1960s to current system-on-chip (SOC) 
components with over a billion transistors [3]. The miniaturization has enabled the 
development of the modern society with systems like e.g. a smartphone which has 
revolutionized our communication, entertainment and mobility [4]. 

The miniaturization of electronics has brought the idea that electronics can be 
integrated with apparel. Eyeglasses, watches, and other small objects are natural 
carriers for rigid electronics, and for larger and more complex systems, clothes can 
be enhanced with electronics [5]. Mechanically complex textiles have been already 
manufactured since the invention of the Jacquard looms around 1801, and with 
current digital manufacturing methods and miniaturized electronics, electrically 
sophisticated textiles with integrated electronics have been fabricated [6], [7]. For 
more intelligent and interactive systems, wearable electronics are made stretchable 
with various technologies, which include conductive yarns, conductive inks, and 
laminated film with electronic features [8]–[10]. 

The stretchability of an electronics system is possible by dividing traditional rigid 
electronics into small module islands, which are spread over a deformable substrate. 
The islands are combined by interconnections that are made stretchable by varying 
shapes and materials of the interconnections [11]. Also, the islands are fixed 
mechanically and electrically on the deformable substrate with different joining 
methods [12]–[14]. The build-up decisions of stretchable electronics are mainly 
affected by the final requirements of the wearables and available manufacturing 
methods [5]. 
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The most prominent subtractive technology is the stretchable circuit board (SCB) 
technology, which uses a modified printed circuit board (PCB) manufacturing 
method to manufacture stretchable electronics [15]. The technology complements 
rigid and flexible substrates with deformable ones, enabling the stretchability of the 
system [16]. The stretchability of conventionally used flexible materials, such as 
copper and polyimide film (PI), is allowed by shaping them as 2-dimensional (2D) 
springs [17]. 

Additive manufacturing (AM) includes various fabrication methods, where 
screen-printing, inkjet printing, and other printing methods are used for planar 2D 
designs [18], [19]. More complex three-dimensional (3D) designs are done with 3D-
printing methods, which have already emerged in the 1980s. However, 3D printing 
has come more common after the expiration of patents in the 2010s [20], and already, 
the 3D-printing has changed the way to mass-produce certain complex metal parts 
[21]. The 3D-printing has a huge potential in the manufacturing of functional plastic 
parts and electronics [22], [23], which opens the development of 3D-printed 
stretchable electronics. 

1.1 Aim and scope of the thesis 

The development of next-generation stretchable electronics is highly dependent on 
new manufacturing methods. The long-term aim is to make stretchable electronics 
systems more robust and merge them into everyday wearables, which require a 
higher integration level of components. The higher integration level highlights 
dissimilar properties of electronics, plastics, and textiles, which hinder new 
applications. The different properties originate from different materials, product 
requirements, and manufacturing methods, which need to be considered and 
optimized for new stretchable and wearable electronics. In this work, 3D printing, 
screen-printing, lamination, SCB, and gluing are used to prepare hybrid structures, 
which can be used to improve the durability and integration level of stretchable 
systems. 
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In this thesis, the foremost research question is, how to create electronic systems, 
which are stretchable, reliable, and manufacturable with current technologies. The 
main goal is approached by finding the answers to the following research questions: 

(1) How do different non-conductive adhesives perform in the stretchable 
electronics joint? 

(2) What 3D printing methods and designs can be used to affect the 
elongation of the stretchable printed interconnections? 

(3) How does integrating carbon-based long staple fiber cloth impact the 
mechanical and electrical properties of the stretchable 3D-printed 
matrix? 

(4) How to control the amount of stress in the transition area of SCB 
modules with different protective structures? 

1.2 Structure of the thesis 

This thesis consists of five chapters, which draw together and summarize the 
research work in four peer-reviewed journal publications. Chapter 1 introduces the 
topic of the thesis, the aim and scope of the thesis, the research questions, the 
structure of the thesis, and the contribution of the authors. Chapter 2 deals 
extensively with the main three components of stretchable electronics; the 
deformable substrates, the rigid PCB islands with their joining methods, and the 
stretchable interconnections. Chapter 2 also reviews the 3D-printing methods of 
electronics and stretchable electronics. Chapter 3 shows the major results, while 
Chapter 4 presents further analyses of the outcomes. Finally, Chapter 5 concludes 
the thesis and summarizes the findings. 
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1.3 The author’s contribution 
 
Publication I. The author was the main contributor and fabricated the samples. The 
author, A. Halme, and J. Vanhala conceptualized the research. M. Kanerva and the 
author designed the peel test setup and analyzed the peel test results. O. Orell 
assisted with the tensile tester. S. Siljander assisted to implement the FTIR analyses, 
which results were analyzed together by S. Siljander, M. Kanerva, and the author. A. 
Halme, M. Kanerva, and J. Vanhala participated in writing and further improving of 
the manuscript. 
 
Publication II. The author was the main contributor and designed the experiment 
and fabrication of the samples. J. Lahtinen assisted in the fabrication of the samples 
and conducted the T-peel tests. The author screen-printed the tensile test samples. 
The resistance measurement system of the tensile test samples was designed by A. 
Halme and the author, after which J. Lahtinen and the author executed the tensile 
tests. The author, A. Halme, and J. Vanhala prepared the original and revised 
manuscripts. 

Publication III. The author was the main contributor and designed the experiment 
and fabrication of the samples. The author and D. Di Vito executed the cyclic testing. 
The simultaneous resistance measurement of cyclic tests and the analysis of 
resistance results were done by A. Halme and the author. D. Di Vito prepared the 
FE analysis and evaluated the FE analysis results. All the authors prepared the 
original and revised manuscript. 

Publication IV. The author was the main contributor and designed the experiment 
with T. Löher and J. Vanhala. Evelyn Wegner supported the SCB manufacturing 
process of the tensile and cyclic test samples. M. Luukko assisted the author with 
screen-printing and tensile tests of the tensile sample series. V. Scenev supported the 
screen-printing of cyclic test samples, and H. Walter assisted with the cyclic test 
machine. L. Werft designed, and B. Adams built and improved the resistance 
measurement device, which was used with the cyclic test samples. The author and L. 
Werft performed the cyclic tests. A. Halme participated in the analysis of electrical 
measurements of the samples. D. Di Vito prepared FE analysis and evaluated the 
FE analysis results. The author, T. Löher and J. Vanhala investigated the test results. 
The author, T. Löher, D. Di Vito, and J. Vanhala prepared the original and revised 
manuscript. 
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2 MAIN COMPONENTS IN STRETCHABLE 
ELECTRONICS 

Wearable electronics is a rapidly developing technology that enables a wide range of 
applications in fields such as glucose level and electrocardiography (ECG) 
monitoring [24], [25], improving learning experiences with augmented reality [26], 
[27], and evaluating body movement in sports [28], [29]. Rigid gadgets, such as 
smartwatches, virtual reality glasses, rings [30], and buttons [31], enable the 
improvement of the daily life of users. Still, for new applications and better 
comfortability, stretchable wearable electronics can be integrated into clothing, 
which leads to a more conformal interface between the electronics and the human 
body. For example, phototherapy devices [32], and clothes with temperature, heart 
rate, and respiration sensing can be prepared [33]. 

The structure of the stretchable electronics can be divided into three core 
components (Figure 1): (1) deformable substrates, (2) PCB module islands, and (3) 
stretchable interconnections between the module islands. The deformable substrates 
provide mechanical support, flexibility, and stretchability to the system, where 
various textile and plastic materials are used. The module islands contain powerful 
and miniaturized off-the-shelf electronics components, which perform different 
functions, such as sensing, data processing, and energy storage. The stretchable 
interconnections electrically link the module islands while enduring deformations of 
the substrate. The interconnections are fabricated with multiple methods, for 
example, by printing, photolithography, and knitting, from which the screen-printed 
silver ink interconnections are shown in Figure 1. The different materials and 
manufacturing processes affect the mechanical and electrical properties of the 
stretchable system. [11], [34], [35] 

Stretchable electronics for wearable applications require the use of the above 
mentioned three components, which are optimized for functionality and 
deformability. Still, in Figure 1, some applications can be prepared by using only two 
components. Wearable gadgets [36], Internet of Things modules [37], and near-field 
communication tags [38], are integrated with plastics or textiles to enable the 
wearability of the miniaturized electronics. Fully printed electronic components on 
deformable substrates can contain stretchable or flexible electronics for temperature 
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Figure 1.  The main components in stretchable electronics and examples of their use together or in 
pairs. Functional tattoo image by Mika Kanerva / University of Tampere. 

sensing [39], ECG monitoring [25], and energy storage applications [40]. In-mould 
electronics benefits from off-the-shelf electronics and stretchable interconnections, 
which sustain the thermoforming process of thermoplastic polymer films [41], [42]. 
An object to contain electronics and interconnections can be also prepared with 3D 
printing, such as fused-filament fabrication (FFF), which enables higher complexity 
and user-specified mass customization [20], [43]. 

Adapted from conventional electronics, the overall structure of wearable 
electronics can be divided into four integration levels: I) single device level, II) circuit 
level, III) stretchable system level, and IV) wearable application level (Figure 2) [44]. 
The first integration level (I) contains single devices, such as sensors, 
interconnections, and antennas, which can be fabricated by multiple methods [18], 
[45], [46]. At the second integration level (II), devices are combined into circuits for 
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Figure 2.  Four integration levels of stretchable electronics. The single device level (I), the circuit 
level (II), the stretchable system level (III), and the wearable application level (IV). Adapted 
from a packaging hierarchy of electronic systems [44]. 

determined functional purposes. The circuits can be traditional rigid or flexible PCB 
modules, or deformable build-ups fabricated by using stretchable interconnections 
and deformable substrates [11], [12]. At the third integration level (III), circuits are 
combined into stretchable systems, which have multiple features. For instance, the 
system can consist of sensors, accelerometers, wireless modules, and batteries [33], 
[47]. The highest fourth integration level (IV) is the wearable application level, which 
can contain one or more stretchable systems which are controlled via mobile phone 
or other external control devices. For instance, ECG, electromyography (EMG), 
respiration, and other sensor data are collected into the cloud for further analysis 
and real-time evaluation [48]. 

2.1 Substrates 

Stretchable electronics systems can comply with deformations and are often used in 
wearable electronics, either directly applied on skin [12], [49] or laminated on a textile 
substrate [11]. Substrates in the stretchable system can be categorized by their 
mechanical properties to the rigid, flexible, and stretchable substrates, which 
undergo different mechanical deformations (Figure 3). The stable and 
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nondeformable rigid substrates do not deform. The flexible substrates are also 
inherently rigid, but their thinness enables different degrees of bending, and with 
additional shaping, can stretch, compress, and twist [11]. Stretchable substrates are 
fundamentally highly elastic, and they can comply with all kinds of deformations 
[46]. 

 

Figure 3.  Deformations in stretchable wearable electronics: a) no deformation, b flexing, c) 
stretching, d) compression, and e) twisting. 

The substrates are used alone and combined for different functions (Figure 4), for 
instance, rigid substrates are carriers for electronic components (Figure 4a). The 
flexible substrates are used for multiple purposes, where unshaped flexible circuit 
boards (FCBs) are carriers for electronics, and meander-shaped flexible films act as 
encapsulation and reinforcement of stretchable interconnections (Figure 4b). The 
stretchable substrates from deformable materials enable the stretchable system by 
combining elastically the non-stretchable areas together (Figure 4c). [11], [12]. To 
some extent, the homogenous mechanical properties apply to some stretchable 
electronics substrates. With weaving [50], knitting [51], molding [52], and 3D-
printing [53], mechanically heterogeneous substrates can be fabricated (Figure 4d) 
For example, thickness, density, and structure affect the deformability of the 
substrates [51], [53], [54].  

In addition to the mechanical properties, the usage of the substrates is also 
affected by other critical features of electronic systems. Such properties can be, for 
instance, thermal conductivity [55], electrical conductivity [56], biodegradability [57], 
transparency [58], chemical resistance [59], surface energy [60], surface roughness 
[61], comfort [62], and washability [9]. Currently, the substrates are optimized for 
their original applications, for example, the properties of rigid FR4 substrate for PCB 
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Figure 4.  Substrates of wearable electronics: a) rigid FR4 substrate, b flexible PI substrate, c) 
stretchable TPU substrate, and d) 3D-printed substrate [53]. 

manufacturing are determined by the electronics industry. The overall optimization 
of currently used substrate materials for stretchable electronics is not ready, and by 
developing the manufacturing methods, the compatibility and integration level of 
substrate materials can be increased. However, in this work, the properties mainly 
dealt with the mechanical, electrical, and adhesion. 

2.1.1 Rigid substrates 

Rigid substrates are widely used in conventional electronics. The most used substrate 
in electronics is a glass fiber-reinforced epoxy laminate FR4, which abbreviation 
stands for the flame-retardant value of the board, standardized by the National 
Electrical Manufacturers Association [63]. The thermomechanical and electrical 
properties of the FR4 boards are focused to improve the durability of the boards, 
such as coefficient of thermal expansion (CTE), glass transition temperature (Tg), 
Young’s modulus, and relative permittivity [63]–[65]. The boards are laminated with 
a copper foil layer, encapsulation layer, and other stacked FR4 layers. The failures 
generally occur as a cracking of the copper layer, solder joint, vias, or delamination 
of stacked layers [65], [66]. The manufacturing steps of the boards include etching 
of the copper layer, soldering, drilling, and other processes, which expose the boards 
to harsh chemical, thermal, and mechanical stresses. 

The FR4 designation includes different kinds of boards. Different epoxy resins 
are used, and chemical composition, and type and amount of fillers affect the Tg of 
the resins [63]. The epoxy resins are thermoset plastics that burn before the melting 
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inherently rigid, but their thinness enables different degrees of bending, and with 
additional shaping, can stretch, compress, and twist [11]. Stretchable substrates are 
fundamentally highly elastic, and they can comply with all kinds of deformations 
[46]. 

 

Figure 3.  Deformations in stretchable wearable electronics: a) no deformation, b flexing, c) 
stretching, d) compression, and e) twisting. 

The substrates are used alone and combined for different functions (Figure 4), for 
instance, rigid substrates are carriers for electronic components (Figure 4a). The 
flexible substrates are used for multiple purposes, where unshaped flexible circuit 
boards (FCBs) are carriers for electronics, and meander-shaped flexible films act as 
encapsulation and reinforcement of stretchable interconnections (Figure 4b). The 
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combining elastically the non-stretchable areas together (Figure 4c). [11], [12]. To 
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printing [53], mechanically heterogeneous substrates can be fabricated (Figure 4d) 
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substrates [51], [53], [54].  

In addition to the mechanical properties, the usage of the substrates is also 
affected by other critical features of electronic systems. Such properties can be, for 
instance, thermal conductivity [55], electrical conductivity [56], biodegradability [57], 
transparency [58], chemical resistance [59], surface energy [60], surface roughness 
[61], comfort [62], and washability [9]. Currently, the substrates are optimized for 
their original applications, for example, the properties of rigid FR4 substrate for PCB 
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Figure 4.  Substrates of wearable electronics: a) rigid FR4 substrate, b flexible PI substrate, c) 
stretchable TPU substrate, and d) 3D-printed substrate [53]. 

manufacturing are determined by the electronics industry. The overall optimization 
of currently used substrate materials for stretchable electronics is not ready, and by 
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substrate materials can be increased. However, in this work, the properties mainly 
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generally occur as a cracking of the copper layer, solder joint, vias, or delamination 
of stacked layers [65], [66]. The manufacturing steps of the boards include etching 
of the copper layer, soldering, drilling, and other processes, which expose the boards 
to harsh chemical, thermal, and mechanical stresses. 

The FR4 designation includes different kinds of boards. Different epoxy resins 
are used, and chemical composition, and type and amount of fillers affect the Tg of 
the resins [63]. The epoxy resins are thermoset plastics that burn before the melting 
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of the polymer matrix, but still, at elevated temperatures above Tg, the polymer 
matrix softens. The epoxy matrix is stabilized with woven glass fiber textiles, which 
are generally made from electrical grade glass fiber filaments that have high strength 
and electrical resistivity [65], [67]. The density of the woven fabrics varies, which is 
used in the modification of stiffness and CTE of the boards [63]. 

The boards are available in different thicknesses, where the thickness of the FR4 
board depends on the dimensions of the woven glass fabric and epoxy matrix. The 
typical thickness of the board with a copper layer on both sides is 1,6 mm. When 
more copper layers are needed in order to route all interconnections between 
components, a stack of thin copper coated FR4 boards and thin so called prepreg 
sheets can be stacked together to form e.g. 12 layer PCB typically used in computer 
motherboards and smartphones. Generally, 18 µm or 35 thick µm copper foils and 
10 µm – 25 µm thick solder mask layers are used. [68] 

Recently, the environmental impact of composite boards for electronics has been 
considered, and more environment-friendly boards have been studied by replacing 
the epoxy matrix and glass fibers with biodegradable ones. By using other 
manufacturing processes, the epoxy can be changed to lignin [69] and polylactic acid 
(PLA) [57], which are usable in low-temperature applications. The glass fibers are 
replaced with PLA and natural fibers of flax, hemp, jute, and sisal [64], [70]. Notably, 
the flax and PLA mixture fabric with a flame retardant treatment can endure a 
flammability test designed for PCBs, but the flame retardant decreases the strength 
of the fabric by 66 % – 90 % [70]. 

Also, interesting applications have been done by 3D-printing methods, which 
allow the fabrication of 3D substrates [71] and structural electronics where the 
substrate, encapsulation, and the object itself are merged [72]. Several companies 
offer commercial manufacturing processes for 3D-printed electronics, which are 
discussed more in Chapter 2.4. 

2.1.2 Flexible substrates 

The flexible substrates are typically flexible polymer films that can be categorized 
between the rigid and the stretchable substrates – they are hard with a high Young’s 
modulus, thus their elastic stretchability is limited. Because of thinness and spring-
like 2D designs, they can bend and stretch tens of percent [11], [73]. PI is the most 
used material for films [74]. The name stands for polymers that have imide functional 
groups, and they are synthesized from two components, diamine and dianhydride 
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monomers. Modifying these two components, PIs with different properties are made 
[74]. The PI films have been used in electronic applications because of their high 
thermal stability, good mechanical and electrical properties, and relatively low relative 
permittivity [75], [76]. The properties enable thin and flexible but still durable films, 
and for example, Kapton PI films (by DuPont) are available in 7,5 µm – 125 µm 
thicknesses [77]. Moreover, PI films can be made inherently conductive by 
embedding conductive graphene, silver nanowires, or other conductive particles 
inside the film [58], [78]. The disadvantages of PI films are their high cost and typical 
brownish color, which limit their use. 

As cheaper polymers, polyesters, such as polyethylene terephthalate (PET) films 
have been used in electronics applications. PET has lower temperature resistance 
than PI, but with modifications, the temperature resistance can be improved [79]. 
Still, PET films are less used with traditional electronics, and are more favorable in 
printed electronics. Low-temperature solders and conductive inks, coatings, and 
adhesives enable the use of PET films, where high transparency of the film allows 
new applications in screens and other optoelectronic devices [56], [79], [80]. The 
PET films are also recyclable with current technologies, decreasing the 
environmental impact of PET-based flexible electronics [81]. 

The environmental aspects have been also considered more broadly. Partially 
biobased PI films have been developed by replacing another component of PI with 
a bio-based chemical [82]–[84]. Also, paper and PLA have been used as flexible 
substrates in printed electronics [57], [85], [86]. 

The flexible substrate materials have been also applied for 3D printing processes. 
PI-based ink has been dispensed for simple 3D structures [87], and a soluble 
polyamic acid, the precursor polymer of PI, has been used to prepare 3D structures 
via the stereolithography (SLA) 3D printing method [88]. Moreover, PET filaments 
have been widely used in FFF, which can be prepared from recycled PET [89]–[91]. 

Thinness is the major property that affects the flexibility of the substrate, but 
nevertheless, flexibility is a sum of many parameters. The substrate is only one 
component in the flexible electronics system, which also includes adhesive layers, 
conductive copper layers, and cover layers, which all need to be flexible as such and 
in the build-up [92]. The property of one layer in the build-up can affect the flexibility 
of the system, for example, the grain direction of the copper layer can stiffen the 
flexible system anisotropically [93]. 

In wearable applications, worn electronics can bend, stretch, compress, or twist 
during their use [1]. Conventionally used flexible electronics can comply the bending, 
but with cutting or with other shaping methods (Figure 8a in Chapter 2.3) , they can 



 

22 

of the polymer matrix, but still, at elevated temperatures above Tg, the polymer 
matrix softens. The epoxy matrix is stabilized with woven glass fiber textiles, which 
are generally made from electrical grade glass fiber filaments that have high strength 
and electrical resistivity [65], [67]. The density of the woven fabrics varies, which is 
used in the modification of stiffness and CTE of the boards [63]. 

The boards are available in different thicknesses, where the thickness of the FR4 
board depends on the dimensions of the woven glass fabric and epoxy matrix. The 
typical thickness of the board with a copper layer on both sides is 1,6 mm. When 
more copper layers are needed in order to route all interconnections between 
components, a stack of thin copper coated FR4 boards and thin so called prepreg 
sheets can be stacked together to form e.g. 12 layer PCB typically used in computer 
motherboards and smartphones. Generally, 18 µm or 35 thick µm copper foils and 
10 µm – 25 µm thick solder mask layers are used. [68] 

Recently, the environmental impact of composite boards for electronics has been 
considered, and more environment-friendly boards have been studied by replacing 
the epoxy matrix and glass fibers with biodegradable ones. By using other 
manufacturing processes, the epoxy can be changed to lignin [69] and polylactic acid 
(PLA) [57], which are usable in low-temperature applications. The glass fibers are 
replaced with PLA and natural fibers of flax, hemp, jute, and sisal [64], [70]. Notably, 
the flax and PLA mixture fabric with a flame retardant treatment can endure a 
flammability test designed for PCBs, but the flame retardant decreases the strength 
of the fabric by 66 % – 90 % [70]. 

Also, interesting applications have been done by 3D-printing methods, which 
allow the fabrication of 3D substrates [71] and structural electronics where the 
substrate, encapsulation, and the object itself are merged [72]. Several companies 
offer commercial manufacturing processes for 3D-printed electronics, which are 
discussed more in Chapter 2.4. 

2.1.2 Flexible substrates 

The flexible substrates are typically flexible polymer films that can be categorized 
between the rigid and the stretchable substrates – they are hard with a high Young’s 
modulus, thus their elastic stretchability is limited. Because of thinness and spring-
like 2D designs, they can bend and stretch tens of percent [11], [73]. PI is the most 
used material for films [74]. The name stands for polymers that have imide functional 
groups, and they are synthesized from two components, diamine and dianhydride 

 

23 

monomers. Modifying these two components, PIs with different properties are made 
[74]. The PI films have been used in electronic applications because of their high 
thermal stability, good mechanical and electrical properties, and relatively low relative 
permittivity [75], [76]. The properties enable thin and flexible but still durable films, 
and for example, Kapton PI films (by DuPont) are available in 7,5 µm – 125 µm 
thicknesses [77]. Moreover, PI films can be made inherently conductive by 
embedding conductive graphene, silver nanowires, or other conductive particles 
inside the film [58], [78]. The disadvantages of PI films are their high cost and typical 
brownish color, which limit their use. 

As cheaper polymers, polyesters, such as polyethylene terephthalate (PET) films 
have been used in electronics applications. PET has lower temperature resistance 
than PI, but with modifications, the temperature resistance can be improved [79]. 
Still, PET films are less used with traditional electronics, and are more favorable in 
printed electronics. Low-temperature solders and conductive inks, coatings, and 
adhesives enable the use of PET films, where high transparency of the film allows 
new applications in screens and other optoelectronic devices [56], [79], [80]. The 
PET films are also recyclable with current technologies, decreasing the 
environmental impact of PET-based flexible electronics [81]. 

The environmental aspects have been also considered more broadly. Partially 
biobased PI films have been developed by replacing another component of PI with 
a bio-based chemical [82]–[84]. Also, paper and PLA have been used as flexible 
substrates in printed electronics [57], [85], [86]. 

The flexible substrate materials have been also applied for 3D printing processes. 
PI-based ink has been dispensed for simple 3D structures [87], and a soluble 
polyamic acid, the precursor polymer of PI, has been used to prepare 3D structures 
via the stereolithography (SLA) 3D printing method [88]. Moreover, PET filaments 
have been widely used in FFF, which can be prepared from recycled PET [89]–[91]. 

Thinness is the major property that affects the flexibility of the substrate, but 
nevertheless, flexibility is a sum of many parameters. The substrate is only one 
component in the flexible electronics system, which also includes adhesive layers, 
conductive copper layers, and cover layers, which all need to be flexible as such and 
in the build-up [92]. The property of one layer in the build-up can affect the flexibility 
of the system, for example, the grain direction of the copper layer can stiffen the 
flexible system anisotropically [93]. 

In wearable applications, worn electronics can bend, stretch, compress, or twist 
during their use [1]. Conventionally used flexible electronics can comply the bending, 
but with cutting or with other shaping methods (Figure 8a in Chapter 2.3) , they can 



 

24 

also comply the other deformations [17], [94]. The flexible system with different 2D 
shapes enables hybrid flexible electronics, where the component areas are flexible, 
and the interconnections between the component areas are stretchable. 

2.1.3 Stretchable substrates 

Stretchable substrates are carriers of electronic components, which can deform 
intricately under external stresses. Polymer-based stretchable films are widely used 
in stretchable electronics, where thermoplastic polyurethane (TPU) and 
polydimethylsiloxane (PDMS) are the most common films. 

TPU is a block copolymer synthesized from isocyanate monomers with polyols, 
which segmented structure form hard crystallized segments and soft amorphous 
segments allow stretchability. The soft segments are formed from polyols, which 
chemical composition is varied for different properties. Polyols with ether bonds 
provide hydrolysis and low-temperature resistances, and polyols with ester bonds 
provide abrasion and high-temperature resistances. [73] The rigid crystalline 
segments are formed during the polymerization of TPU, which is formed in lamellae 
structures, and further in µm-scale spherulites [95]. The rigid segments act as a 
pinpoint of the soft segments, which together form an elastic copolymer matrix. 
Melting and re-crystallizing of the rigid segments make possible the thermoplastic 
nature of the copolymer. [73] The relation between rigid and soft segment content 
affects the elastic properties of the TPU [96]. In addition to the two main 
components, glycols can be added as chain extenders or cross-linkers to modify the 
thermal stability and mechanical strength of TPU [73].  

TPU has its advantages and disadvantages in stretchable electronics. TPU has 
good abrasion and tearing resistances, and oil and ozone resistances. A typical 
hardness of TPU is between Shore A 65 and Shore D 50, and the maximum 
elongation is between 200 % – 1000 %. [73] The softening range of TPU films is 
150 °C – 200 °C, and they are available in 25 µm – 1000 µm thicknesses [97]. TPU 
film has high surface energy, which improves the printability and lamination 
properties of the film. [73] However, TPU film has limited ultraviolet (UV)-stability, 
and there is a trade-off between good hydrolysis and thermoformability properties 
[97]. 

PDMS is a widely used thermoset silicone, which is cast and cured for different 
applications. Before curing, the liquid form of PDMS enables versatile use of the 
material [60], [98]. PDMS is synthesized from dimethyldichlorosilane, which after 
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cross-linking forms a polymer backbone where silicon and oxygen atoms sequences 
are repeated. PDMS can be further mechanically reinforced with fillers, such as silica 
or carbon black. Different curing methods and reactions have been used in the 
preparation of different types of PDMS, and in stretchable electronics, one or two-
component low-temperature vulcanizing is commonly used. This kind of curing is 
based on a catalyst reaction or air moisture, which can be realized in low 
temperatures at the expense of longer curing time. [73] 

The stable cross-linked polymer structure of PDMS has many advantages. PDMS 
has good chemical, ozone, and UV-resistances. It is transparent and biocompatible. 
The hardness of different silicones varies between Shore A 5 – Shore A 85, and the 
maximum elongation is between 100 % – 1200 %. The limiting factor of PDMS is 
the inert nature of the films, which makes surface pre-treatments mandatory before 
printing. Also, low tearing resistance and incompatibleness with a thermoforming 
process limit the use of PDMS. [73] 

Furthermore, the deformable TPU and PDMS polymers have been applied in 3D 
printing. TPU has been widely used in FFF in which hardness varies between Shore 
A 60 – Shore A 95 [99]. PDMS is used in direct ink writing (DIW), where the 
extruded PDMS can be immediately cured via heat. For instance, conductive inks 
can be printed and encapsulated inside PDMS substrates [22], or liquid metals can 
be printed with PDMS for stretchable 3D structures [100]. 

2.1.4 Textile substrates 

Textiles are multi-level substrates for electronics, where electronic components are 
integrated into fibers, yarns, and fabrics. Interconnections in textiles are prepared 
with conductive fibers, for example, steel filaments [101], silver-coated yarns [102], 
and carbon fiber yarns [103] are used in knitted and woven structures. Also, 
miniaturized surface-mounted devices (SMDs), such as light-emitting diodes 
(LEDs), ICs, and sensors are integrated in the fibers [7], [104]. Stretchable electronics 
systems built on TPU substrates are laminated on fabrics, where material, thickness, 
and surface topography of fabric affect the adhesion between TPU film and fabric 
[9]. The properties of fabric depend on the manufacturing technique, which divides 
the textiles into nonwoven, woven, and knitted textiles. 

Nonwovens are fiber-based sheets and webs, which are formed by bonding the 
fibers without processing them first into yarns. The manufacturing process without 
the yarns simplifies the process into three main steps: web forming, web bonding, 
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and finishing process steps. The fiber matrix of nonwovens can be isotropic or 
anisotropic, and bonding is done mechanically, thermally, or chemically. The length 
of the fibers varies from a few mm-scale stable fibers to filaments. Also, materials 
vary between thermoplastics, thermosets, ceramics, carbon, and natural fibers. 
General applications for nonwovens are geotextiles, apparel, hygiene, and medical 
products. [105] 

Woven fabrics are the most typically manufactured by biaxially interlacing two 
yarn structures together. The interlace patterns of longitudinal and cross directional 
yarns, the weft and warp yarns, correspondingly, are altered for different properties 
and dimensions. The simple plain weave pattern with a high amount of yarn 
interlacing forms stable and lightweight fabrics, while the satin pattern with a low 
amount of yarn interlacing with long unbonded lengths of yarn, forms dense and 
smooth fabrics. More complex patterns can be used for multi-layered fabrics for 
pockets and 3D fabrics. [101], [106] The woven fabrics can be considered 
unidirectionally stretchable in weft direction, where over 100 % elongations are 
achieved with stretchable yarns, e.g., with elastic polyurethane (PU) Lycra-yarns 
[107]. 

In the knitting, needles with hooks are used to make interlaced yarn loops, where 
the yarns run either in the weft or warp directions. The warp knitting is used for fine 
and complex structures, which stretchability is based on elastic yarns. The weft 
knitting allows inherent anisotropic stretchable fabrics, which is affected by the 
material of yarns and the structure; they stretch more in the horizontal direction than 
in the vertical yarn direction. With plain, double, and rib patterns, diverse stretchable 
seamless clothing is knitted. [102], [108] The plain knitted fabric can stretch over 100 
%, and with PU-yarns, over 300 % stretchability has been achieved [109]. The 
stretchability of fabric allows the fabrication of dry electrodes from conductive yarns, 
which are used for ECG measurements in wearable electronics [108]. 

2.2 Module islands and joining methods 

The intelligence of the stretchable electronics is implemented by the small and rigid 
PCB module islands, which stability allows the use of SMD components and their 
efficient packing on the board. The modules can include communication, processing, 
control, and other functions. The off-the-shelf ICs enable small and powerful 
modules, which currently cannot be fabricated by other manufacturing methods. For 
instance, 5,35 mm * 5,4 mm size ATtiny85 with 8 pins (by Atmel) and 7 mm * 7 mm 
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size ATmega32U4 with 32 pins (by Atmel) microcontrollers are used in wearable 
electronics [110], [111]. 

The module islands are prepared by standard electronics manufacturing methods. 
The process starts with a preparation of FR4 or PI substrate, which have a laminated 
copper foil on it. After cleaning and roughening the laminated copper surface, the 
surface is coated with a light-sensitive photoresist layer. The layer is exposed except 
for the desired pattern, and the undesired areas are etched away. After the etching, 
the remaining photoresist material on the pattern is removed, leaving the desired 
copper foil pattern on the substrate. Notably, the used lithography process allows 
precise patterning of copper layers, where the minimum dimensions are defined by 
a side etching phenomenon in Figure 9 in Chapter 2.3.1. With commercial materials 
and methods, 75 µm wide copper patterns are achieved with 12 µm thick copper foil 
[68]. The process is applied for one or two-sided PCBs. Finally, post-processing, 
such as cutting, drilling, encapsulation, and electrodeposition of silver on copper can 
be done. [44], [92] 

The typical PCB is one or two-sided, where copper layers are on the top or top 
and bottom sides of the FR4 board along the components. For more complicated 
PCBs, a multi-layered PCB is made by the stacking. [44] The multi-layered PCBs 
allow more complex routing and a higher number of components. The single- and 
multi-layer PCB manufacturing process has been modified for the manufacturing of 
stretchable electronics with the SCB-process [15], [16]. Moreover, multiple 3D-
printing methods for electronics, including interconnections, antennas, and sensor 
structures, have been commercialized, and are later discussed in Chapter 2.4.3. 

In a stretchable electronics system, there are incompatibilities between rigid 
module islands and integrated electrical elements on deformable substrates. The 
components have mechanical differences, and for the electronics design, the rigid 
and stretchable electronic components have different design rules. Increasing the 
width of the printed stretchable interconnections improves maximum stretchability 
and decrease resistance at the expense of bigger space requirement [112]. On the 
contrary, the size of the etched copper foil interconnections on the module island is 
minimized to decrease the size of the module [44]. The difference in the density and 
size can cause challenges to combine mechanically and electrically the 
interconnections on the substrate and in the module. To solve the contradiction, for 
example, 3D-printed interposers [23], and 3D-printed stacked electronic structures 
are suggested [72]. 



 

26 

and finishing process steps. The fiber matrix of nonwovens can be isotropic or 
anisotropic, and bonding is done mechanically, thermally, or chemically. The length 
of the fibers varies from a few mm-scale stable fibers to filaments. Also, materials 
vary between thermoplastics, thermosets, ceramics, carbon, and natural fibers. 
General applications for nonwovens are geotextiles, apparel, hygiene, and medical 
products. [105] 

Woven fabrics are the most typically manufactured by biaxially interlacing two 
yarn structures together. The interlace patterns of longitudinal and cross directional 
yarns, the weft and warp yarns, correspondingly, are altered for different properties 
and dimensions. The simple plain weave pattern with a high amount of yarn 
interlacing forms stable and lightweight fabrics, while the satin pattern with a low 
amount of yarn interlacing with long unbonded lengths of yarn, forms dense and 
smooth fabrics. More complex patterns can be used for multi-layered fabrics for 
pockets and 3D fabrics. [101], [106] The woven fabrics can be considered 
unidirectionally stretchable in weft direction, where over 100 % elongations are 
achieved with stretchable yarns, e.g., with elastic polyurethane (PU) Lycra-yarns 
[107]. 

In the knitting, needles with hooks are used to make interlaced yarn loops, where 
the yarns run either in the weft or warp directions. The warp knitting is used for fine 
and complex structures, which stretchability is based on elastic yarns. The weft 
knitting allows inherent anisotropic stretchable fabrics, which is affected by the 
material of yarns and the structure; they stretch more in the horizontal direction than 
in the vertical yarn direction. With plain, double, and rib patterns, diverse stretchable 
seamless clothing is knitted. [102], [108] The plain knitted fabric can stretch over 100 
%, and with PU-yarns, over 300 % stretchability has been achieved [109]. The 
stretchability of fabric allows the fabrication of dry electrodes from conductive yarns, 
which are used for ECG measurements in wearable electronics [108]. 

2.2 Module islands and joining methods 

The intelligence of the stretchable electronics is implemented by the small and rigid 
PCB module islands, which stability allows the use of SMD components and their 
efficient packing on the board. The modules can include communication, processing, 
control, and other functions. The off-the-shelf ICs enable small and powerful 
modules, which currently cannot be fabricated by other manufacturing methods. For 
instance, 5,35 mm * 5,4 mm size ATtiny85 with 8 pins (by Atmel) and 7 mm * 7 mm 

 

27 

size ATmega32U4 with 32 pins (by Atmel) microcontrollers are used in wearable 
electronics [110], [111]. 

The module islands are prepared by standard electronics manufacturing methods. 
The process starts with a preparation of FR4 or PI substrate, which have a laminated 
copper foil on it. After cleaning and roughening the laminated copper surface, the 
surface is coated with a light-sensitive photoresist layer. The layer is exposed except 
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The typical PCB is one or two-sided, where copper layers are on the top or top 
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structures, have been commercialized, and are later discussed in Chapter 2.4.3. 
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components have mechanical differences, and for the electronics design, the rigid 
and stretchable electronic components have different design rules. Increasing the 
width of the printed stretchable interconnections improves maximum stretchability 
and decrease resistance at the expense of bigger space requirement [112]. On the 
contrary, the size of the etched copper foil interconnections on the module island is 
minimized to decrease the size of the module [44]. The difference in the density and 
size can cause challenges to combine mechanically and electrically the 
interconnections on the substrate and in the module. To solve the contradiction, for 
example, 3D-printed interposers [23], and 3D-printed stacked electronic structures 
are suggested [72]. 
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2.2.1 Adhesion 

The level of adhesion determines how well the modules are fixed on the TPU 
substrate. The components have mechanical and chemical composition mismatches, 
which hinder the forming of adhesion and promote multiple adhesion-forming 
mechanisms instead of a single prominent one [34]. The adhesion can be considered 
with a few simplified adhesion theories, where the adsorption theory, mechanical 
theory, and the diffusion theory have been used analyzing the bonding methods for 
stretchable electronics [113]. 

In the bonding methods, the joint interface is often considered a 2D area between 
two bodies. In some cases, especially with the mechanical and diffusion theories, a 
3D interphase is used to describe the 2D interface and the volume around the 
interface [114]. The adhesion is based on the good contact between the bodies, 
which is achieved when the other body can flow, i.e., in the form of liquid, making 
the wetting of the solid surface by the liquid the major property of adhesion [115]. 
For example, the viscosity of the liquid and the surface roughness of the solid body 
affect the adhesion [116]. 

In the adsorption theory, wetting is in the critical role because the quantity of 
adhesion is directly proportional to the amount of interaction between the bodies. 
Based on the significance of the interactions, they can be divided into primary and 
secondary interactions. Hydrogen bonds, covalent bonds, and ionic bonds are strong 
and stable chemical bonds that form the primary adhesion between the bodies. In 
short, hydrogen bonds are bonds between a hydrogen atom and either oxygen, 
nitrogen, or fluorine atoms. Covalent bonds are formed when two atoms share their 
electrodes and ionic bonds are when opposite charged ions are attracted together. 
Furthermore, the secondary interactions, i.e. Van der Waals forces, are weak and 
unstable polar forces that are based on weak attraction forces and the movement of 
molecules. [116], [117] In addition to the inherent properties of the bodies, pre-
treatments can be used to improve the chemical activity of surfaces. For instance, 
plasma treatments, corona discharge treatments, and chemical priming are used to 
improve surface properties prior to bonding. [118] 

In mechanical theory, the adhesion of two bodies is considered via surface 
properties and topographies. Generally, poor adhesion of smooth surfaces can be 
improved by making the surface rougher. The effect of coarsening can be considered 
from different aspects. At the molecular level, a rough surface has a larger surface 
area for not fully bonded molecules compared to a smooth surface, which increases 
the surface free energy. Thus, at the substrate level, the total surface energy of the 

 

29 

coarsened body is higher. Mechanically, the coarsened body can transmit 
deformations more efficiently into the interphase and body, decreasing stresses in 
the interface. [116], [119] However, the coarsening works only a limited amount. 
Too much coarsening can weaken the constitution of the substrate, where soft 
substrates, such as polymers, are more sensitive to being damaged. A very rough 
surface can also trap air in the interphase during a bonding process, which decreases 
the wetting and durability of the joint. The cleaning of the surface is mandatory post-
process to remove impurities from a manufacturing process and the coarsening. 
[118] 

The diffusion theory discusses forming of adhesion between polymeric materials. 
When the bodies are above their Tg, their polymer chains can move and entangle. 
The entangled polymer chains act as binders in the interphase, adhering the bodies 
together. The amount of adhesion can be improved by enabling higher diffusion of 
polymer chains, which is done by altering the properties of polymers, for instance, 
increasing the level of amorphousness and the molecule weight. Moreover, the 
bonding settings, the temperature, pressure, and time of lamination, can be increased 
for higher diffusion of the polymers. [116], [120] Inherent properties of polymers 
affect the depth and duration of the diffusion mechanism. The polymers can be also 
incompatible, which causes weaker and more unstable diffusion. However, diffusion 
and adhesion can be improved by using copolymer compatibilizers [116]. 

2.2.2 Bonding methods 

The rigid modules are fixed on deformable substrates with different methods. The 
aim is to fix mechanically the modules on the substrate and electrically connect the 
components of the module to the stretchable interconnections on the substrate. A 
good fixture keeps the module mechanically in place and the electrical connections 
between the module and the interconnections stable during the elongation of the 
substrate. Thus, the electrical connections need to be rigid while mechanical 
connections are allowed some degree of elasticity as long as mechanical strength and 
electrical connections are not damaged. Figure 5 presents examples of used bonding 
methods in stretchable wearable electronics. 

The modules can be joined mechanically and electrically in separate processes or 
simultaneously in a single joining process. The discussed methods adapted from 
different fields are mechanical clamping [121], [122], snap buttons [37], soldering 
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[15], [123], gluing [124]–[126], lamination [11], [127], pressing [14], welding [128], 
[129], and sewing [110], [130]. 

Clamping  (Figure 5a) is a bulky joining method, where two relatively rigid bodies 
are combined by compressing them together with snap-fit joints, screws, bolts, and 
rivets [121]. Two substrates with electronics can be electrically and mechanically 
connected via rivets [122] or snap buttons [37], where the snap buttons enable also 
easy unfastening. Clamping has been conventionally used in electronics to connect 
the top and bottom layers of PCB by clamping a hollow copper tube, called as a via, 
inside a drilled hole [131]. Moreover, detachable magnetic-based fixtures have been 
used in stretchable and wearable electronics [132]. 

Soldering (Figure 5b) is an electrically and mechanically stable joining method 
between metal substrates. The soldering materials are fusible metal alloys, which 
melting temperature, aka liquidus, varies between 90 °C – 450 °C [123]. For example, 
the melting points of traditional lead solder Sn37Pb and lead-free solder 
96,5Sn3Ag0,5Cu (Sac305) are 183 °C and 221 °C, correspondingly [133], [134]. The 
soldering temperature needs to be higher than the melting point of the solder,  

 

Figure 5.  Bonding methods in wearable electronics: a) snap-fit joint, b) soldering, c) ACF, d) direct 
3D printed plastic on textile, e) 3D printed fastener, and f) conventional snap buttons. 
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making the process temperatures too high for TPU-based stretchable electronics 
[123]. Low-temperature solders with lower melting points, such as 52In48Sn with 
118 °C liquidus, can be used in stretchable electronics [15], [135]. 

Gluing is one of the most versatile methods to combine modules on a deformable 
substrate. The composition of adhesives varies considerably, which can be modified 
for specific applications. In electronics, epoxies have been widely used for underfill 
and encapsulation purposes because of their good thermal stability and gap-filling 
features [124]. The selection of adhesive depends on the joining type and substrates, 
where rigid-rigid and rigid-stretchable joints have different adhesives for optimum 
mechanical bonding [136], [137]. For this, also cyanoacrylate (CA), PU, and pressure-
sensitive adhesives (PSA) can be considered [137]. Conventional non-conductive 
adhesives (NCAs) are used to bond modules on the substrate only mechanically or 
mechanically and electrically by locking the contact pads together. [125]. 

All NCAs, especially epoxies are used in isotropic conductive adhesives (ICAs), 
where the advantage of epoxies is to be able to maintain good adherence despite the 
high amount of fillers allowing a high load of conductive particles [124]. Materials 
and shape of conductive fillers affect the conductivity of ICAs. For instance, silver, 
gold, nickel, copper, and carbon fillers are used, from which silver is the most used 
despite its tendency to migrate in humid conditions [124], [138]. The fillers are 
shaped as different-sized flakes, spheres, cubes, and wires. The aspect ratio of 
particles is inversely proportional to the percolation threshold of the conductive filler 
network [126], [139]. The range of percolation threshold of conductive fillers is 
approximately 20 vol% – 40 vol% [126], [130]. 

In addition to NCAs and ICAs, anisotropic conductive adhesives (ACAs) and 
anisotropic conductive adhesive films (ACFs) (Figure 5c) are used to bond 
stretchable electronics [140]. ACFs have a relatively low amount of large conductive 
fillers, which can form electrical connections in the thickness direction (z-direction) 
when the ACF is compressed between two contact pads. The range of the amount 
of conductive fillers is 5 vol% – 20 vol%, which is not enough to form electrical 
connections planarly between the contact pads. Silver, gold, and nickel metal balls 
and metal-coated polymer spheres are used as conductive fillers. [125], [141] The 
fillers are covered with an adhesive matrix, and depending on the substrates to join, 
the adhesive matrix can be PDMS and nitrile rubber [140], [142]. Two substrates are 
bonded with ACF by pressing, which process parameters temperature, pressure, and 
time define the proper joining. With enough temperature and pressure, the non-
conductive matrix flows and reveals the conductive fillers, and the sphere-shaped 
fillers are compressed and deformed slightly for better electrical contact. The 
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advantages of the ACF bonding process are its relatively low bonding temperatures, 
easiness, and suitability for fine-pitch electronics. [125], [141] 

As also used with ACFs, pressing and lamination processes can be used versatilely 
to shape thermoplastic substrates and to join parts by melting them together. 
Stretchable electronic systems built on TPU substrate are laminated on textiles for 
wearable stretchable electronics [11], [127]. The lamination is adapted for other 
purposes, and instead of bonding planar substrates, a 2D substrate with electronics 
components is thermoformed into 3D by compressing the substrate between heated 
3D-shaped molds [143]. The ACFs are used to bond two substrates together by 
pressing [141]. Bonding of electronics on copper structures on TPU film can be done 
also without conductive adhesives, solely by pressing [14]. Lamination and pressing 
methods have similarities, but typically it is considered that the lamination is used to 
join mechanically planar large area substrates, such as textiles and plastic films, while 
the pressing is done to bond mechanically and electrically small and more complex 
shaped objects on a large substrate, such as electronic components on plastic film. 

Welding joins two similar materials, for example, plastic films or metal foils, by 
melting and diffusing them together. Complete or partial diffusion of the materials 
is done with various techniques. The materials are heated with direct contact with a 
heat source [144], exposition of intense pulsed light [128], or ultrasonic vibration 
[129]. Pressure has to be considered in contact welding methods, and in electronics 
patterning applications, the pressure is used to form metallic bonds between the 
stamp and metal coating of the substrate via cold welding [145]. Notably, welding is 
mainly used to bond electronic structures for electronic components, and dissimilar 
materials of stretchable electronic systems hinder the use of welding on a larger scale. 

3D printing methods (Figure 5d) are also used to locally place molten plastic on 
textile or plastic films [146], [147]. Thermoplastic filaments or granulates are 
extruded via FFF, which enables at the same time the making of 3D objects and 
fixing it on a substrate [90], [148]. With plastics with conductive fillers, also electrical 
joints for low-temperature applications are possible [149]. SLA printing has been 
also used to prepare 3D objects on textiles from thermoset plastics [150]. However, 
the size of the substrate is very limited, and it needs to sustain the cleaning and curing 
steps of the SLA process. The 3D printed objects adhere directly to the substrate, 
and the 3D printing enables the manufacturing of fixtures directly on the substrate, 
such as functional latches, hooks, and other fasteners (Figure 5e) [151]. Moreover, 
fixtures from metal can be 3D printed separately and later assembled for wearable 
applications [152], or entire clothing can be 3D printed from metal [153]. 
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In textiles, several methods to connect parts together have been used. 
Nonconductive and conductive yarns have been embroidered and sewn in textiles, 
adding interconnections in textiles and fixing PCB modules mechanically and 
electrically on textiles [130]. Embroidery and sewing have been also used for making 
sensors, antennas, and electrodes [45], [130], [154]. Buttons, snap fasteners (Figure 
5f), zip fasteners, or other traditional clothing accessories are used to attach 
electronics to textiles [155]. Especially snap fasteners are widely used because they 
allow the removal of electronic modules before washing, and they are inherently 
conductive and durable. 

Before the bonding of modules, the selected joining method depends on the size 
and number of contacts of the module. For example, a 5,35 mm * 5,40 mm size 
ATtiny85 microprocessor with two 1,6 mm * 0,8 mm size passive SMD components 
is used to manufacture round 20 mm size LilyTiny PCB modules, which can be sewn 
on the clothing using its 6 contact pads [110]. Also, 24CW1280X ICs (Microchip 
Technology) have been compressed with conductive fibers, which allow the 
manufacturing of yarns with > 1 mm diameter for memory storage and temperature 
measurements [7]. 

2.2.3 Stress concentration effect of the module 

At the system level, mechanically heterogenous stretchable electronics systems can 
stretch because of the high stretchability of the substrate and interconnections, but 
at the component level, the stretching induces mechanical mismatches at interfaces 
between the rigid and stretchable components. The phenomenon is significant with 
adhered SMDs and PCB modules on stretchable substrates, which instead of 
deforming during stretching, act as rigid anchors which increase the amount of stress 
and elongation around them. The phenomenon, also called the stress concentration 
effect, can cause various damages to the system. For example, electrical failure of 
interconnections, delamination, and irreversible plastic deformations of the 
substrate. [34], [156] Notably, the stress concentration effect applies to every 
component that has a mechanical mismatch, and the phenomenon is also observed 
with meander-shaped copper interconnections on TPU substrate [157]. Figure 6 
presents a finite element analysis (FEA) model and results of a straight copper 
element. After the failure and the formation of a crack that acts as the mechanical 
discontinuum point, over 50 times larger stresses are concentrated to the substrate 
between the copper element fragments [158]. 
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The stress concentration induced by the rigid modules is decreased with two 
techniques. First, the mechanical difference between the rigid module and the 
stretchable substrate, the difference in Young’s modulus of the components, is 
decreased. The modules and electronics can be made from softer materials [46], 
[159], or additional interposers between the module and the substrate can be used 
[23]. However, for more comprehensive design and long-term durability, there are 
other parameters, such as CTE and Tg to take into account with Young’s modulus 
[14]. In principle, also stiffening the stretchable substrate decreases the mechanical 
difference between the modules and substrate, but it also decreases the stretchability 
of the system. To avoid universal stiffening, local stiffening modifications close to 
the stress concentration areas are feasible. For example, additional layers of TPU can 
be laminated [160], or 3D-printed on a TPU film for locally stiffer areas [147]. 
Moreover, TPU film can be locally removed for local stiffness tuning [34]. 

Secondly, to avoid premature failure, the elevated stresses can be controlled and 
directed to non-relevant areas of the stretchable system. Instead of decreasing the 
total amount of stress, it can be enough to make the interconnections and electronics 
areas deform homogeneously, preventing high-stress concentrations that can break 
the system electrically. This has done by protecting the area around the modules, 
which is realized during adhering of the modules [12], or in a later encapsulation 

 

Figure 6.  Role of the stress concentration at the failure of straight copper element: a) the elongation 
of the undamaged copper element, and b) the elongation of snapped copper element 
[158]. 
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process [161]. Protective structures can be placed on the module-interconnection 
transition area [160], and weak points of shaped stretchable printed interconnections 
can be protected for more uniform elongation [147]. An option is also to change the 
geometries of interconnections [13], [162], or rigid modules [163]. 

After the stress concentration at the interface of module and substrate is 
considered, the next weak point of the stretchable system is the area with the second 
largest difference of Young’s modulus, which highlights the usage of mechanical 
testing and FEA to predict the sufficient level of deformability [158]. FEA is a 
simulation method that under given conditions and set variables, predicts the 
physical behavior of models. In the simulation, the models are divided into meshes 
of smaller cells, which behavior is calculated with mathematical models. In addition 
to the mechanical behavior, with the right mathematical models, FEA can be used 
to predict the electrical properties of stretchable interconnections. [157], [164] 

Depending on the integration level of the stretchable system (Figure 2), the stress 
concentration effect realizes differently. The discussed methods to decrease stress 
concentration apply to integration levels 2-4, where the rigid islands, stretchable 
interconnections, and substrate are used [12], [165], [166]. At integration level 1, 
which is based on single components, such as an electronic component, TPU film, 
and copper meander interconnection, FEA results are useful to determine the 
mechanical behavior of the component [157]. Still, notably, the hybrid systems of 
stretchable electronics can be analyzed more realistically only as a whole. 

2.3 Stretchable interconnections 

The module islands are electrically joined together with stretchable interconnections. 
In addition to the stretching, the interconnections undergo more complex 
deformations during stretching, which can include simultaneous stretching, 
compression, and twisting (Figure 3) [157]. The stretchable electronics have been 
developed by industries that have been active in wearable electronics, which has led 
to the wide variation of different stretchable interconnections. Because of this, 
stretchable electronics are fabricated with copper etching, printing, and textile 
manufacturing methods (Figure 7). 

The manufacturing methods have their distinct features, which cause the 
differences between the stretchable interconnections. The SCB process is adapted 
from the traditional PCB manufacturing process, where photolithography [13], or  
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The stress concentration induced by the rigid modules is decreased with two 
techniques. First, the mechanical difference between the rigid module and the 
stretchable substrate, the difference in Young’s modulus of the components, is 
decreased. The modules and electronics can be made from softer materials [46], 
[159], or additional interposers between the module and the substrate can be used 
[23]. However, for more comprehensive design and long-term durability, there are 
other parameters, such as CTE and Tg to take into account with Young’s modulus 
[14]. In principle, also stiffening the stretchable substrate decreases the mechanical 
difference between the modules and substrate, but it also decreases the stretchability 
of the system. To avoid universal stiffening, local stiffening modifications close to 
the stress concentration areas are feasible. For example, additional layers of TPU can 
be laminated [160], or 3D-printed on a TPU film for locally stiffer areas [147]. 
Moreover, TPU film can be locally removed for local stiffness tuning [34]. 

Secondly, to avoid premature failure, the elevated stresses can be controlled and 
directed to non-relevant areas of the stretchable system. Instead of decreasing the 
total amount of stress, it can be enough to make the interconnections and electronics 
areas deform homogeneously, preventing high-stress concentrations that can break 
the system electrically. This has done by protecting the area around the modules, 
which is realized during adhering of the modules [12], or in a later encapsulation 

 

Figure 6.  Role of the stress concentration at the failure of straight copper element: a) the elongation 
of the undamaged copper element, and b) the elongation of snapped copper element 
[158]. 

 

35 

process [161]. Protective structures can be placed on the module-interconnection 
transition area [160], and weak points of shaped stretchable printed interconnections 
can be protected for more uniform elongation [147]. An option is also to change the 
geometries of interconnections [13], [162], or rigid modules [163]. 

After the stress concentration at the interface of module and substrate is 
considered, the next weak point of the stretchable system is the area with the second 
largest difference of Young’s modulus, which highlights the usage of mechanical 
testing and FEA to predict the sufficient level of deformability [158]. FEA is a 
simulation method that under given conditions and set variables, predicts the 
physical behavior of models. In the simulation, the models are divided into meshes 
of smaller cells, which behavior is calculated with mathematical models. In addition 
to the mechanical behavior, with the right mathematical models, FEA can be used 
to predict the electrical properties of stretchable interconnections. [157], [164] 

Depending on the integration level of the stretchable system (Figure 2), the stress 
concentration effect realizes differently. The discussed methods to decrease stress 
concentration apply to integration levels 2-4, where the rigid islands, stretchable 
interconnections, and substrate are used [12], [165], [166]. At integration level 1, 
which is based on single components, such as an electronic component, TPU film, 
and copper meander interconnection, FEA results are useful to determine the 
mechanical behavior of the component [157]. Still, notably, the hybrid systems of 
stretchable electronics can be analyzed more realistically only as a whole. 

2.3 Stretchable interconnections 

The module islands are electrically joined together with stretchable interconnections. 
In addition to the stretching, the interconnections undergo more complex 
deformations during stretching, which can include simultaneous stretching, 
compression, and twisting (Figure 3) [157]. The stretchable electronics have been 
developed by industries that have been active in wearable electronics, which has led 
to the wide variation of different stretchable interconnections. Because of this, 
stretchable electronics are fabricated with copper etching, printing, and textile 
manufacturing methods (Figure 7). 

The manufacturing methods have their distinct features, which cause the 
differences between the stretchable interconnections. The SCB process is adapted 
from the traditional PCB manufacturing process, where photolithography [13], or  



 

36 

 

Figure 7.  Manufacturing technologies of stretchable interconnections, a) laser direct imaging [167], 
b) Dimatix DMP-2850 inkjet-printer [168], c) screen-printing [18], and d) circular knitting 
machine [169]. 

laser direct imaging [127], are used for dry-film patterning to define etchable copper 
areas. The versatile laser direct imaging is also used in the solder mask imaging 
(Figure 7a) [167]. Conductive inks are printed with several printing methods, from 
which inkjet-printing (Figure 7b) and screen-printing (Figure 7c) are used for 
stretchable and flexible interconnections. Printing techniques are AM fabrication 
methods, where inks with silver and carbon fillers are mostly used [18], [170]. After 
final curing process step, the inks form conductive networks and conductive 
interconnections [18], [170]. In short, the inkjet-printing is accurate printing 
technique, which uses highly diluted inks for metallic interconnections [171]. The 
screen-printing uses a squeegee to push viscous ink through a patterned screen onto 
the substrate. The ink consisting of conductive fillers and deformable polymer 
matrix, is inherently stretchable and conductive [18]. In textile industry, several 
manufacturing methods are used to integrate conductive yarns in non-conductive 
textiles. Particularly, because of the elastic loop structure, knitting is often used for 
stretchable wearable electronics (Figure 7d). [172] 

 

37 

 

Figure 8.  Stretchable interconnection examples: a) stretchable electronics system consisting copper 
meanders, made with SCB method [16], b) temperature sensor plaster, which consists 
inkjet-printed graphene/PEDOT:PSS temperature sensor between screen-printed silver ink 
interconnections [39], c) knitted interconnections and electrode from conductive silver 
coated yarn, and d) dispensed stretchable conductive ink interconnections in a 3D-printed 
board. 

The examples of stretchable interconnections prepared by previously mentioned 
manufacturing methods are shown in Figure 8. For instance, the stretchability of the 
SCB copper foil meander-shaped interconnections is determined mainly by the 
meander-design, width, and thickness of the traces (Figure 8a) [11]. The thin and 
flexible inkjet interconnections can be made also stretchable by changing the ink 
composition and shaped design, or by pre-stretching the substrate [60], [173]. The 
screen-printed interconnections with stretchable polymer matrix are inherently 
stretchable [147], which can be combined with inkjet-printed 
graphene/PEDOT:PSS traces for temperature sensor plaster (Figure 8b) [39]. 
Knitting and weaving enable integrating of conductive yarns inside textiles [62], and 
for larger stretchable interconnections, thoroughly conductive knitted fabric can be 
cut and laminated on clothing for stretchable interconnections and electrodes 
(Figure 8c) [174]. 

Notably, the stretchable inks are also dispensed on 3D-printed TPU boards, 
which can be encapsulated with SMD components inside the 3D-printed object 
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(Figure 8d) [175]. The interconnections can be placed as planar [175], or 3D [43], 
which deform along the substrate of the 3D-printed object. 

In addition to the multifunctional printing processes, different types of processes 
can be combined for the manufacturing of stretchable interconnections. Copper foil 
and printed interconnections are prepared on flexible or deformable film, which can 
be laminated further on conductive or non-conductive fabric [9]. A fabric can be 
directly screen-printed with conductive inks [8], or yarns with metal conductors and 
electronic components can be integrated and weaved inside fabrics [7]. Also, 
conductive inks can be printed on stretchable film that includes copper foil islands 
[158]. 

The most used conductive materials in stretchable interconnections, e.g., copper, 
silver, and carbon, are inherently rigid. This causes the imminent trade-off between 
their conductivity and stretchability. However, despite the rigid composition of the 
interconnections, they can be made more flexible by minimizing their thickness 
[176], and stretchable by using meander 2D spring patterns [127]. Additionally, 3D 
buckled interconnections are prepared by pre-stretching the substrate before 
fabrication of the interconnections, which stretching is afterwards released [17]. The 
shaping of interconnections enables rigid stretchable etched copper foil and inkjet-
printed interconnections, where the 2D approach is well-studied. 

2.3.1 Rigid shaped copper foil interconnections    

Originally, the SCB technology is developed by Fraunhofer-TU Berlin and IMEC-
Ghent research institutes, which prepare the etched copper structures on TPU and 
PDMS, correspondingly [16]. In the TPU-based SCB process, 35 µm thick 
electrodeposited (ED) copper foil is laminated on the TPU substrate. The laminated 
structure is processed the same way as traditional PCBs, which process includes the 
appliance of the photoresist mask, removal of non-exposed areas of the mask, 
etching, and removal of the rest of the photoresist mask. The bottom side of the ED 
copper foil is rough, approximately 3 – 5 µm, which improves the adhesion between 
the foil and the TPU substrate. The top side of the copper foil is smooth for 
electronic applications [127]. Similarly to PCBs, SCB boards are also compatible with 
post-processing and multi-layer designs [11]. 
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As a subtractive manufacturing method, the etching enables precise shapes, 
where meanders with a minimum 100 µm width and undulation length have the 
highest stretchability [13], [127]. The copper foil has a relatively homogenous grain 
structure and thickness, which with a subtractive etching process step, enables 
precise control of electrical properties and dimensions of interconnections. The 
maximum developed accuracy of the SCB method is determined by the thickness of 
the copper foil and a side etching phenomenon (Figure 9), where the copper foil 
etches under a solder mask film unevenly [177]. Moreover, the process currently 
supports 60 cm * 40 cm sized boards, limiting the overall size of stretchable 
electronic systems. 

The manufacturing methods of copper foil affect the mechanical properties of 
the meander-shaped copper traces. Generally, either rolled and annealed (RA) or ED 
copper foils are used in PCB manufacturing, from which ED foils are applied for 
the SCB process [11]. The RA foils are manufactured thermomechanically by rolling 
and annealing foils until desired thickness is achieved [178]. The rolling and 
annealing change the grain structure of the copper to be denser and more oriented 
towards the rolling direction, which provides a smooth surface finish and anisotropic 
mechanical properties [178], [179]. 

The ED foils are manufactured by depositing copper on a rotating drum in a 
copper electrolyte solution, where the drum acts as a cathode, and the anode is 
submerged into the copper electrolyte solution along the drum. The copper foil with 
a small and uniform grain structure grows on the drum, and because of the smooth 
surface of the drum, the other side of the foil is smooth, and the other side 
submerged into the electrolyte solution is rough. [180] Compared to the RA foils, 
the ED foils are more ductile, isotropic, and inexpensive. RA foils are more bendable 
for flexible applications, but the adhesion-promoting rough surface makes ED foil 
more suitable for the SCB process. [11], [179] 

 

Figure 9.  The side etching phenomenon of the meander-shaped copper foil interconnections. 
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(Figure 8d) [175]. The interconnections can be placed as planar [175], or 3D [43], 
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Notably, copper and other metal foils can be shaped with pressure and elevated 
temperatures. Hot embossing with a heated mold and pressure is used to shape 
copper foils for detailed copper patterns [181], [182]. Furthermore, cold embossing 
is used to cut thin ~ 5 µm thick PI-supported silver layers for stretchable electronics 
[183]. Copper foil interconnections are also corrugated by feeding the foil between 
two gears, forming stretchable and vertically wavy traces [184]. 

2.3.2 Rigid printed interconnections 

Inherently rigid stretchable interconnections are made additively by printing metallic 
interconnections on stretchable substrates and altering the interconnection design. 
The printing is done typically by inkjet printing, where a print head ejects ink droplets 
onto a substrate. The method can be divided into continuous inkjet and drop-on-
demand inkjet printing, where the continuous inkjet has a lower printing resolution, 
a high need for maintenance, and limited usage in printed electronics because of the 
volatile solvents of the inks. The drop-on-demand method ejects droplets by piezo, 
heating, or electrolyte techniques, from which the piezo jet is the most used in 
industrial applications. In the piezo jet system, the vibration of the piezo crystal 
pushes the ink out from the nozzle. [185] 

The width of the printed interconnection is defined by the drop diameter, which 
is defined by the drop volume, which varies between 0,5 – 500 pl. The typical drop 
diameter is set between 10 – 100 µm, for instance, the diameter of a 10 pl volume 
droplet is ~ 27 µm. [171] Viscosity is one of the key parameters of inkjet inks, which 
generally varies between 2 – 50 mPa·s [171]. The low viscosity sets the frames to 
conductive inks when their conductivity is optimized by modifying the four main 
components of the inks: solvent, metallic fillers, dispersant, and binder. The binder 
improves adhesion between the fillers and the substrate, which amount, however, is 
limited because of the viscosity increase. Also, the higher amount of fillers increases 
the viscosity. [186] After the printing, the inks are heat treated, which is a sintering 
process of metallic fillers. For instance, the commercial 736465 inkjet silver ink (by 
Sigma-Aldrich) is heat treated at 150 °C for 60 min [187]. The ready-sintered inkjet 
ink patterns are mainly composed of merged metallic particles, where an additional 
binder can be used [186]. 

The metallic inkjet-printed interconnections are made stretchable with a few 
methods. Similarly to the rigid copper foil interconnections, the inkjet 
interconnections can be prepared as planar meanders [60] or bridge-like buckled 
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traces [188]. Straight inkjet-printed interconnection can sustain less than 1,50 % 
elongation, and even the swelling of the polymer substrate during the sintering can 
be enough to break the interconnections [189]. The substrate can be pre-stretched 
to decrease the swelling of the substrate [189], but after the excess pre-stretching, 
the sintered inkjet-printed interconnections crack and fold, enabling stretchability at 
the expense of more uneven electrical properties [60]. 

2.3.3 Deformable printed interconnections 

Soft conductive materials, which have low Young’s modulus, are used for thoroughly 
stretchable interconnections. Elongation of such interconnections is governed by 
the deformations of the substrate, and for example, interconnections are made from 
screen-printed silver ink [39], liquid metal [190], and nm-scale thick gold film [191]. 
In the screen-printing, ink is added to a substrate by pushing it through a woven 
screen. The woven screen is composed of steel or polyester filament mesh, where 
the non-printable areas are covered with UV-hardened emulsion. The density of 
mesh structure and material and thickness of the yarn in the structure affect the 
thickness and amount of printed material on the substrate. [18]. For instance, 
polyester mesh with 79 threads per cm, a 55 µm thread diameter, and a 69 µm mesh 
opening enable theoretically screen-printed patterns with 26 µm wet thickness and 7 
– 15 µm dry thickness with a silver ink CI-1036 (by ECM) [18], [161]. Furthermore, 
the parameters of the squeeze that is used to push the ink through the screen, e.g., 
the shape, hardness, and pushing pressure, affect the quality [192]. 

The composition of stretchable screen-printable conductive inks is based on a 
dissolved polymer matrix, which is diluted with a solvent. The polymer matrix binds 
nano- or micro-size conductive fillers, which material, shape, and size vary. 
Approximately 2 – 16 µm silver flakes [193], [194], < 20 µm graphite flakes with 45 
nm spherical carbon black [170], and 3 – 8 µm long carbon nanotubes [195] are 
added in the screen-printable inks. Notably, also inks from conductive polymer 
PEDOT:PSS are fabricated, which do not have the distinct filler structure as the 
silver inks do [196]. The distribution and amount of conductive fillers affect the 
electrical and printability properties of the inks, which are modified to set the 
viscosity of the inks at least to 1000 mPa·s [170], [196]. Finally, after the screen-
printing, the inks are heat treated at around 120 °C to remove the solvents [18], 
which is lower than the sintering conditions of inkjet metal particle inks. 
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Stretchable conductive inks are often used in single or roll-to-roll screen-printing 
processes [12], [197]. Moreover, functional inks are also applied for other printing 
processes, such as stencil printing [194], DIW [111], offset printing [198], and 
gravure printing [198]. The printing method affects considerably the cross-sectional 
area of the interconnections, which further influences the conductivity and 
stretchability of interconnections [112]. In some applications, instead of stretchable 
conductive inks, Gallium-based liquid metals are used for stretchable self-healing 
electronics [100]. However, the liquid metals are vulnerable to leaking, which 
requires precise process control and encapsulation. When exposed to air, gallium-
based liquid metals form an oxide skin, which changes surface properties and 
decreases the flowability of the ink [100], [199]. 

2.3.4 Fiber-based interconnections 

In general, fibers include a broad range of different types of fibers, materials, and 
applications for stretchable and wearable electronics. Non-conductive fibers and 
fabrics can be used as carriers for printed interconnections and laminated metal foils 
[9], [159]. Fibers can be made conductive with carbon, copper, silver, and other 
conductive materials [10]. The fibers are applied as conductive fillers in inks [200], 
functional carriers of conductive inks [98], stretchable interconnections in 3D-
printed electronics [46], and conductive yarns and fabrics in wearable electronics 
[45]. 

The EU regulation defines the textile fiber means a unit of matter characterized 
by flexibility, fineness, and a high ratio of length to maximum transverse dimension, 
which renders it suitable for textile applications [201]. The fibers are made 
conductive, for instance, by silver-coating non-conductive fibers or making the 
fibers entirely from conductive material [202], [203]. Mm-scale and longer 
conductive fibers are used as fibers in non-woven processes, or processed into yarns 
for knitting, weaving, and embroidering applications [203], [204]. The long length of 
the fibers promotes good mechanical and electrical properties of fibers [203], [204]. 
The long conductive fibers are embedded into conventional textiles [45], or pieces 
of conductive knitted textiles can be encapsulated inside TPU for highly stretchable 
embedded interconnections [204]. Permeable carbon stable fiber cloth pieces can be 
integrated inside 3D-printed objects for stretchable interconnections and sensors 
[46]. 
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Instead of textile applications, small µm and nm-scale conductive fibers are used 
as functional fillers in inks and plastics. When mixed with other sizes and shaped 
fillers, conductive fibers decrease the percolation threshold of the ink and increase 
the conductivity of interconnections [205]. For example, silver nanowires [205], and 
carbon nanotubes [195] are added in conductive inks. Carbon fibers are also 
combined with TPU for conductive films and filaments for FFF 3D printing, which 
can be categorized as conductive composites [206], [207]. 

2.3.5 Failure mechanisms of stretchable interconnections on a deformable 
substrate 

Considering different types of stretchable interconnections, the very first 
manufacturing step is an AM process, for example, printing or lamination. After 
proper bonding of the conductive material to the stretchable substrate, the 
conductive material can be further processed with etching, sintering, or other 
process. Excluding liquid metal stretchable interconnections that are unstable 
without fully encapsulated inside a substrate [100], [190], etched copper foil 
meanders, inkjet and screen-printed traces, and embedded conductive yarns are 
widely used stretchable interconnections. The interconnection types have their own 
characteristic properties, and their usability is defined by their mechanical and 
electrical properties before and after the failure. 

Universally, the resistance value of an interconnection depends on the material, 
length, and cross-sectional area of the interconnections [208]. The dimensions of the 
copper foil interconnection do not change, only the meanders open as 2D springs. 
The µm-scale thick copper foil structures are mechanically stable until concentrated 
and relatively fast mechanical failure (Figure 10a), which leads to the electrical failure 
of the system. The failure mechanism of the copper foil meanders on the deformable 
substrate is a multistage phenomenon [158]. At first, the substrate stretches, which 
induces stresses to the interface between the substrate and copper foil. Shape, 
interface area, copper foil thickness, and other parameters affect how high stresses 
the interface and the system endure [16]. Design decisions and electronics 
components can concentrate high local stresses, which cause premature damage and 
failure of the system [158]. The elevated stresses cause failure initiation, where the 
copper foil delaminates from the deformed substrate [209]. After the delamination, 
the unadhered copper foil area deforms more without the support of substrate, and 
a crack is initiated. The crack in the meander-shaped copper foil interconnection is  
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Figure 10.  Example failures of different stretchable interconnection materials: a) shaped copper foil 
structures, and b) straight screen-printed silver interconnections. 

 
formed at the location where the meander opens unless the crack has been already 
initiated during the delamination phase or from an external damage [157]. The 
initiated crack propagates perpendicularly to the elongation direction of the 
interconnection [209]. Thin 100 µm wide meanders are favored for their higher 
stretchability [127]. However, the small width of meanders also means the short 
distance for the cracks to propagate, making the failure of the copper foil meanders 
sudden and unpredictable [13]. After the failure, the copper foil interconnection can 
be considered as a switch - the cracked copper foil sides are electrically connected at 
0 % elongation and disconnected when the elongation is > 0 % [158]. 

The failure mechanism of inkjet-printed interconnections resembles the failure 
of copper foil interconnections. The failure starts as the delamination at the interface 
between the sintered inkjet-printed interconnection and substrate. The printed 
interconnection structure consists of merged droplets and sintered conductive 
particles, making the structure more heterogenous than metal foils. Width and 
thickness variations can act as stress localization and delamination points in the 
printed interconnections [210]. The thinness and smallness of inkjet-printed 
interconnections mean that their failure requires less stress to realize, but also, the 
small dimensions decrease Young’s modulus which defines the type of failure [191]. 

Differing from the inherently rigid interconnections on a stretchable substrate, 
the stretchable screen-printed interconnections comply thoroughly with the 
deformations of the substrate [196]. The printed patterns deform and form 
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microcracks along the substrate instead of sustaining elevated stresses until the fatal 
and sudden electrical failure of a single location in the interconnection (Figure 10b) 
[112]. Because the microcracks cause a systematic increase of resistance, an 
application-specific resistance level is decided to be the failure of the 
interconnection. Despite the shape of interconnection, the matrix of the ink is 
elongated along the elongation direction of the substrate and is compressed 
perpendicularly according to Poisson’s effect [112]. This emphasizes simple designs, 
and the straight screen-printed interconnections are the most predictable ones, while 
additional shapes and angles need to be supported [147], [211]. The screen-printed 
interconnections work after reaching the failure level but depending on the amount 
of irreversible plastic deformation of substrate and ink, the microcracks do not fully 
close anymore and the resistance value at the undeformed stage remains higher than 
initially [18]. The micro-cracking, which is caused by the lower Young’s modulus of 
the interconnection [191], can be considered to decrease the stress peaks in the 
interface between the interconnection and substrate, which further means the 
smaller delamination tendency of the printed traces. 

The shape and orientation of the conductive yarns affect the failure mechanisms 
of textile-integrated stretchable interconnections. In general, electrical damages and 
failures are related to the physical damage of the conductive fibers. For example, 
conductive coating of stable fibers or filaments can be abraded [212], or completely 
snapped, causing the simultaneous electrical and mechanical failure of 
interconnection [213]. However, a cross-sectional area of yarns or nonwoven pieces 
consists of a large number of fibers, making the failure of a single fiber less 
significant. 

2.4 3D printing of stretchable electronics 

2.4.1 FFF 3D-printing method 

FFF is the most widely used 3D printing method, which has been called with many 
names. Originally Stratasys Inc. developed the manufacturing method in the 1980s 
and trademarked it as fused deposition modeling (FDM) [214]. To avoid trademark 
issues, members of the RepRap project described a similar process as the FFF [215]. 
Later, the process in which a material is selectively dispensed through a nozzle or 
orifice is standardized as material extrusion (MEX) [216]. All the terms are used in 
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research, but in this work, the FFF is used to describe the selective dispensing of 
thermoplastic polymers (Figure 11). 

FFF is a versatile 3D-printing method, which is applied for small tabletop 
machines (Figure 11a) and industrial-scale applications. FFF is based on semi-
product thermoplastics, which are prepared in the form of filaments (Figure 11b). 

Filaments are available in two sizes, with 1,75 mm and ~ 3,00 mm diameters. If 
the filaments are from the same material, the thicker filament is stiffer and requires 
a smaller movement of a feeder (Figure 11c) to push the material to the nozzle. The 
higher stiffness improves the printing of TPU and other soft plastics. The filament 
is directed through between two rolls of the feeder, which gives the force to the 
filament to overcome the resistance to the flow, induced by the print core (Figure 
11d). Along the compression pressure between the rolls, grooved surfaces of another 
or both feeder rolls improve the grip of the filament. The too-low grip cannot push 
the filament through the nozzle, which can cause incomplete feeding and filament 
grinding. [217]–[219] 

Ultimaker 3D printers have changeable print cores, which include the main 
structures of FFF print cores (Figure 11d): the heatsink, heat break, heater block, 
thermistor, heating cartridge, and nozzle. The filament is fed through the print core, 
which melts the head of the filament and directs the molten plastic through a nozzle. 
A tube-like heat break is connected between the heatsink and the heater block to 

 

Figure 11.  Ultimaker S5 3D-printer and the critical parts that affect the FFF process: a) Ultimaker S5 
3D-printer, b) filament spool, c) feeding system, d) print core that includes a heat sink, 
heater block, and nozzle, e) building plate, and f) chamber. 
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distribute elevated temperatures from the heater block to the heatsink, which makes 
the filament melt only from the tip. The uneven melting of filament can cause 
clogging of the print core [219]. For tabletop 3D printers, a typical temperature area 
of the heater block is between 200 °C – 300 °C [91]. Industrial FFF printers are 
designed for more advanced plastics, such as polyetheretherketone (PEEK), which 
requires over 400 °C printing temperatures [59]. The size of the nozzle in the 
commercial FFF 3D printers varies between 0,2 mm – 1,0 mm, where the high 
nozzle size decreases the manufacturing time, and with fully filled structures, 
decreases the breaking force [220]. The small nozzle improves the accuracy of the 
3D-printing, but slows the 3D-printing process, and increases the pressure drop of 
the system, hindering especially the extrusion of the soft plastics [221], [222]. 
Moreover, the width of the extruded molten plastic bead from the nozzle can be 
larger than the nozzle diameter because of the die-swelling phenomenon [218]. 

Molten plastic beads in FFF are printed on the building plate (Figure 11e) with a 
layer-by-layer technique. The extruding locations and amount of plastic are 
determined by a gcode program, which is generated from the 3D object that is 
processed in the slicer software. The settings of the first printing layer are optimized 
to improve adhesion between the plastic and the building plate. The building plate 
is also modified and post-processed for higher adhesion, and for example, coated 
plates, adhesives, and heating of the plate are used. Still, one of the most common 
failures of FFF is the delamination of unfinished 3D-printed objects from the 
building plate. Despite the first layer settings and building plate post-processes, the 
3D-printed object can be delaminated because of the uneven thermal environment 
and uneven shrinking of plastic. The plastics have different amounts of shrinking, 
which is minimized by decreasing the thermal gradient between the object and the 
environment via an unheated or heated chamber (Figure 11f). [217]–[219] 

The advantages of the FFF are the low material consumption compared to the 
subtractive manufacturing processes and the wide range of different materials. The 
3D-printed objects are highly customizable and the production needs only a little 
amount of preparation, making the small and medium size production series feasible. 
[20] Nevertheless, the disadvantage is the relation between the printing time and 
accurateness, thus highly precise objects are slow to print [223]. Also, since the 3D-
printing is a relatively new manufacturing method, it still needs further 
standardization, and testing of materials and methods is required [224]. 
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2.4.2 Structure and stretchability of FFF 3D-printed objects  

The objects 3D-printed with FFF have a unique structure, which can be modified 
for different purposes. The 3D structure (Figure 12) consists of four parts, I) a 
bottom part, II) walls, III) a top part, and IV) infill that fills the space made by I) – 
III) parts. [217], [223] Advanced slicer programs, such as Ultimaker Cura, have 
hundreds of settings, which are used to modify the whole 3D structure and the parts 
for desired applications. In this work, the 3D structure and the settings are 
introduced in the aspect of stretchability, and the assumed 3D-printing material is a 
TPU filament. 

The main function of the bottom part (Figure 12a) is to adhere the object on the 
building plate, which is enhanced with multiple first layer settings, for instance, by 
increasing layer thickness and printing temperature and decreasing the printing speed 
[225], [226]. In the settings, a brim or raft can be made around the first layer to 
increase the area for higher adhesion [226]. Depending on the building plate material 
and sensor technology of the FFF printer, the thicker first layer also levels a possible 
unevenness of the plate [225]. Thin layers have higher stretchability than thick layers 
[54], but as the height of the FFF printed objects is in mm-scale, the role of the first 
layer in the general stretchability is very small. In addition to the first layer, the 
bottom part has a few solid layers, which numbers can be decreased to improve 
stretchability [226]. 

 

 

Figure 12.  The screenshot from Ultimaker Cura slicer software (version 5.2.2), where the general 
structure of the 3D-printed module is shown: a) the bottom of the module, where the red 
line is the outer wall, the green line is the inner wall, and the yellow lines are the bottom 
areas, b) the middle of the module, where orange lines are the infill areas with 80 % infill 
ratio, and c) the top of the module. 
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The walls surround the outer and inner edges of a module (Figure 12b), which as 
printed in the direction of the edges, improve the strength and dimensional accuracy 
of the FFF object. Typically, two walls are used, but also a higher number of walls 
for higher strength and infill coverage are used. However, the higher amount of walls 
decreases the stretchability of the object. [217], [227] The stretchability can be 
improved by decreasing the planar thickness of the walls, which can be done in a 
precise manner by decreasing the size of the nozzle, or in an unprecise manner by 
only changing the setting values [228]. 

The top part of the object (Figure 12c) is made solid to hide the infill and to 
achieve even surface quality. The FFF printed surface always has at least a few 
microns of roughness, which can be further decreased with smaller layer thickness, 
the ironing feature of the software, or by post-processing the surfaces mechanically 
or chemically [218]. The top part consists of a few solid layers to improve the surface 
quality, and as with the number of walls, the top layer count can be decreased for 
higher stretchability [226]. 

Generally, the infill is the largest area of the FFF object (Figure 12b). The printing 
time, amount of material, and stiffness are decreased by lowering the infill ratio [217], 
[226]. Still, in case of good stability and the printing surface quality, the infill ratio is 
increased relatively high. In addition to the low infill ratio, the infill pattern can be 
optimized for stretchability [226], [229]. 

With universal settings, the stretchability of 3D-printed objects can be changed. 
There are multiple settings, for example, the nozzle size determines the size of the 
extruded plastic bead, and the smaller line width and layer thickness are achieved 
with smaller nozzles [228]. By lowering the layer thickness, the accuracy, and 
elongation are increased [54], [218]. Still, the relation between the infill ratio and the 
strength of the object must be considered because it increases when smaller nozzles 
are used [222]. Moreover, the printing temperature affects how well the extruded 
beads are diffused together, thus the stretchability can be increased by increasing the 
printing temperature [218], [226]. 

2.4.3 Electronics prepared by FFF 

Similarly, to the stretchable interconnections, the plastic filaments in FFF are made 
thermally and electrically conductive by adding nano- and micro-scale conductive 
fillers inside the filaments. As cheaper filler materials, copper nanoparticles [230], 
graphene [149], carbon black [231], and CNTs [231] are mixed in the filaments. PLA-
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areas, b) the middle of the module, where orange lines are the infill areas with 80 % infill 
ratio, and c) the top of the module. 
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The walls surround the outer and inner edges of a module (Figure 12b), which as 
printed in the direction of the edges, improve the strength and dimensional accuracy 
of the FFF object. Typically, two walls are used, but also a higher number of walls 
for higher strength and infill coverage are used. However, the higher amount of walls 
decreases the stretchability of the object. [217], [227] The stretchability can be 
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precise manner by decreasing the size of the nozzle, or in an unprecise manner by 
only changing the setting values [228]. 
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[226]. Still, in case of good stability and the printing surface quality, the infill ratio is 
increased relatively high. In addition to the low infill ratio, the infill pattern can be 
optimized for stretchability [226], [229]. 

With universal settings, the stretchability of 3D-printed objects can be changed. 
There are multiple settings, for example, the nozzle size determines the size of the 
extruded plastic bead, and the smaller line width and layer thickness are achieved 
with smaller nozzles [228]. By lowering the layer thickness, the accuracy, and 
elongation are increased [54], [218]. Still, the relation between the infill ratio and the 
strength of the object must be considered because it increases when smaller nozzles 
are used [222]. Moreover, the printing temperature affects how well the extruded 
beads are diffused together, thus the stretchability can be increased by increasing the 
printing temperature [218], [226]. 

2.4.3 Electronics prepared by FFF 

Similarly, to the stretchable interconnections, the plastic filaments in FFF are made 
thermally and electrically conductive by adding nano- and micro-scale conductive 
fillers inside the filaments. As cheaper filler materials, copper nanoparticles [230], 
graphene [149], carbon black [231], and CNTs [231] are mixed in the filaments. PLA-
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based filaments are used with the fillers because it has very good printability, but also 
other low-temperature plastics are used [149]. The commercialized filaments are 
designed for currently used tabletop FFF printers, and they enable 3D printing of 
electronics with current fabrication limits. However, the long-term durability of 
filaments has to be studied further, since low-temperature plastics do not have as 
good thermal resistance as conventional PCB materials [230]. In addition, the 
extruded conductive filaments have high contact resistance [55], which has to be 
decreased by using conductive ink on the contacts [149], [232]. Moreover, fillers in 
the plastic hinder the extrusion process of the filament, and the 0,4 mm or larger 
nozzle diameters are generally recommended for commercial filaments to avoid 
clogging of the nozzle, which limits the minimum accuracy of the 3D-printed objects 
[230], [231]. 

Conductive features in FFF can be also added by integrating continuous carbon 
fiber filaments in the object [232]–[234]. A bundle of a few microns thick carbon 
fiber filaments is directly fed inside the print core of FFF along the 3D printing 
plastic filament [234], or they are integrated inside a prepreg carbon fiber filament, 
which polymer outer layer allows the 3D-printability [232], [233]. The advantage of 
continuous carbon fibers is the longer thermal and electrical pathways than nano- 
and micro-scale fillers, allowing higher conductive patterns [149], [232]. However, 
the challenges of the continuous carbon fiber systems for 3D-printed electronics 
applications are the breakage of the fibers during the 3D-printing process, the high 
anisotropic nature of mechanical and electrical properties, and the contact resistance 
as with conductive plastic filaments with fillers [232], [233]. Notably, the continuous 
fiber filaments are currently used to mechanically reinforce  FFF parts, which are 
applied for various production levels by Markforged and Orbital Composites [235]. 
With the reinforcing feature, the carbon fibers allow structure self-monitoring [234], 
and shielding from electromagnetic interference [236]. 

The intelligence of conductive 3D-printed structures is increased by using off-
the-shelf electronics components, for example, passive SMDs, LEDs, and sensors. 
The components are placed manually or with a pick-and-place machine inside the 
FFF object during the printing by pausing the process, and on surfaces, after the 
object is ready [237]. With the 3D-printing techniques, electronic components can 
be placed in various positions, for instance, on topside, downside, or sideways, 
allowing more packed modules than in the standard PCB modules [43], [237]. In 
addition to the pick-and-place device, printing devices, such as DIW, aerosol, and 
inkjet printers can be used along a modular FFF device for smaller and more 
conductive interconnections [61], [237], [238]. The interconnections are added inside 
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the channels, which are prepared during the designing of the object [237], or after 
the 3D printing, are routed for higher dimensional accuracy [239]. Neotech AMT 
and nScrypt companies have manufactured 5-axial 3D printing systems for 
electronics, where FFF, DIW, inkjet, and other devices can be versatilely mounted 
inside the system for complex 3D-printed electronics [43], [237], [240]. 

2.4.4 Electronics prepared by other 3D-printing techniques 

In addition to the FFF, 3D-printed electronics are made by other methods. The UV-
curable resin-based SLA 3D printing is combined with DIW to prepare structural 
3D-printed electronics [72]. UV-curable inks are also used in multi-jet printing 
(MJP), in which an inkjet-printing head with UV-curing feature can do precise layer-
by-layer printing. The MJP technique, developed by 3D Systems Inc., is used to make 
hollow objects that are filled with conductive silver ink. [241] Moreover, inkjet 
printing is adopted in DragonFly 3D-printer by Nano Dimension, where the 
machine is optimized for two inks, for the IR-curable conductive ink from silver 
nanoparticles and the UV-curable dielectric ink [242]. HP has also developed a multi-
jet fusion (MJF) system, where the object is built by stacking polymer powder layers, 
which are fused by inkjet-printed fusing agents in the powder matrix. The fusion of 
polymer particles in the printed areas is activated with heating before making the 
next layer. The advantage of the MJF is the broad range of different fusing agents, 
which can be modified to make conductive, transparent, or soft areas. [243] 
Furthermore, aerosol jet printing is used by Optomec Inc. for the fabrication of 
printed electronics over 3D surfaces [244]. 

2.4.5 Stretchable electronics prepared by FFF 

Electronic systems are made stretchable by using deformable materials or patterning 
rigid materials to stretchable shapes. Modularity and ability to use elastic 
thermoplastics make the FFF suitable technique for 3D-printed stretchable 
electronics [237], [240]. Currently, TPU filaments are used as stretchable material, 
which is modified with conductive fillers for conductivity, from which carbon fillers 
are the main options. Depending on the amount, size, and shape of the fillers, the 
hard conductive fillers stiffen the TPU filament in different amounts. The 3D-
printing process also changes the stiffness of the filament, and with conventional 
3D-printing settings, accuracy must be decreased to be able to 3D-print conductive 
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stretchable filaments. For instance, carbon black particles [221], [245], and 
MWCNTs [207], are mixed up to 18 wt.% and 5 wt.% in the TPU filament before 
the loss of elasticity, correspondingly. The relatively low limit of fillers restricts the 
conductivity of 3D-printed materials, and the filaments are mainly used for strain 
and pressure sensors, where relative resistance change is the main parameter. [207], 
[221], [245] 

The continuous fibers are also used for 3D-printed stretchable electronics. 
Stretchable filaments are fabricated by forming a hollow stretchable filament from 
deformable plastics, which is filled with liquid metal [100], [246]. Continuous carbon 
fiber filaments are used for the 3D-printed electronics circuits [247], but still, the 
development has aimed at fiber reinforcing and structure stability monitoring [234], 
[235], and stretchable applications have not been focused yet. Other hard filaments 
are usable until they are shaped as meanders, and for example, conductive metal-
based textile yarns could be integrated inside 3D-printed structures [104]. 

Additionally, stretchable conductive components can be integrated inside a 3D-
printed stretchable matrix. Shaped pieces of carbon fiber nonwoven are inherently 
frail, but when they are integrated inside the TPU matrix, stretchable 
interconnections, and sensors are achieved [46]. The rigid conductive filaments can 
be shaped as meanders in a 3D-printed TPU matrix for strain sensors [248]. 
Conductive inks have been used inside rigid 3D-printed objects, and in the case of 
soft 3D-printed objects, stretchable conductive inks can be used for more robust 
electrical properties. As part of the stretchable electronics manufacturing process, 
FFF can be used to prepare additional structures on screen-printed stretchable 
electronics systems [147]. 

2.4.6 Stretchable electronics prepared by other 3D-printing techniques 

Compared to 3D-printed electronics, there are no similarly commercial 3D printers 
dedicated to stretchable 3D-printed electronics. In addition to the FFF, stretchable 
3D-printed electronics are fabricated by DIW, where functional inks are printed on 
a TPU substrate [40], and non-conductive and conductive TPU inks are printed by 
turns for multi-layer electronic systems [111]. Additionally, PDMS-based materials 
enable inherent deformable matrix to work with DIW printed electronics [22], [47], 
[249]. For instance, conductive silicone paste [22], carbon conductive grease [249], 
and liquid metal [47], are applied on PDMS substrate. 2D printed conductive traces 
can be printed in turns with non-conductive layers of PDMS [47], planarly printed 
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interconnections with 3D vias can be over-molded with PDMS [22], and conductive 
traces are dispensed on multiple levels inside a block of uncured PDMS [249]. 
Because of the versatile use of stretchable substrate materials and the similarity of 
DIW with conventional printing techniques, the difference between stretchable 
printed electronics and stretchable 3D-printed electronics can be vague. 
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3 RESULTS 

In this work, the stretchable electronics system based on the three main components 
is studied and developed further. The high stiffness difference of the components 
concentrates stresses in the system unevenly, which can lead to premature 
mechanical and electrical failures. More robust designs are researched, and 
fabrication has also experimented with 3D printing. Moreover, 3D printing is used 
for making stretchable 3D-printed electronics. Figure 13 presents how the 
publications correlate with the topic. 

 

Figure 13.  The four major areas of the Thesis with the overlapping pie chart, which marks the dealt 
areas in Publications I–IV. 
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First, in Section 3.1., the joining of rigid modules on the stretchable substrate is 
studied by adhering FR4 and 3D-printed PLA substrates on TPU film with different 
NCAs. The adhesion is measured by floating roller peel tests (modified SFS-EN 
1464), and the failure mechanisms (described in EN ISO 10365) are defined by 
analyzing the peeled surfaces with Fourier-transform infrared spectroscopy (FTIR). 
Section 3.1 continues with a discussion of optimum shapes of the rigid modules, 
which designed reinforcing structures can be used to affect the elongation of the 
TPU film. The rigid islands based on copper foil are cyclic tested to determine 
mechanical failure phenomena, which lead to electrical failure. 

Section 3.2. discusses screen-printed stretchable interconnections and their 
resistance increase behavior during the elongation of a substrate. The used screen-
printed straight interconnections do not elongate as evenly as the meander-shaped 
traces that can be locally reinforced with 3D-printed areas. The 3D-printed TPU is 
directly extruded on TPU film, and the adhesion is studied with T-peel tests 
(modified SFS-EN ISO 11339). Finally, Section 3.3. deals with 3D-printed TPU 
matrix, where carbon fiber cloth (CFC) pieces of different thickness are integrated 
for 3D-printed electronics structures. The samples are tested via tensile and cyclic 
tests with 10000 cycles. The CFC layer can act as a stretchable interconnection or a 
sensor element inside the TPU matrix. 

3.1 Rigid modules on deformable substrates 

The intelligence for the stretchable system is implemented the most efficiently by 
traditional electronics, which makes the integration of small PCB islands or 
components on the stretchable substrate a crucial part of the design and 
manufacturing. The traditional electronics manufacturing methods and materials 
enable thin interconnections and dense packing of components on the FR4 board 
of the PCB island but also make the islands inherently rigid. By using the small 
enough PCB islands and spare placing of the islands, the overall elongation of the 
system is preserved. However, the islands cause local stress concentration that arise 
from the mechanical difference between the islands and the deformable substrate 
creating a weak point in the structure. In more detail, the adherence of the islands 
on the substrate and the stress concentration effect of the adhered islands on the 
substrate pose challenges, which are studied further. 
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3.1.1 Joining rigid islands on deformable substrate 

One of the main issues in stretchable electronics is the attachment method of 
modules on a substrate. In Publication I, the suitability of available NCAs in the 
bonding of rigid and deformable stretchable electronic substrates is investigated. 
NCAs are promising choices because of their low costs, low curing temperatures, 
bonding speed, and wide range of materials and hardness levels [14], [125], [250]. 
With different NCA-based stretchable electronic joints (Table 1), peel test samples 
are prepared to compare the adhesion of NCAs. The peel test samples consist of 
two different rigid substrate: smooth FR4 with a solder mask (Coates XV501T) and 
rough 3D printed PLA substrate (by colorFabb). As the stretchable substrate, 100 
µm thick Platilon U 4201 AU TPU film (by Covestro) is used. [137] 

Table 1.  Used NCAs with between rigid and deformable substrates. [137] 

Name of adhesive Composition Hardness Adhesive type 
Permabond ET515 Epoxy Semi-rigid Structural 
Permabond MT382 Epoxy Semi-elastic Structural 
3M DP610 PU Semi-elastic Structural 
Loctite 406 CA Rigid Structural 
Loctite 406 with 
primer Loctite SF 7239 

CA Rigid Structural 

3M 8132LE PSA tape Elastic Non-structural 

The samples are tested with the floating roller peel test setup. The setup differs from 
the conventional test process as the TPU film elongates during peeling when the 
bond strength is high enough. The failure of the samples is studied with FTIR Optics 
Tensor 27 (by Bruker), which has a horizontal ATR unit GladiATR with a diamond 
crystal. In the failure analysis, three different classes of failure mechanisms were 
identified (Table 2), and the best results were achieved with a novel non-structural 
adhesive joint. The non-structural adhesive joints had a good average maximum 
bond strength (0,28 N/mm) with the FR4 substrate, which made the TPU film 
elongate considerably (85 %) during the peeling. [137] 

The failure type I of epoxy and PU adhesives is realized as a single or two interface 
failure, which is affected by the rough surface topography of rigid substrates. The 
roughness increased the bond strength of epoxy adhesives which had poor adhesion,  
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Table 2.  Identified failure mechanisms of the peel test samples. In embedded figures, green 
resembles the rigid FR4 and PLA substrates, light blue resembles the deformable TPU substrate 
(which was peeled from the rigid substrates), and dark blue resembles the adhesive layer. [137] 

Peel test sample series 
(Rigid substrate) 

Dominant 
failure 

mechanism 

Average 
maximum 

bond 
strength 

Failure 
type 

Epoxy ET515 (FR4)  0,08 N/mm 

I 

Epoxy ET515 (3D-printed PLA)  0,12 N/mm 
Epoxy MT382 (FR4)  0,11 N/mm 
Epoxy MT382 (3D-printed PLA)  0,14 N/mm 
PU DP610 (FR4)  0,26 N/mm 
PU DP610 (3D-printed PLA)  0,19 N/mm 
CA Loctite 406 (FR4)  0,18 N/mm 

II 
CA Loctite 406 (3D-printed PLA)  0,26 N/mm 
CA primed Loctite 406 (FR4)  0,26 N/mm 
CA primed Loctite 406               
(3D-printed PLA)  0,20 N/mm 

PSA tape 8132LE (FR4)  0,28 N/mm 
III PSA tape 8132LE (3D-printed 

PLA)  0,25 N/mm 

and vice versa decreased the bond strength of PU adhesive which had good 
adhesion. [137] 

The failure type II of primed and non-primed CA samples occurred as the 
cohesive failure of the adhesive layer. For example, achieved good 0,26 N/mm 
average maximum bond strength and 28 % elongation of the TPU substrate with the 
primed CA and FR4 substrate. Generally, the adhesion of CA with substrates is 
good, and the strength of the samples is determined by the local evenness of the 
adhesive layer [136]. 

The failure type III of PSA tape is an adhesive failure between the rigid substrate 
and the PSA tape. The deformable PSA elongates along the TPU substrate, peels 
from the rigid surface steadily, and provides the best peel test results. After the 
peeling, the PSA remains tacky and can reattach to the peeled TPU substrate. [137] 

The comparison of adhesives presented that the non-structural adhesives that are 
mechanically more similar to the deformable substrate than the rigid substrate 
provide more stable peeling behavior than structural adhesives. The CA adhesives 
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roughness increased the bond strength of epoxy adhesives which had poor adhesion,  
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Table 2.  Identified failure mechanisms of the peel test samples. In embedded figures, green 
resembles the rigid FR4 and PLA substrates, light blue resembles the deformable TPU substrate 
(which was peeled from the rigid substrates), and dark blue resembles the adhesive layer. [137] 

Peel test sample series 
(Rigid substrate) 

Dominant 
failure 

mechanism 

Average 
maximum 

bond 
strength 

Failure 
type 

Epoxy ET515 (FR4)  0,08 N/mm 

I 

Epoxy ET515 (3D-printed PLA)  0,12 N/mm 
Epoxy MT382 (FR4)  0,11 N/mm 
Epoxy MT382 (3D-printed PLA)  0,14 N/mm 
PU DP610 (FR4)  0,26 N/mm 
PU DP610 (3D-printed PLA)  0,19 N/mm 
CA Loctite 406 (FR4)  0,18 N/mm 

II 
CA Loctite 406 (3D-printed PLA)  0,26 N/mm 
CA primed Loctite 406 (FR4)  0,26 N/mm 
CA primed Loctite 406               
(3D-printed PLA)  0,20 N/mm 

PSA tape 8132LE (FR4)  0,28 N/mm 
III PSA tape 8132LE (3D-printed 

PLA)  0,25 N/mm 

and vice versa decreased the bond strength of PU adhesive which had good 
adhesion. [137] 

The failure type II of primed and non-primed CA samples occurred as the 
cohesive failure of the adhesive layer. For example, achieved good 0,26 N/mm 
average maximum bond strength and 28 % elongation of the TPU substrate with the 
primed CA and FR4 substrate. Generally, the adhesion of CA with substrates is 
good, and the strength of the samples is determined by the local evenness of the 
adhesive layer [136]. 

The failure type III of PSA tape is an adhesive failure between the rigid substrate 
and the PSA tape. The deformable PSA elongates along the TPU substrate, peels 
from the rigid surface steadily, and provides the best peel test results. After the 
peeling, the PSA remains tacky and can reattach to the peeled TPU substrate. [137] 

The comparison of adhesives presented that the non-structural adhesives that are 
mechanically more similar to the deformable substrate than the rigid substrate 
provide more stable peeling behavior than structural adhesives. The CA adhesives 
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can also be used to bond rigid parts on the deformable substrate. However, as rigid 
adhesives, they promote the stress concentration effect of the stretchable system. 
[137] 

3.1.2 Controlling the stress concentration around the rigid islands 

Another main issue of stretchable electronics is the stress concentration effect of 
rigid islands on a stretchable substrate, which pushes the premature failure of routed 
stretchable interconnections on the stretchable substrate from the island. In 
Publication IV, hybrid stretchable electronics samples, prepared by the SCB 
process and screen-printing, are measured and compared to find the most optimum 
design with the least amount of stress concentrated on the printed interconnections. 
The two sets of samples, the tensile and cyclic test sample series, were prepared, 
where 100 µm thick Platilon U 4201 AU TPU film (by Covestro), silver ink CI-1036 
(by ECM), and 35 µm thick PCB grade electrodeposited copper foil are used. [158] 

Initially, the tensile test samples are printed with EKRA X5 (by EKRA 
Automatisierungssysteme GmbH) screen printer and elongated to 30 % with 
ESM303 tensile tester (by Mark-10 Corporation). The resistance of the printed 
interconnections is measured with a DMM6500 multimeter (by Keithley). The 
results show that protective structures around the sensitive copper foil – TPU film 
transition area reduce the resistance increase of the interconnection in the transition 
area from 640% to 12%. [158] 

After the tensile tests, miniaturized cyclic test samples with five variations are 
designed, manufactured, and tested. The samples are tested with an ElectroPuls 
E10000 tester (by Instron), which elongates the samples 10000 times with a 1 Hz 
frequency to 10 %, 20 %, and 30 %. The elongation levels are selected by the tensile 
test parameters and initial cyclic test trials. The resistance of screen-printed 
interconnections is measured with a multiplexing resistance measurement device 
(Fraunhofer IZM, Berlin), where the transition areas and the loops are measured 
After the tests, further failure analyses (Figure 14) are done with the help of a 
scanning electron microscope Phenom XL G2 (by Thermo Fisher Scientific Inc.) 
and a FEA program ABAQUS (by Dassault Systèmes). [158] 

The results show that the concentrated stresses can break the printed 
interconnection prematurely. By using protective structures in the copper – silver 
ink transition area, the concentrated stresses can be controlled (Figure 15a–b). The 
durability of the hybrid structures depends on the strength of the protective 

 

59 

structures, which fatigue damage can be measured from the printed interconnections 
as momentary decreasing resistance values (Figure 15c–d). The proper design of 
protective structures is in a critical role, where poorly designed structures can focus 
over 50 times larger stresses on the transition area and tear the deformable substrate 
in a few hundred cycles (Figure 14c). [158] 

 

Figure 14.  Deformations and damages of cyclic test samples: a) bending of protective structures, b) 
snapped protective structures because of fatigue damage, c) torn holes between snapped 
protective structures, and d) failed printed lines in the transition area of the sample. 
Adapted from [158] 

 

Figure 15.  Resistance curves of the 20 % elongated cyclic test samples: a) the resistance of stable 
copper–printed silver transition area, b) the resistance of unstable transition area, c) the 
resistance of the printed interconnection without protective structure rupture, and d) the 
resistance of the interconnection with a rupture of protective structure. [158] 
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3.2 Stretchable interconnections on a deformable substrate 

In a conductive ink the conductive particles are embedded in a soft matrix and 
therefore the printed interconnections can stretch on the substrate along the 
deformations of the substrate. Typically, the dimensions and directions of 
interconnections should be optimized according to the direction of expected 
deformations of the substrate. Still, in wearable applications, stretchable electronics 
can experience more complicated biaxial deformations. In practice, stretchable 
electronics do not only consist of straight interconnections, which have the most 
predictable electrical behavior during the uniaxial elongation. The presence of turns 
and biaxial deformation of substrate degrade faster the electrical properties of the 
interconnections. This can be minimized by using additional reinforcing structures, 
which can be prepared with various methods. In this study, 3D-printing is used. 

3.2.1 Locally reinforced interconnections via 3D printing 

The breakage of stretchable interconnections can cause the electrical failure of the 
stretchable electronics system, which can be prevented by decreasing the stress 
concentration close to the module islands. Also, corners and other irregular shapes 
of interconnections can induce uneven deformation, which decreases the amount of 
maximum elongation of the system. In Publication II, local alterations to the 
screen-printed meander-shaped silver ink interconnections are prepared by FFF 3D 
printing. The samples are printed with a DEK-248 screen printer (by DEK Printing 
Machines Ltd.), and the mechanical tests are done with a tensile test machine Tinius 
Olsen H5KT (by Tinius Olsen) while the resistance of the printed samples is 
measured with an iCraft ADC 4x 2-wire measurement system (by Icraft Oy). [147] 

First, the adhesion of different directly 3D-printed plastics on 100 µm thick 
Platilon U U073 TPU film (by Covestro) is measured with T-peel tests. In the 
Ultimaker 3 (by Ultimaker BV) 3D printer, nGen copolyester filament (by 
colorFabb), PA filament (by Ultimaker BV), and TPU95A filament (by Ultimaker 
BV) are used. The peel tests conclude that the chemically most similar 3D-printing 
plastic adheres the best on the TPU film. Up to 260 °C heated directly 3D-printed 
TPU filament forms a strong ~ 1,9 N/mm bond strength with the TPU film (Figure 
16), which is enough to melt the TPU film during printing and break the film after 
the start of the peeling. The high adhesion enables direct 3D printing of different 
mechanical structures on the TPU film, which can be used, for example, to modify 
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the mechanical and further the electrical properties of stretchable interconnections. 
[147] 

The novel direct 3D-printing method is demonstrated by preparing support 
structures for the meander-shaped printed interconnections. The results show that 
the 1,0 mm wide and 0,3 mm thick supports changed the elongation distribution in 
the film, which affected the interconnections and their resistance (Figure 17). 
Compared to the plain samples without the supports (Figure 17a), the straight 
supports between the meanders increased the elongation of the tip of the meanders, 
accelerating the resistance increase by ~ 21 % (Figure 17b). Both straight supports 
outside the meanders and curved supports inside the meanders decrease the 
resistance increase by ~ 27 % (Figure 17c–d). However, the straight support did not 
cover the whole length of the meander, which caused more variation, thus the higher 
range to the resistance results. The results presented that FFF 3D printing can be 
used to prepare customized patterns in stretchable electronics systems. [147] 

 

Figure 16.  Directly 3D-printed plastics on the TPU film: a) average maximum bond strength of the 
sample series, and b) TPU 260 °C peel test sample before snapping of the film, which 
reveals the melted surface of the film. Adapted from [147] 
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Figure 17.  The transition area of screen-printed meanders, which deformations are modified 
differently by directly 3D-printed supports: a) plain sample without supports, b) straight 
supports between the meanders, c) straight supports outside the meanders, and d) curved 
supports inside the meanders. Adapted from [147] 

3.3 3D printed structures in wearable electronics 

FFF has been used to fabricate 3D-printed electronics, where conductive fillers have 
been mixed in plastic filaments for conductive patterns. However, the conductive 
filaments, as extruded through the nozzle, have a defined size and mixing ratio, 
which limits the conductivity and accuracy. Moreover, the high amount of fillers 
stiffens the 3D-printed structure, making the fabrication of stretchable 3D-printed 
electronics challenging. One of the possible methods to manufacture stretchable 3D-
printed electronics is to integrate conductive materials inside a stretchable TPU 
matrix. 

3.3.1 Stretchable 3D-printed structures for wearable electronics 

There are currently three ways to add conductive fillers in an object that is 3D-
printed with the FFF method. (1) micro and nano-sized fillers can be blended into 
the plastic filament which is extruded through the nozzle. Also, (2) continuous fiber 
filaments can be embedded in the melted plastic filament. In addition, (3) other 
materials and semi-products, such as inks and tows, have been integrated inside the 
3D-printed object [237], [251]. However, the embedded fillers decrease the 
processability and mechanical properties of the filament, the continuous fiber 
filaments limit the 3D-printing process and reduce the accuracy, and materials and 
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semi-products inside the object have limited integration levels with the 3D-printed 
matrix. [46] 

In Publication III, a new approach to preparing functional and deformable 3D-
printed structures is experimented with by inserting permeable CFC inside a 
stretchable FFF 3D-printed matrix. The matrix is printed from the TPU95A filament 
(by Ultimaker BV) with Ultimaker S5 3D printer (by Ultimaker BV). Inside 10 mm 
wide and 1 mm thick samples, 8 mm wide CFC pieces are integrated simply by 
pausing the 3D printing in the middle of the process. Two different CFC plies with 
a thickness of ~ 53 µm and ~153 µm are used (by ACP Composites). Also, the 
thinner CFC ply is laminated into 2- and 3-layer plies. The samples are tested with 
tensile tests and cyclic tests with 10000 cycles, which are done with the ESM303 
tensile tester (by Mark-10 Corporation) and a two-channel Arduino Uno -based 
resistance measurement device. The tensile test samples are elongated to 50 % and 
the cyclic samples are elongated to 10 % – 50 %. The samples are further studied 
with DIC analyses with the use of the stereo 3D DIC imaging system 3D 
StrainMaster Compact 5M (by LaVision GmbH). [46] 

The results show that the integrated CFC layers create electrical properties in the 
TPU matrix. In the 3D-printing, the molten plastic flows through the CFC layer and 
compresses the fibers, bonding the fibers with the matrix and increasing the 
conductivity of the CFC layers. The conductivity depends also on the thickness and 
the number of interfaces between the laminated thin CFC plies. The samples with ~ 
110 µm or thinner CFC layers have systematic elongation behavior, while the thicker 
CFC samples have more random resistance results (Figure 18). [46] 

The samples with different amounts of carbon fibers deform mechanically and 
electrically differently, which highlights their different applications (Figure 19). With 
a thin CFC layer (53 µm), the TPU matrix retains its stretchability and remains 
conductive after 50 % cyclic elongation, which makes it usable in wearable sensing 
and heating applications where deformations are expected. A thick CFC layer ( > 
150 µm) is relatively stiff but also has the best electrical properties (5 Ω/10 mm), 
which promote its local use in stretchable electronics, where < 20 % elongation 
realizes. The results show that the electrical and mechanical properties are the most 
balanced in the samples with a 106 µm thick CFC layer, which resistance changes 
only 0,5 % in the cyclic tests after the orientation of the CFC layer. The stability of 
the structure allows the use of the samples as a 3D-printed strain sensor, which is 
lastly demonstrated in Publication III. 
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Figure 17.  The transition area of screen-printed meanders, which deformations are modified 
differently by directly 3D-printed supports: a) plain sample without supports, b) straight 
supports between the meanders, c) straight supports outside the meanders, and d) curved 
supports inside the meanders. Adapted from [147] 
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Figure 18.  Raw data comparison of 3D-printed cyclic test samples with 30 % elongation: a) the 
sample with 1 thin CFC layer, which provides the systematic resistance variation between 
600 Ω – 800 Ω, and b) the sample with a thick CFC layer laminated from 3 thin CFCs 
show varying resistance results between 350 Ω – 1250 Ω. Adapted from [46] 

 

 

Figure 19.  DIC results of 3D-printed samples with 2, 3, or 1 layers of thin CFC: a) in 20% elongation, 
and b) in 50% elongation. Adapted from [46]  

 

65 

4 DISCUSSION 

A stretchable electronics system is a mechanically complex build-up, where the 
mechanical deformations and the electrical performance are coupled. The coupling 
affects to the electrical performance of stretchable system, which tends to be 
minimized. With the sensors, the relation is aimed at a specific level for sensitivity 
optimization. In this work, the implemented tests and novel results have provided 
insights into how the relation can be controlled for interconnection and sensor 
applications. 

4.1 Compatible attachment of rigid islands on a deformable 
substrate 

In the current stretchable electronics system, the most considerable mechanical 
contradiction realizes between the PCB module islands and the deformable 
substrate. The difference arises from the different material properties and fabrication 
methods. The high difference increases the stress concentration effect, which 
promotes electrical and mechanical failures of the system. 

When the module islands are fixed on the TPU substrate, the main requirement 
is to attach the islands so that unexpected delamination does not happen. Second, 
the concentrated stresses around the islands should be minimized for the maximum 
electrical durability of the system. Often, the systems are unoptimized, and the 
joining decreases the functionality of the stretchable interconnections. The joining 
can be done with a lamination process or by using adhesives or other fixtures [11], 
[12], [37]. Based on the results, there are a few methods to optimize the joining 
process.  

In the vertical (thickness) direction (z-direction), the stiffness of the adhesive 
layer between the island and the substrate affects how the elongation of the substrate 
advances through the substrate–adhesive interface, the adhesive layer, and the 
adhesive–island interface. In Publication I, in general, structural adhesives form the 
strong adhesive–rigid substrate interface, while the non-structural adhesive forms 
the strong deformable substrate–adhesive interface. The failure of structural 
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Figure 19.  DIC results of 3D-printed samples with 2, 3, or 1 layers of thin CFC: a) in 20% elongation, 
and b) in 50% elongation. Adapted from [46]  
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adhesives in the deformable substrate–adhesive interface and adhesive layer is 
unstable because the TPU film is repeatedly elongated and released during the 
peeling. With non-structural adhesive, the failure realizes in the adhesive–rigid 
substrate interface, which does not release the accumulated elongation of the TPU 
film. Thus the adhered stretchable electronic joint can be improved by using 
deformable adhesive, which at the same time, is stable and complies the stretching. 
[137] For further mechanical improvement, the thickness of the deformable adhesive 
layer can be increased [252]. Additionally, the thickness of the rigid substrate can be 
decreased for higher flexibility [253]. With the 3D-printing, the material of the 
module islands can be changed from rigid FR4 to TPU, which allows a more 
homogenous composition of the stretchable electronics system [175]. 

 In addition to the z-direction modifications, the system can be optimized 
planarly (x-y-directions). The module island is shaped and rounded so that sharp 
corners are avoided, which otherwise can focus high stresses on the substrate [34]. 
The stretchable interconnections are routed from the islands, and the rigid-
deformable transition area close to the islands is mechanically controlled with 
protective structures near the interconnections [127], [161]. The function of the 
protective structures can be embedded in the islands by using clover-shaped island 
design (Figure 12) [163], or the structures can be separate elements in the substrate 
[34]. Still, the planar structures are the most usable to direct stresses away from the 
interconnections, not to decrease the total amount of stresses in the stretchable 
system [160]. From Publication IV., three design requirements for flexible planar 
protective structures can be suggested to improve electrical durability of stretchable 
interconnections. First, the width of the protective structures needs to be large 
enough to improve the fatigue resistance of the structure and to avoid the 
catastrophic failure of the system after the fatigue damage. Second, straight 
geometries aligned to the assumed elongation direction should be used to minimize 
the bending. Third, the sharp angles and other locations where the fatigue failure can 
be expected, are reinforced. 

4.2 Relevance of stiffness to the stretchability of interconnections 

Stretchable electronic systems have been manufactured with different kinds of 
stretchable interconnections. For instance, both meander-shaped copper foil 
interconnections and screen-printed interconnections have been used, which have 
very different compositions and material properties. There are many differences 
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between the interconnections, but in the aspect of the system durability, the 
differences can be generalized to the stiffness difference. [147], [191] 

The stiffness difference between the interconnection and the deformable 
substrate under and around the interconnection is the dominant feature that 
determines the nature of the elongation of the interconnection. When the 
interconnection is considerably stiffer than the substrate, such as the 35 µm thick 
copper foil interconnections on TPU substrate, the interconnection is the load-
carrying component, and the forces are focused locally on the weak areas of 
interconnection [13], [254]. If the stiffness of the interconnections is low, such as 
with the nm-thick deposited gold layers [191], and screen-printed interconnections 
on TPU substrate [147], the interconnection elongates thoroughly with the substrate. 

The stiffness difference is closely related to the failure of the stretchable 
interconnections. The laminated meander-shaped copper foil interconnections with 
the high stiffness difference endure the stretching only when the foil remains 
adhered to the substrate, as with the copper foil protective structures in Publication 
IV. When the high local forces and strains are focused on the interconnection, the 
foil delaminates from the substrate [41]. The delaminated foil is prone to premature 
cracking without the mechanical support of the substrate [158]. The screen-printed 
interconnections elongate evenly, which allows the use of straight interconnections 
[18]. However, stretching of the interconnections is based on the deformations of 
the substrate, which makes the elongation of complex-shaped screen-printed 
interconnections complicated [147]. The deformable substrate has a high Poisson’s 
ratio, which compresses the substrate perpendicularly to the elongation direction 
[132]. The compression in the width direction improves the conductivity and 
stretchability of the straight interconnections [112], but as seen in Publication II, 
the shaped printed interconnections have locations that fail prematurely [147]. 

Because of the fundamental differences of the stretchable interconnections, the 
durability of the interconnections is improved with different methods. The durability 
is related to the controlling of the stiffness on three levels: 

1. Material-level, 
2. Component-level, and 
3. System-level. 

At the material level, the stiffness is governed by the material properties of the 
interconnections. The screen-printing inks are heterogeneous liquids that have 
macroscale conductive fillers and a highly deformable polymer matrix [194]. The 
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polymer matrix complies with the deformation of the substrate, and by modifying 
the chemistry and decreasing the amount of fillers, the stretchability of the 
interconnections can be improved [255]. The copper interconnections are 
electrodeposited homogenous metal foils that have uniform thickness and grain size 
[11]. Between these, the inkjet technology uses conductive inks with nano- and 
macroscale metal fillers, which after sintering, form metallic interconnections [186]. 
Because of their thinness, the metallic interconnections are inherently flexible, and 
only with component-level design, are made stretchable [60], [184]. 

At the component level, the stiffness of the interconnections is changed by 
varying shapes and dimensions of interconnections. For instance, the durability of 
the stretchable meander-shaped copper foil interconnections can be improved by 
decreasing the width [254] or changing the shape of the meander [256]. The wider 
metallic interconnections are stiffer, which decreases their stretchability but 
improves their electrical properties. Also, the substrate can be pre-stretched prior to 
lamination or inkjet printing for wavy stretchable interconnections [60], [184]. The 
electrical properties of screen-printed interconnections also improve with wider 
interconnections [112], and because of the inherent stretchable polymer matrix 
composition, the stiffness increase is minimal. Still, increasing the size of 
interconnections is not feasible when small integrated stretchable wearables are 
desired. 

At the system level, the stiffness of the system around the stretchable 
interconnections can be locally controlled by various methods. For example, 
between the meander-shaped copper foil interconnection and deformable substrate, 
a flexible meander-shaped PI film can be added to make the copper meanders 
elongate more uniformly [13]. This also decreases the delamination tendency of the 
copper foil, the main cause of the failure of the interconnection. With the screen-
printed interconnections in Publication II, local support structures can be added 
on the TPU substrate next to the interconnection by 3D printing. 3D printing 
enables the placing and melting of 3D structures directly on the film, which increases 
the integration level of the system [147]. In addition, the printed interconnection can 
be covered with another layer of deformable substrate, which decreases the out-of-
the-plane movement of conductive traces and distributes deformations on the larger 
area [161]. Moreover, holes and other cuts can also be used to change the 
deformation of the substrate [34], [160]. 
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4.3 Possibilities of 3D-printing in stretchable electronics 

The development of conductive materials in 3D printing has been advanced and 
there are commercial conductive materials available [149], [257]. Still, the commercial 
conductive materials have limitations, such as poor thermal stability [230], and 
rigidness [257]. One aspect is to consider the 3D-printed stretchable electronics as 
composite structures, and in Publication III, conductive fibers are integrated inside 
3D-printed stretchable plastic [46]. When permeable carbon fiber cloths are placed 
in the plastic matrix, the higher amount of carbon fibers and the interfaces improve 
and stabilize the conductivity of the fiber layer. However, the high amount of fibers 
also increases the stiffness of the stretchable matrix. The electrical and mechanical 
properties are the most balanced in the matrix with a 106 µm thick fiber layer, which 
resistance changes only 0,5 % in the cyclic tests after the orientation of the CFC 
layer. The stability of the structure allows the use of the samples as a 3D-printed 
strain sensor, as demonstrated in Publication III. 

Current FFF methods and materials are used mainly to prepare non-functional 
objects, such as fashion products and spare parts [152], [215]. Additionally, one of 
the benefits of FFF is that the parts can be prepared in a single process on a textile 
or plastic substrate instead of a multistage lamination or adhering process [146], 
[152]. The accurate dispensing of the molten plastic enables the combination of 3D 
printing and functional pre-printed plastic films, as tested in Publication II. 

3D-printed objects are made functional with many methods. For instance, 
heating elements are made from intermediate conductive plastic filaments [55], and 
liquid metals are fed inside 3D-printed objects [100]. For the maximum efficiency of 
3D printing, unlike conventional electronics, the electronics need to be designed 
non-planarly, where components are sideways, bottom side up, or in other directions 
[43]. The tighter packaging improves the integration level of the electronics, which 
however, is still limited in FFF because most commercial 3D printers have only three 
axes [227], [248], [258]. In the future, more complex structures can be prepared with 
modular and more sophisticated 5-axis systems [237], [257]. 



 

68 

polymer matrix complies with the deformation of the substrate, and by modifying 
the chemistry and decreasing the amount of fillers, the stretchability of the 
interconnections can be improved [255]. The copper interconnections are 
electrodeposited homogenous metal foils that have uniform thickness and grain size 
[11]. Between these, the inkjet technology uses conductive inks with nano- and 
macroscale metal fillers, which after sintering, form metallic interconnections [186]. 
Because of their thinness, the metallic interconnections are inherently flexible, and 
only with component-level design, are made stretchable [60], [184]. 

At the component level, the stiffness of the interconnections is changed by 
varying shapes and dimensions of interconnections. For instance, the durability of 
the stretchable meander-shaped copper foil interconnections can be improved by 
decreasing the width [254] or changing the shape of the meander [256]. The wider 
metallic interconnections are stiffer, which decreases their stretchability but 
improves their electrical properties. Also, the substrate can be pre-stretched prior to 
lamination or inkjet printing for wavy stretchable interconnections [60], [184]. The 
electrical properties of screen-printed interconnections also improve with wider 
interconnections [112], and because of the inherent stretchable polymer matrix 
composition, the stiffness increase is minimal. Still, increasing the size of 
interconnections is not feasible when small integrated stretchable wearables are 
desired. 

At the system level, the stiffness of the system around the stretchable 
interconnections can be locally controlled by various methods. For example, 
between the meander-shaped copper foil interconnection and deformable substrate, 
a flexible meander-shaped PI film can be added to make the copper meanders 
elongate more uniformly [13]. This also decreases the delamination tendency of the 
copper foil, the main cause of the failure of the interconnection. With the screen-
printed interconnections in Publication II, local support structures can be added 
on the TPU substrate next to the interconnection by 3D printing. 3D printing 
enables the placing and melting of 3D structures directly on the film, which increases 
the integration level of the system [147]. In addition, the printed interconnection can 
be covered with another layer of deformable substrate, which decreases the out-of-
the-plane movement of conductive traces and distributes deformations on the larger 
area [161]. Moreover, holes and other cuts can also be used to change the 
deformation of the substrate [34], [160]. 

 

69 

4.3 Possibilities of 3D-printing in stretchable electronics 

The development of conductive materials in 3D printing has been advanced and 
there are commercial conductive materials available [149], [257]. Still, the commercial 
conductive materials have limitations, such as poor thermal stability [230], and 
rigidness [257]. One aspect is to consider the 3D-printed stretchable electronics as 
composite structures, and in Publication III, conductive fibers are integrated inside 
3D-printed stretchable plastic [46]. When permeable carbon fiber cloths are placed 
in the plastic matrix, the higher amount of carbon fibers and the interfaces improve 
and stabilize the conductivity of the fiber layer. However, the high amount of fibers 
also increases the stiffness of the stretchable matrix. The electrical and mechanical 
properties are the most balanced in the matrix with a 106 µm thick fiber layer, which 
resistance changes only 0,5 % in the cyclic tests after the orientation of the CFC 
layer. The stability of the structure allows the use of the samples as a 3D-printed 
strain sensor, as demonstrated in Publication III. 

Current FFF methods and materials are used mainly to prepare non-functional 
objects, such as fashion products and spare parts [152], [215]. Additionally, one of 
the benefits of FFF is that the parts can be prepared in a single process on a textile 
or plastic substrate instead of a multistage lamination or adhering process [146], 
[152]. The accurate dispensing of the molten plastic enables the combination of 3D 
printing and functional pre-printed plastic films, as tested in Publication II. 

3D-printed objects are made functional with many methods. For instance, 
heating elements are made from intermediate conductive plastic filaments [55], and 
liquid metals are fed inside 3D-printed objects [100]. For the maximum efficiency of 
3D printing, unlike conventional electronics, the electronics need to be designed 
non-planarly, where components are sideways, bottom side up, or in other directions 
[43]. The tighter packaging improves the integration level of the electronics, which 
however, is still limited in FFF because most commercial 3D printers have only three 
axes [227], [248], [258]. In the future, more complex structures can be prepared with 
modular and more sophisticated 5-axis systems [237], [257]. 



 

70 

5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

Stretchable electronics are enablers for intelligent and indistinguishable electronic 
systems that can be applied to clothing or other objects, which dimensions change 
during their use. The current limitations of stretchable electronics are their 
mechanical durability and electrical stability. In a system that consists of PCB 
modules, stretchable interconnections, and a deformable substrate, the mechanical 
and electrical features of the system are defined by their properties solely and after 
the joining of the components. The properties are affected by the material, 
manufacturing, and joining methods of the components, which are varied in this 
work. 

First, different non-conductive adhesives are used to make stretchable electronics 
joints from stretchable TPU film and rigid FR4 and 3D-printed substrates (research 
question 1). The hard structural adhesives are more compatible with rigid substrates, 
where they cause inconsistent failure behavior. Peeling of the structural adhesives 
realizes in phases, which combined with the stretchability of the TPU film, makes 
the failures of PU-based adhesives unsystematic. Also, the uneven layer thickness of 
CA-based adhesives decreases reliability of the peeling. With non-structural PSA 
tape, the tape is elastic, thus it can follow the stretching of TPU and form a stable 
peeling profile. Moreover, PSA tape enables some degree of re-adherence of the joint 
after the stretching of the joint is removed, allowing the fabrication of re-bonding 
joints. Still, the evenness of the rigid substrate is highlighted, and with the uneven 
3D-printed substrate, gluing is not the optimum joining method. 

By using FDM 3D printing method to extrude molten TPU filament on 
stretchable TPU film, it is possible to diffuse two plastic objects together without 
adhesives (research question 2). The adherence of direct 3D-printed plastics on the 
film is improved by increasing the 3D-printing temperature. In stretchable 
electronics, the 3D-printed objects can be used to control the local elongation of the 
screen-printed stretchable interconnections. Meander-shaped screen-printed 
interconnections have uneven elongation, and with local 3D-printed supports, 
electrical properties of the interconnections are changed. The supports between the 
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meanders concentrate higher amount of elongation in the meanders, which increases 
their resistance. Inside or just outside the meanders, the supports improve elongation 
uniformity in the interconnections, which increase maximum elongation of 
stretchable interconnections. 

3D printing can be used more extensively for stretchable electronics by 
integrating conductive fillers inside 3D-printed objects. As the novel fabrication 
method, carbon-based staple fiber cloth pieces are placed in the middle of the 3D-
printed TPU matrix (research question 3). When the thickness of the cloth pieces is 
varied between ~ 53 µm – 153 µm, which together the 3D-printed TPU, forms 
stretchable 3D-printed composite structures. The high permeability of ~ 53 µm thick 
cloth pieces enables elastic and the steadiest mechanical behavior, while the thick ~ 
150 µm cloth pieces have the highest conductivity and stiffness. The ~ 53 µm thick 
cloth pieces are also laminated together, where the interface area between two cloth 
layers boosts the conductivity. Also, the integration of the cloth pieces inside the 
3D-printed TPU improves the electrical properties because of the compression of 
the fibers. Differing from the existing stretchable interconnections, the fibers 
resistance improves over cycles. At the initial cycles in the cyclic testing, the fibers 
orientate along the elongation direction, which causes the high resistance peak, 
which evens quickly to lower resistance levels. 

As noted with 3D-printed supports and conductive fiber-reinforced matrix, the 
mechanical differences of the components in the stretchable system decrease the 
electrical and mechanical durability. The mechanical differences concentrate stresses 
to the interphase of elastic–rigid area, which is the first area to fail electrically. To 
study the controlling of the stress concentration, protective structures are prepared 
in the hybrid SCB stretchable electronics samples (research question 4). The 
resistance increase of screen-printed conductive traces over copper–TPU film 
transition area is limited efficiently by using straight protective structures outside the 
traces. The straight protective structures work the optimum way when they are 
parallel to the elongation direction. Curved top areas of the structures twisted during 
the elongation, which led to the cracking of the structures. The higher curvature 
accelerated the cracking. Also, the thickness of the protective structure affected the 
failure mechanisms, and with the thin 0,5 mm wide structures, the cracking realized 
faster and caused the tearing of the TPU film. The thick 1,0 mm structures were 
more stable, and cracking did not cause the complete mechanical failure of the 
samples. 

The stretchable electronic systems include various materials, manufacturing 
methods, and joining techniques, which compatibility is determined by their 
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mechanical features, which further affects the electrical durability. In this work 
challenges and possible solutions to increase the general durability of stretchable 
electronic systems were presented. 

5.2 Future work 

The work has inspired the development of stretchable electronics further with two 
approaches. The current manufacturing methods, based on plastic, electronics, and 
textile approaches, can be merged more to develop new more integrated stretchable 
electronics. Also, the role of 3D printing as an alternative manufacturing method 
needs more research. Although the current 3D printing methods for complex 
materials, such as stretchable and conductive plastics, are still limited, the integrated 
permeable fiber matrices and stretchable conductive inks allow modified 3D printing 
processes for 3D-printed stretchable electronics. 

The new manufacturing techniques create new products. The commercial 
applications of stretchable electronics have not been focused on this work, but with 
knowledge from this work, the application areas are considered in the future. The 
applications can be considered from aspects of manufacturers, service providers, and 
consumers. The three groups demand different properties from stretchable 
electronics. For example, stretchable electronics stand out for consumers often as 
wearable electronics, which are used in sports, healthcare, and gaming. 
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Abstract—Over the past few years, there has been an increas-
ing demand for techniques that allow the forming of stretchable
electronics systems from the combination of rigid printed circuit
board (PCB) modules and stretchable substrates. The durability
issues between the module and interconnects have been solved by
optimizing the module’s geometry. However, the limiting factor
is a reliable attachment method of the module on the substrate.
The use of nonconductive adhesives (NCAs) for bonding is one
of the most potential techniques due to their low costs and
ability to form bonds fast and without a high-temperature cure.
In this article, we focused on the testing of different stretchable
electronics joints from readily available NCAs and different rigid
module materials. The joint samples were tested by using a
peel test setup. The fracture surface analysis was carried out
by applying the Fourier transform infrared spectroscopy (FTIR).
Three different classes of failure mechanisms were identified. The
best results were achieved with a novel nonstructural adhesive
joint. The nonstructural adhesive joints had a good (0, 28 N/mm)
average maximum bond strength with the rigid and smooth
FR4 substrate, which made the stretchable substrate elongate
considerably (85%) during the peeling. The joint samples from
structural adhesives, traditionally used in the electronics industry,
were suboptimal.

Index Terms—Adhesive strength, failure analysis, Fourier
transform infrared spectroscopy (FTIR), stretchable electronics.

NOMENCLATURE

ATR Attenuated total reflection.
CA Ethylene cyanoacrylate.
FTIR Fourier transform infrared spectroscopy.
IR Infrared.
PCB Printed circuit board.
PLA Polylactic acid.
PSA Pressure-sensitive adhesive.
PU Polyurethane.
NCA Nonconductive adhesive.
TPU Thermoplastic polyurethane.
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I. INTRODUCTION

TRADITIONAL electronic circuits are powerful yet inher-
ently rigid. The rigidity restricts the formability and

deformation during operation, which further limits the usabil-
ity of rigid circuits in complex applications. The problem
is solved with stretchable electronics that can accommodate
very high strains and comply with deformations simply by
elongating them [1]. Furthermore, the behavior of the elonga-
tion is reliable and provides for compatibility, enabling new
implementations of these electronics, such as wearable appli-
cations and multisite instrumentation typical of the Internet of
Things [2].

Of the many ways to produce stretchable electronics,
one way is to attach small intelligent islands on a highly
elastic substrate. The islands are, for example, PCBs that
hold standard electronic components [2], [3]. The islands
are electrically connected by stretchable interconnections on
the compliant substrate. The interconnections are shaped and
optimized per composition so that they intrinsically elongate
until they reach very high maximum strains [4]. The islands
form an intelligent network with the interconnections, in which
functional operations are distributed to several islands.

The advantage of the island network is that the concept
can be implemented with standard manufacturing methods
using off-the-shelf components. Well-established manufactur-
ing processes make the stretchable electronics reliable and cost
effective to produce [2]. This kind of manufacturing approach
is supported by the development of electronics components,
which will increase the functional capacity of the islands and
decrease their size. The size and shape of islands considerably
affect how individual islands interfere with the elongation
of the highly compliant substrate. Based on existing work,
circular islands—with diameters as high as 18 mm—permit a
stretchable system [5].

Stretchable electronics include three types of components:
rigid islands, stretchable interconnections, and a highly com-
pliant substrate. Stretchable interconnections have been inten-
sively studied, and 600% elongations have been achieved
for interconnections [6], but the connections to a component
typically break at 20%–50% [7]. The solutions described
previously are difficult to implement when they involve del-
icate local modification of the substrate or embedded guard
structures.

The durability issues between the module and interconnects
have been studied extensively [4], [8], [9]. One potential
solution is to optimize the module’s geometry [4], [10].
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Fig. 1. (a) Proposition for stretchable electronics module design.
Clover-shaped module directs deformations away from printed interconnec-
tions [10], and compliant (black) PSA tape decreases the stress concentration
effect between the module and the substrate. (b) Illustration on how the
interconnections turn under the clover-shaped module.

The optimization is based on inwardly curved edges, which
form tapered channels through which the interconnections are
routed (see Fig. 1). This guides the stress away from the
critical area of the component edge and guards the connection
between the interconnections and the component.

However, the optimized modules need a proper attachment
method to work as stress release. Currently, the limiting factor
is the adherence method of the modules on the substrate.
In this article, we have investigated the applicability of avail-
able adhesives with the materials of stretchable electronics
to find the optimal combination for the assembly of the
stretchable circuit board.

NCAs have been reported for the use of adhering the com-
ponents and the islands during the preparation of stretchable
conductive joints, focusing on electric properties. The mechan-
ical quality and the durability have received little attention,
although long-term durability is a primary challenge in these
systems [3]. In this article, the adhesion and the weakest links
of various bonds of stretchable electronics joints are studied
by means of testing and material characterization. Alternative
testing methods and more durable stretchable joint designs are
pursued with the cross-disciplinary methods.

II. THEORY

A. Methods to Attach Islands on Substrate

When the islands, such as PCBs, and the substrate with
the interconnections are joined, they are designed to form
electrical and mechanical contacts. The electrical contacts are
created between the islands and stretchable interconnections,
which form an intelligent stretchable network. The mechanical

contacts are made between nonconductive areas of the islands
and substrate to protect the electrical contacts from mechanical
stresses and corrosion. The islands can be adhered on a
substrate with adhesives, mechanical interlocking, or solders.

Adhesives with fillers such as silver flakes and carbon
nanotubes are generally versatile and the conductive fillers
make the joints conductive. The conductivity depends on the
amount and type of the conductive fillers in the adhesive.
A high amount of the fillers, i.e., above the percolation
threshold, allow isotropic conductivity. A low amount of
fillers, i.e., below the percolation threshold, allow anisotropic
conductivity (or no conductivity). Both kinds of conductive
adhesives, isotropic conductive adhesives and anisotropic con-
ductive adhesives, are used in stretchable electronics. NCA can
be added to the conductive adhesive joints; this improves the
joints’ mechanical strength and decreases the amount of costly
conductive adhesive [9].

An alternative option to attach the islands on a highly
compliant substrate is the compression joint method, which is
especially used in smart textiles. The compression bonds are
made by fastening the parts mechanically—that is, by apply-
ing pressure to the contacts. The compression joints can be
permanent, like rivets [11] or adhesives, or removable, like
snap fasteners [12]. When using fasteners, this approach tends
to be complicated and expensive to manufacture.

As a third option, solders can be used to create the electrical
contacts. Low-temperature solders containing bismuth and/or
indium have to be used because of the low thermal softening
range of the substrates [13]. NCAs are often used with solders
as underfills and later as encapsulators to improve the mechan-
ical strength [3]. However, specialized low-temperature solders
are expensive. In addition, reliable contacts to the printed
stretchable traces on compliant (and compressive) substrate
are difficult to achieve with solders.

NCAs can be used as underfills or as the bonding method to
form stretchable electronics joints in all previously described
attachment methods. NCAs are used to clamp joints together
mechanically and electrically [8], [9], such that the clamping
pressure, along with the hardening shrinkage of the NCA,
leads to compressive forces at the joint, which maintain
the contacts. The formed contacts are also affected by the
geometry of the contacts [9]. Using solely NCAs in stretchable
electronics is attractive because of the cost-effectiveness and
the ability to form bonds fast and at low temperatures. Reduced
assembly costs are a result of shorter overall assembly
time and adhesives with no additional expensive conductive
fillers [8]. However, each attachment method is influenced both
by the compatibility between the specific substrates and the
NCA and by how the formed joint deforms and fails under
stresses. The compatibility depends on various parameters,
and this article aims to provide new information about the
compatibility of common stretchable electronics substrates and
widely used NCAs.

B. Phenomena in the System

The primary requirement for choosing a proper NCA for
stretchable electronics is that it needs to fix the surfaces of the
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Fig. 2. (a) Behavior of stiff and highly deformable adhesive under uniaxial
stretching. (b) Basic failure modes of an adhesive joint.

rigid PCB islands and a highly compliant substrate together.
The NCA needs to comply with the deformation differences
of materials and, at the same time, maintain adhesion.

Generally, adhesion can be defined as an action when two
bodies stick together [14]. In theory, the bond surfaces of the
bodies form a common 2-D interface, where adherence of
surfaces can be thought to happen. In some cases, depend-
ing on the properties of surfaces and expected deformation
mechanisms of the joint (e.g., in the stretchable electronics
joints), the 2-D interface is better represented by a 3-D inter-
phase. The interphase consists of the interface and the bulk
surrounding it, forming the volume for adhesion phenomena,
such as mechanical mixing and diffusion, to occur [15].

When NCA is used to attach a PCB island on the substrate,
NCA has two different interfaces to adhere to: an interface
between the island and the adhesive and an interface between
the substrate and the adhesive. The adhesive must wet the sur-
faces upon preparation to establish interfacial bonds on solid
surfaces at the interfaces. Wetting and the flow deformation
of an adhesive are affected by the temperature, pressure, and
composition [15].

The wetting is also influenced by the properties of the
solid surfaces, such as roughness, permeability, and compo-
sition. Theoretically, rough surfaces can increase adhesion
via a higher surface area, which enables a higher amount of
interfacial bonds and mechanical interlocking. However, a too
high roughness might lead to voids, which can weaken the
joint [15].

Two kinds of NCAs can be used, based on the designed
deformation mechanisms in the stretchable electronics joint.
The so-called structural adhesives are relatively stiff and
can withstand high loads, although the stretchable substrate
deforms [16].

Viscoelastic adhesives, such as PSAs, are highly deformable
and can follow the substrate under loading [17], [16]. Fig. 2(a)
shows the behavior of a structural and a highly deformable
adhesive layer.

Adhesives have several parameters that affect the actual
bonding strength of the joint. The optimum thickness of the
adhesive layer depends on the nature of the adhesive. The
cohesive strength of a thick adhesive layer can be less than
that of the substrate. Likewise, a variation in the thickness of
the adhesive layer offers initiation points for fractures [18].
Furthermore, the exact composition, temperature, humidity,

and possible curing agents influence the chemical bond
formation within the adhesive [16].

In principle, there are three ways for a joint to fail, which
Fig. 2(b) shows. Basically, an adhesive joint can fail in
either an adhesive or a cohesive manner. The adhesion failure
happens when the adhesive layer does not form sufficient
adhesion to bondable surfaces, and the failure occurs cleanly
along an interface. The cohesive failure of the adhesive layer
happens when the adhesive layer forms a bond stronger than
its constitution, and the adhesive layer itself breaks. Moreover,
the cohesive failure can occur in the substrate, which causes
a type of substrate failure. The substrate failure can occur in
the form of substrate delamination or breakage [15], [19].

The strength of the substrate-PCB island system also
depends on the local stress–strain gradients [3]. Steep
stress–strain gradients typically lead to damage initiation.
The failure is caused by a stress concentration effect due to
the components having a high mismatch in terms of initial
stiffness and stress–strain behavior at high strains [3], [20].
The disadvantageous features of the stress concentration effect
can be adjusted by optimizing the islands’ shape [10] or by
smoothening the deformation differences by gradually stiffen-
ing areas around the islands [20], [21]. Additionally, the stress
concentration effect can be influenced by the adhesive selec-
tion. The selection must also meet the primary requirement of
working as a static contact, which might be difficult to achieve
using only highly deformable, nonstructural NCAs [8].

C. Modeling as a Part of Designing Interconnections

The testing of various bonding concepts and adhesive
products is a laborious activity but is typically necessary
up to a certain point. Numerical simulations with validated
material models can be used to optimize the geometries of
conductive paths (inks), interconnections of PCB modules and
the substrates so that electronics in the future could match
better deformation of skin and human motion [22], [23]. Valid
simulations of strains in the conductive parts of stretchable
electronics are the first step on the way to estimate the load-
ing and ultimate failure of adhesive bonds [4]. Furthermore,
the modules and possible encapsulation must be accurately
modeled [24], [25]. The mode of failure and the properties of
the adhesive(s) must be known for the damage of the actual
bonding to be properly characterized. The first experiments
of the bonding failure can be used as benchmark tests to
fit and adjust the numerical models for further optimization
routines. Typical methods for these experiments are various
tests of adhesion, such as peel tests and pull-off tests. The
failure mode observed in a real test provides the knowledge
of the damage site, i.e., the model must include a damage
model for the specific material or interface that breaks. The
behavior of the damage propagation during experimentation
can be used to decide whether or not inertia plays a role in
the simulation of the test. Finally, a proper combination of
tests is needed to fit a 2-D or even a 3-D model with the
critical fracture mechanics parameters, such as fracture energy
or fracture toughness. Methods on a finite element basis are
necessary, especially for the 3-D models.
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Fig. 1. (a) Proposition for stretchable electronics module design.
Clover-shaped module directs deformations away from printed interconnec-
tions [10], and compliant (black) PSA tape decreases the stress concentration
effect between the module and the substrate. (b) Illustration on how the
interconnections turn under the clover-shaped module.

The optimization is based on inwardly curved edges, which
form tapered channels through which the interconnections are
routed (see Fig. 1). This guides the stress away from the
critical area of the component edge and guards the connection
between the interconnections and the component.

However, the optimized modules need a proper attachment
method to work as stress release. Currently, the limiting factor
is the adherence method of the modules on the substrate.
In this article, we have investigated the applicability of avail-
able adhesives with the materials of stretchable electronics
to find the optimal combination for the assembly of the
stretchable circuit board.

NCAs have been reported for the use of adhering the com-
ponents and the islands during the preparation of stretchable
conductive joints, focusing on electric properties. The mechan-
ical quality and the durability have received little attention,
although long-term durability is a primary challenge in these
systems [3]. In this article, the adhesion and the weakest links
of various bonds of stretchable electronics joints are studied
by means of testing and material characterization. Alternative
testing methods and more durable stretchable joint designs are
pursued with the cross-disciplinary methods.

II. THEORY

A. Methods to Attach Islands on Substrate

When the islands, such as PCBs, and the substrate with
the interconnections are joined, they are designed to form
electrical and mechanical contacts. The electrical contacts are
created between the islands and stretchable interconnections,
which form an intelligent stretchable network. The mechanical

contacts are made between nonconductive areas of the islands
and substrate to protect the electrical contacts from mechanical
stresses and corrosion. The islands can be adhered on a
substrate with adhesives, mechanical interlocking, or solders.

Adhesives with fillers such as silver flakes and carbon
nanotubes are generally versatile and the conductive fillers
make the joints conductive. The conductivity depends on the
amount and type of the conductive fillers in the adhesive.
A high amount of the fillers, i.e., above the percolation
threshold, allow isotropic conductivity. A low amount of
fillers, i.e., below the percolation threshold, allow anisotropic
conductivity (or no conductivity). Both kinds of conductive
adhesives, isotropic conductive adhesives and anisotropic con-
ductive adhesives, are used in stretchable electronics. NCA can
be added to the conductive adhesive joints; this improves the
joints’ mechanical strength and decreases the amount of costly
conductive adhesive [9].

An alternative option to attach the islands on a highly
compliant substrate is the compression joint method, which is
especially used in smart textiles. The compression bonds are
made by fastening the parts mechanically—that is, by apply-
ing pressure to the contacts. The compression joints can be
permanent, like rivets [11] or adhesives, or removable, like
snap fasteners [12]. When using fasteners, this approach tends
to be complicated and expensive to manufacture.

As a third option, solders can be used to create the electrical
contacts. Low-temperature solders containing bismuth and/or
indium have to be used because of the low thermal softening
range of the substrates [13]. NCAs are often used with solders
as underfills and later as encapsulators to improve the mechan-
ical strength [3]. However, specialized low-temperature solders
are expensive. In addition, reliable contacts to the printed
stretchable traces on compliant (and compressive) substrate
are difficult to achieve with solders.

NCAs can be used as underfills or as the bonding method to
form stretchable electronics joints in all previously described
attachment methods. NCAs are used to clamp joints together
mechanically and electrically [8], [9], such that the clamping
pressure, along with the hardening shrinkage of the NCA,
leads to compressive forces at the joint, which maintain
the contacts. The formed contacts are also affected by the
geometry of the contacts [9]. Using solely NCAs in stretchable
electronics is attractive because of the cost-effectiveness and
the ability to form bonds fast and at low temperatures. Reduced
assembly costs are a result of shorter overall assembly
time and adhesives with no additional expensive conductive
fillers [8]. However, each attachment method is influenced both
by the compatibility between the specific substrates and the
NCA and by how the formed joint deforms and fails under
stresses. The compatibility depends on various parameters,
and this article aims to provide new information about the
compatibility of common stretchable electronics substrates and
widely used NCAs.

B. Phenomena in the System

The primary requirement for choosing a proper NCA for
stretchable electronics is that it needs to fix the surfaces of the
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Fig. 2. (a) Behavior of stiff and highly deformable adhesive under uniaxial
stretching. (b) Basic failure modes of an adhesive joint.

rigid PCB islands and a highly compliant substrate together.
The NCA needs to comply with the deformation differences
of materials and, at the same time, maintain adhesion.

Generally, adhesion can be defined as an action when two
bodies stick together [14]. In theory, the bond surfaces of the
bodies form a common 2-D interface, where adherence of
surfaces can be thought to happen. In some cases, depend-
ing on the properties of surfaces and expected deformation
mechanisms of the joint (e.g., in the stretchable electronics
joints), the 2-D interface is better represented by a 3-D inter-
phase. The interphase consists of the interface and the bulk
surrounding it, forming the volume for adhesion phenomena,
such as mechanical mixing and diffusion, to occur [15].

When NCA is used to attach a PCB island on the substrate,
NCA has two different interfaces to adhere to: an interface
between the island and the adhesive and an interface between
the substrate and the adhesive. The adhesive must wet the sur-
faces upon preparation to establish interfacial bonds on solid
surfaces at the interfaces. Wetting and the flow deformation
of an adhesive are affected by the temperature, pressure, and
composition [15].

The wetting is also influenced by the properties of the
solid surfaces, such as roughness, permeability, and compo-
sition. Theoretically, rough surfaces can increase adhesion
via a higher surface area, which enables a higher amount of
interfacial bonds and mechanical interlocking. However, a too
high roughness might lead to voids, which can weaken the
joint [15].

Two kinds of NCAs can be used, based on the designed
deformation mechanisms in the stretchable electronics joint.
The so-called structural adhesives are relatively stiff and
can withstand high loads, although the stretchable substrate
deforms [16].

Viscoelastic adhesives, such as PSAs, are highly deformable
and can follow the substrate under loading [17], [16]. Fig. 2(a)
shows the behavior of a structural and a highly deformable
adhesive layer.

Adhesives have several parameters that affect the actual
bonding strength of the joint. The optimum thickness of the
adhesive layer depends on the nature of the adhesive. The
cohesive strength of a thick adhesive layer can be less than
that of the substrate. Likewise, a variation in the thickness of
the adhesive layer offers initiation points for fractures [18].
Furthermore, the exact composition, temperature, humidity,

and possible curing agents influence the chemical bond
formation within the adhesive [16].

In principle, there are three ways for a joint to fail, which
Fig. 2(b) shows. Basically, an adhesive joint can fail in
either an adhesive or a cohesive manner. The adhesion failure
happens when the adhesive layer does not form sufficient
adhesion to bondable surfaces, and the failure occurs cleanly
along an interface. The cohesive failure of the adhesive layer
happens when the adhesive layer forms a bond stronger than
its constitution, and the adhesive layer itself breaks. Moreover,
the cohesive failure can occur in the substrate, which causes
a type of substrate failure. The substrate failure can occur in
the form of substrate delamination or breakage [15], [19].

The strength of the substrate-PCB island system also
depends on the local stress–strain gradients [3]. Steep
stress–strain gradients typically lead to damage initiation.
The failure is caused by a stress concentration effect due to
the components having a high mismatch in terms of initial
stiffness and stress–strain behavior at high strains [3], [20].
The disadvantageous features of the stress concentration effect
can be adjusted by optimizing the islands’ shape [10] or by
smoothening the deformation differences by gradually stiffen-
ing areas around the islands [20], [21]. Additionally, the stress
concentration effect can be influenced by the adhesive selec-
tion. The selection must also meet the primary requirement of
working as a static contact, which might be difficult to achieve
using only highly deformable, nonstructural NCAs [8].

C. Modeling as a Part of Designing Interconnections

The testing of various bonding concepts and adhesive
products is a laborious activity but is typically necessary
up to a certain point. Numerical simulations with validated
material models can be used to optimize the geometries of
conductive paths (inks), interconnections of PCB modules and
the substrates so that electronics in the future could match
better deformation of skin and human motion [22], [23]. Valid
simulations of strains in the conductive parts of stretchable
electronics are the first step on the way to estimate the load-
ing and ultimate failure of adhesive bonds [4]. Furthermore,
the modules and possible encapsulation must be accurately
modeled [24], [25]. The mode of failure and the properties of
the adhesive(s) must be known for the damage of the actual
bonding to be properly characterized. The first experiments
of the bonding failure can be used as benchmark tests to
fit and adjust the numerical models for further optimization
routines. Typical methods for these experiments are various
tests of adhesion, such as peel tests and pull-off tests. The
failure mode observed in a real test provides the knowledge
of the damage site, i.e., the model must include a damage
model for the specific material or interface that breaks. The
behavior of the damage propagation during experimentation
can be used to decide whether or not inertia plays a role in
the simulation of the test. Finally, a proper combination of
tests is needed to fit a 2-D or even a 3-D model with the
critical fracture mechanics parameters, such as fracture energy
or fracture toughness. Methods on a finite element basis are
necessary, especially for the 3-D models.
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TABLE I

SUBSTRATE MATERIALS USED IN FOR SAMPLE PREPARATION

TABLE II

SAMPLE TEST SERIES FOR PEEL TESTING

III. METHODS

A. Sample Preparation

All of the samples have a 100-μm thick TPU film
(Platilon U 4201 AU, by Covestro) representing the highly
compliant substrate in the stretchable joint. The length of
each film piece is 210 mm (50-mm longer than the “stiff”
substrates) so that the film can be fixed to the lower jaw of
the tensile test machine. Two kinds of stiff substrates are used:
1) a smooth and solid solder mask-covered (Coates XV501T)
green FR4 board; and 2) a rough and permeable 3-D-printed
PLA substrate board. The 3-D-printed samples are made with
a 0.2-mm layer thickness, and the direction of printing on
the surface layer is parallel to the lengthwise direction of the
sample. Table I lists the substrates. The bond surfaces of the
substrates are cleaned with isopropyl alcohol before applying
any of the adhesive candidates.

Table II presents all of the six sample series with the
studied adhesive candidates and related times of adhesives to
achieve handling strength. We studied four different structural
adhesives. Epoxy adhesives are used in the manufacture
of traditional electronics and stretchable electronics [21].
Therefore, two kinds of two-component epoxy adhesive
systems are used in the specimen preparation: semiflexible
toughened ET515 [26] and a modified MT382 for sealing
and bonding applications [27], both by Permabond. The
other, less conventional structural adhesives for electronics
manufacturing are a compliant two-component PU adhesive
system Scotch-Weld DP610 (3M) [28] and a one-component
CA adhesive system 406 for plastics and elastomeric materials
by Loctite [29]. Loctite 406, also Loctite SF 7239 primer
that is designed for difficult plastic substrates [30], is used.
In total, there are five different structural adhesive candidates.

The samples are prepared by spreading the adhesive (paste)
on the substrate pieces and by pressing a substrate piece and

Fig. 3. (a) Floating roller peel test setup with the 45◦ peel angle used in
this article. (b) Schematic diagram of floating roller peel test jig.

TPU film together for a specified time. The duration of the
pressing depends on the reported time, which is required for
adhesives to acquire sufficient handling strength. The pressing
pressure for all the samples is 1.4 kPa. The process was
conducted the same way for all the samples in each series
to ensure even bond line thickness of parallel samples. In this
article, the effect of bond line thickness to adhesion was not
studied.

As a candidate for compliant adhesives, PSA tape 8132LE
(3M) is used. 8132LE tape is 58-μm thick and has support
films on both sides prior to bonding [31]. The PSA tape
included samples prepared by applying the PSA tape over the
substrate pieces, then attaching them on to the TPU film. The
adherence of the tape is enhanced by pressing the samples in
a press with a 500-kPa pressure for 20 s. The heated plate
supporting the sample in the press is heated to 50 ◦C (the
heated plate on the film side).

After all the bonding preparations, all of the six sample
series are dried in ambient laboratory conditions for seven
days. After the dehydration period and before the peel tests,
the specimens are conditioned for 24 h at a temperature
of 23 ◦C and 50% relative humidity (RH).

B. Peel Tests

The behaviors of five NCAs in the assembly of stretchable
electronics joints are studied with the floating roller peel test
method. The floating roller peel test can be used to determine
the bond strength of a sample under a constant peeling speed
(50 mm/min) at a 45◦ peel angle. Here, the peel tests are
carried out by using an Instron 5967 tensile test machine with
a 2-kN load cell. The floating roller instrument is attached
to the movable upper screwhead. Each sample is tested until
sample failure or the tensile test machine’s limit, which is
300 mm. Fig. 3 shows the peel test setup used.

The value of the momentary adhesion depends on the
direction of the peel force, the width of the sample, and the
measured force, following the equation below:

Gp = F/b(1− cos θ) (1)
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Fig. 4. Typical peel test result and the determined strength values.

where Gp is the momentary peel strength (N/mm), F is the
measured force (N), b is the width of the sample (mm), and
θ is the angle of peel. In this case, the width of the sample
is 12 mm and the angle of the peel is 45◦. It should be noted
that (1) is a simplified form where plastic deformation of the
peeled substrate is ignored [32]. In this article, the size of the
peel test sample is 160 × 12 mm, in which the peelable length
is 140 mm after the gripping and onset of peeling. Six samples
per each sample series are tested in order to calculate average
and standard deviation values per series.

C. FTIR

By comparing the surfaces of the unused substrates (film
and stiff substrates) and the peeled substrates, it is possible to
recognize adhesive residues by using a composition-sensitive
technique [33].

The peel-tested samples are studied by using a microscope
and FTIR device Optics Tensor 27 (Bruker) to determine the
microscale quality of the joints and the failure mechanisms
at the interfaces. The device has a horizontal ATR unit
GladiATR, provided with a diamond crystal. The ATR
system used is compatible with the mid-region IR spectrum
(4000–400 cm−1) [34]. Background noise is removed by
scanning each surface 128 times with a 4-cm−1 resolution.
The data collected by using the FTIR technique are related
to matter at a 1–10-μm depth from the measured surface.

IV. RESULTS

Fig. 4 shows a typical peel test result where the illustrated
curve has the indicated maximum (max) bond strength and
max displacement values. Additionally, the shapes of the
peel test curves are considered with the determined failure
mechanisms to conclude with the performance of the NCAs.

A. Determined Bond Strength per Sample Series

Fig. 5 compares the average max bond strengths of the
sample series. The highest average max bond strength value is
0.28 N/mm, and the lowest value is 0.08 N/mm. The highest
bond strength of 0.28 N/mm is achieved by 8132LE adhesive
and the lowest with a value of 0.08 N/mm by ET515—both
result with the FR4 substrate. The standard deviations show
the result distribution among the six parallel samples, where a

Fig. 5. Average maximum bond strength of the peel test series.

Fig. 6. Average maximum displacement of peel samples.

low deviation indicates an even debonding process and a high
deviation indicates an uneven debonding process.

B. Maximum Displacement During the Peel Tests

The average max displacement recorded until the breakage
or test machine limit gives an indication in Fig. 6 of high
bond strength (high force required to elongate the TPU film)
and stability of the debonding process. Low max displacement
indicates poor adhesion. Very high limit strains are desirable
for stretchable joints in real products, and the high strains
manifest themselves as high displacement in the peel tests.
The average max displacement of the tests with the PSA tape
and the smooth FR4 substrate is 85% and with the PSA tape
and the rough PLA substrate 48% higher than the original
peelable length of the samples (140 mm).

Moreover, also with the structural adhesives, the average
max displacement in the tests with the PU adhesive DP610 and
the FR4 substrate is 38% higher than the peelable length.
Likewise, with the primed Loctite 406 and the FR4 substrate,
the max displacement is 28% higher than the peelable length.

Figs. 5 and 6 show that peel tests are more complicated
when the flexible peel arm is also stretchable. In the sample
series, which have high average bond strength, the stretchabil-
ity of the TPU film (and thus displacement of the tests) is not
directly proportional. Typically, when samples have low bond
strength, the TPU film does not elongate much. However, each
test results in a force-displacement curve, i.e., average or peak
values do not resemble all of the behavior. The displacement
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green FR4 board; and 2) a rough and permeable 3-D-printed
PLA substrate board. The 3-D-printed samples are made with
a 0.2-mm layer thickness, and the direction of printing on
the surface layer is parallel to the lengthwise direction of the
sample. Table I lists the substrates. The bond surfaces of the
substrates are cleaned with isopropyl alcohol before applying
any of the adhesive candidates.

Table II presents all of the six sample series with the
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achieve handling strength. We studied four different structural
adhesives. Epoxy adhesives are used in the manufacture
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Therefore, two kinds of two-component epoxy adhesive
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toughened ET515 [26] and a modified MT382 for sealing
and bonding applications [27], both by Permabond. The
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system Scotch-Weld DP610 (3M) [28] and a one-component
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In total, there are five different structural adhesive candidates.
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TPU film together for a specified time. The duration of the
pressing depends on the reported time, which is required for
adhesives to acquire sufficient handling strength. The pressing
pressure for all the samples is 1.4 kPa. The process was
conducted the same way for all the samples in each series
to ensure even bond line thickness of parallel samples. In this
article, the effect of bond line thickness to adhesion was not
studied.

As a candidate for compliant adhesives, PSA tape 8132LE
(3M) is used. 8132LE tape is 58-μm thick and has support
films on both sides prior to bonding [31]. The PSA tape
included samples prepared by applying the PSA tape over the
substrate pieces, then attaching them on to the TPU film. The
adherence of the tape is enhanced by pressing the samples in
a press with a 500-kPa pressure for 20 s. The heated plate
supporting the sample in the press is heated to 50 ◦C (the
heated plate on the film side).

After all the bonding preparations, all of the six sample
series are dried in ambient laboratory conditions for seven
days. After the dehydration period and before the peel tests,
the specimens are conditioned for 24 h at a temperature
of 23 ◦C and 50% relative humidity (RH).

B. Peel Tests

The behaviors of five NCAs in the assembly of stretchable
electronics joints are studied with the floating roller peel test
method. The floating roller peel test can be used to determine
the bond strength of a sample under a constant peeling speed
(50 mm/min) at a 45◦ peel angle. Here, the peel tests are
carried out by using an Instron 5967 tensile test machine with
a 2-kN load cell. The floating roller instrument is attached
to the movable upper screwhead. Each sample is tested until
sample failure or the tensile test machine’s limit, which is
300 mm. Fig. 3 shows the peel test setup used.

The value of the momentary adhesion depends on the
direction of the peel force, the width of the sample, and the
measured force, following the equation below:

Gp = F/b(1− cos θ) (1)
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Fig. 4. Typical peel test result and the determined strength values.

where Gp is the momentary peel strength (N/mm), F is the
measured force (N), b is the width of the sample (mm), and
θ is the angle of peel. In this case, the width of the sample
is 12 mm and the angle of the peel is 45◦. It should be noted
that (1) is a simplified form where plastic deformation of the
peeled substrate is ignored [32]. In this article, the size of the
peel test sample is 160 × 12 mm, in which the peelable length
is 140 mm after the gripping and onset of peeling. Six samples
per each sample series are tested in order to calculate average
and standard deviation values per series.

C. FTIR

By comparing the surfaces of the unused substrates (film
and stiff substrates) and the peeled substrates, it is possible to
recognize adhesive residues by using a composition-sensitive
technique [33].

The peel-tested samples are studied by using a microscope
and FTIR device Optics Tensor 27 (Bruker) to determine the
microscale quality of the joints and the failure mechanisms
at the interfaces. The device has a horizontal ATR unit
GladiATR, provided with a diamond crystal. The ATR
system used is compatible with the mid-region IR spectrum
(4000–400 cm−1) [34]. Background noise is removed by
scanning each surface 128 times with a 4-cm−1 resolution.
The data collected by using the FTIR technique are related
to matter at a 1–10-μm depth from the measured surface.

IV. RESULTS

Fig. 4 shows a typical peel test result where the illustrated
curve has the indicated maximum (max) bond strength and
max displacement values. Additionally, the shapes of the
peel test curves are considered with the determined failure
mechanisms to conclude with the performance of the NCAs.

A. Determined Bond Strength per Sample Series

Fig. 5 compares the average max bond strengths of the
sample series. The highest average max bond strength value is
0.28 N/mm, and the lowest value is 0.08 N/mm. The highest
bond strength of 0.28 N/mm is achieved by 8132LE adhesive
and the lowest with a value of 0.08 N/mm by ET515—both
result with the FR4 substrate. The standard deviations show
the result distribution among the six parallel samples, where a

Fig. 5. Average maximum bond strength of the peel test series.

Fig. 6. Average maximum displacement of peel samples.

low deviation indicates an even debonding process and a high
deviation indicates an uneven debonding process.

B. Maximum Displacement During the Peel Tests

The average max displacement recorded until the breakage
or test machine limit gives an indication in Fig. 6 of high
bond strength (high force required to elongate the TPU film)
and stability of the debonding process. Low max displacement
indicates poor adhesion. Very high limit strains are desirable
for stretchable joints in real products, and the high strains
manifest themselves as high displacement in the peel tests.
The average max displacement of the tests with the PSA tape
and the smooth FR4 substrate is 85% and with the PSA tape
and the rough PLA substrate 48% higher than the original
peelable length of the samples (140 mm).

Moreover, also with the structural adhesives, the average
max displacement in the tests with the PU adhesive DP610 and
the FR4 substrate is 38% higher than the peelable length.
Likewise, with the primed Loctite 406 and the FR4 substrate,
the max displacement is 28% higher than the peelable length.

Figs. 5 and 6 show that peel tests are more complicated
when the flexible peel arm is also stretchable. In the sample
series, which have high average bond strength, the stretchabil-
ity of the TPU film (and thus displacement of the tests) is not
directly proportional. Typically, when samples have low bond
strength, the TPU film does not elongate much. However, each
test results in a force-displacement curve, i.e., average or peak
values do not resemble all of the behavior. The displacement
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Fig. 7. Peel curves of PU adhesive DP610 with solder masked FR4 substrate.
Dark colors indicate samples that had dual interface failure, and light colors
represent samples that had adhesive failure on the interface between the
adhesive layer and the TPU substrate.

rate is simply a constant (control parameter), but the force
is dependent on the dynamic behavior of the nonlinear crack
tip-peel arm system.

C. Peel Test Behavior for Structural and Nonstructural
Compliant Adhesives

The structural adhesives and the nonstructural, compliant
adhesives lead to very different peeling behavior. The peeling
occurs in steps with the structural adhesives, which repre-
sent stick-slip behavior typical in adhesive joints. Stick-slip
behavior indicates development of the plastic crack tip and a
subsequent change in the energy dissipation by a shifting of
the failure mode. Fig. 7 shows a typical stick-slip behavior in
the curves as sudden jumps of values.

In Fig. 7, the samples peel inherently accompanied by
random stick-slip behavior. The two samples that have a high
average bond strength (over 0.3 N/mm) peel with a failure
locus shifting between adhesive substrate and adhesive film
interface (determined visually during the tests and later with
FTIR-ATR, see Section IV-D). The other four samples with
a lower bond strength have simple adhesive failure on the
interface between the adhesive layer and the TPU substrate.

The PSA tape including samples generally have a more
constant peeling behavior than do the structural adhesive
samples. However, the roughness of the 3-D-printed PLA
substrate presumably caused regular unevenness and loci of
failure initiation, as is seen for most of the sample curves
in Fig. 8. An exceptional peeling behavior is observed for
one of the samples (8132LE PSA tape), which is explained
by a different observed failure mechanism. When the other
samples (8132LE PSA tape) mainly have adhesion failure at
the interface between the adhesive layer and PLA substrate,
the deviate sample has adhesion failure on the interface
between the adhesive layer and TPU film.

D. Failure Mechanisms of Peel Samples

Fig. 9 shows typical FTIR results of a substrate (Loctite
406 adhesive-bonded sample). The IR spectrums indicate
different absorbance of IR energy, which directly indicates
that the chemical compositions of these surfaces differ. Thus,
the peeled surface has adhesive residues left after peel testing.

Fig. 8. Peel curves of 8132LE PSA tape with 3-D printed substrate. Dark
colors indicate samples, which had adhesive failure on the interface between
the tape and the rigid PLA substrate. Light colors represent samples, which
had adhesive failure on the interface between the tape and the TPU substrate.

Fig. 9. FTIR-ATR analysis of the reference FR4 substrate (blue) and the
FR4 substrate from the Loctite 406 adhesive-bonded sample (red).

Fig. 10. FTIR-ATR analysis of the reference TPU film (red) and the TPU
substrate from the sample DP610 PU adhesive with the FR4 substrate (blue).

The IR spectrums for the samples in this article are
either clearly different, representing two different polymers,
or identical, as Fig. 10 shows (the variation around 2350 cm−1

is caused by moisture and carbon dioxide [35]). Since the
“identical” curves also represent the composition of the
original surfaces (prior bonding), these samples do not have
adhesive residues.
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Fig. 11. Microscope images of samples. The peeling direction in the pho-
tographs of failed samples is downward. (a) FR4 substrate of the DP610 PU
adhesive sample that had dual interface failure. Areas of clean FR4 and the
adhesive layer are recognizable. (b) TPU substrate of the same DP610 PU
adhesive sample with surfaces of clean TPU substrate and torn adhesive layer.
(c) Unpeeled reference TPU substrate. (d) TPU substrate of 406 CA sample
that had cohesive failure. Despite the uncolored adhesive, the presence of the
adhesive residues can be seen as irregularities on the surface. (e) 3-D-printed
PLA substrate of PSA tape sample that had adhesive failure. The tape has
peeled cleanly from corrugated 3-D-printed surface. (f) TPU substrate of the
same PSA tape sample. The tape on the substrate has deformed and taken the
shape of the PLA substrate.

In addition to FTIR, peeled substrates are also studied
with microscope imaging and are shown in Fig. 11.
Fig. 11(a) and (b) shows the DP610 sample that had a
dual interface failure. Fig. 11(c) shows the reference TPU
substrate, which visually differs from the TPU substrate
of Fig. 11(d), which has irregular adhesive residues on it.
Fig. 11(e) introduces a 3-D-printed substrate from a peeled
PSA tape sample. The tape has cleanly peeled from the rigid
substrate and has remained on the TPU substrate in Fig. 11(f).

The dominant failure mechanism per sample series can be
identified and established after visual inspection, microscope
examination, and FTIR inspections. The results are catego-
rized into three failure mode groups, which are presented
in Table III.

From the observed failure modes, the epoxy adhesive-
bonded and PU adhesive-bonded samples tend to have the
adhesive failure on a single interface between the adhesive
layer and the TPU substrate when the FR4 substrate is used.
For the samples with the rough PLA substrate, adhesion failure
occurred in a random manner at both interfaces of the adhesive
layer.

The second failure mode pattern can be seen for the
Loctite 406 CA adhesive-bonded samples with or without the
primer Loctite SF 7239. Failure occurs as a cohesive failure in
the adhesive layer in all the four series, despite the determined
high standard deviation in the series results (of peel strength).

TABLE III

DOMINANT FAILURE MODES OF PEEL TEST SAMPLES

The sample series with the PSA tape stand out from the
structural adhesive series and lead to mainly adhesive failure
at the interface between the tape and the stiff substrates that
are typically deemed as unacceptable in adhesive joints. While
the compliant adhesive totally remains on the TPU substrate,
the strength values represented promising results. The PSA
tape samples have high resistance against peeling, high bond
strength, and steady debond process. The PSA tape on the
fracture surface actually remains sticky after the peel testing,
and it has an ability to reattach back to the surfaces.

V. DISCUSSION

The peel tests were successfully performed and carefully
analyzed to understand the behavior and bond quality of differ-
ent film–substrate combinations. A high elongation of the TPU
film-substrate increases the elastic energy stored in the test
setup during the testing. Since the TPU film primarily deforms
in an elastic manner, the peel strength values are essentially
anticipated correctly. However, any plastic dissipation in the
film could be subtracted to provide more accurate fracture
energy values, for example, for modeling purposes [32], [33].
The elasticity of the peel arm (film) is seen in Fig. 7 from
the recorded peel curves. It can be assumed that the first
linear increase in the curves is caused by the reversible elastic
deformations in the TPU substrate [33], which changes to less
steep because the elastic deformations change to irreversible
plastic deformation [36].

The properties of the adhesive layers, i.e., thickness, area,
and geometry, influence the load distribution in real appli-
cation joints. The floating roller peel tests are clearly more
demanding for the stretchable joints than their actual appli-
cations because the crack tip stresses are induced in a single
planar direction. Furthermore, the TPU substrate in wearable
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Fig. 7. Peel curves of PU adhesive DP610 with solder masked FR4 substrate.
Dark colors indicate samples that had dual interface failure, and light colors
represent samples that had adhesive failure on the interface between the
adhesive layer and the TPU substrate.

rate is simply a constant (control parameter), but the force
is dependent on the dynamic behavior of the nonlinear crack
tip-peel arm system.

C. Peel Test Behavior for Structural and Nonstructural
Compliant Adhesives

The structural adhesives and the nonstructural, compliant
adhesives lead to very different peeling behavior. The peeling
occurs in steps with the structural adhesives, which repre-
sent stick-slip behavior typical in adhesive joints. Stick-slip
behavior indicates development of the plastic crack tip and a
subsequent change in the energy dissipation by a shifting of
the failure mode. Fig. 7 shows a typical stick-slip behavior in
the curves as sudden jumps of values.

In Fig. 7, the samples peel inherently accompanied by
random stick-slip behavior. The two samples that have a high
average bond strength (over 0.3 N/mm) peel with a failure
locus shifting between adhesive substrate and adhesive film
interface (determined visually during the tests and later with
FTIR-ATR, see Section IV-D). The other four samples with
a lower bond strength have simple adhesive failure on the
interface between the adhesive layer and the TPU substrate.

The PSA tape including samples generally have a more
constant peeling behavior than do the structural adhesive
samples. However, the roughness of the 3-D-printed PLA
substrate presumably caused regular unevenness and loci of
failure initiation, as is seen for most of the sample curves
in Fig. 8. An exceptional peeling behavior is observed for
one of the samples (8132LE PSA tape), which is explained
by a different observed failure mechanism. When the other
samples (8132LE PSA tape) mainly have adhesion failure at
the interface between the adhesive layer and PLA substrate,
the deviate sample has adhesion failure on the interface
between the adhesive layer and TPU film.

D. Failure Mechanisms of Peel Samples

Fig. 9 shows typical FTIR results of a substrate (Loctite
406 adhesive-bonded sample). The IR spectrums indicate
different absorbance of IR energy, which directly indicates
that the chemical compositions of these surfaces differ. Thus,
the peeled surface has adhesive residues left after peel testing.

Fig. 8. Peel curves of 8132LE PSA tape with 3-D printed substrate. Dark
colors indicate samples, which had adhesive failure on the interface between
the tape and the rigid PLA substrate. Light colors represent samples, which
had adhesive failure on the interface between the tape and the TPU substrate.

Fig. 9. FTIR-ATR analysis of the reference FR4 substrate (blue) and the
FR4 substrate from the Loctite 406 adhesive-bonded sample (red).

Fig. 10. FTIR-ATR analysis of the reference TPU film (red) and the TPU
substrate from the sample DP610 PU adhesive with the FR4 substrate (blue).

The IR spectrums for the samples in this article are
either clearly different, representing two different polymers,
or identical, as Fig. 10 shows (the variation around 2350 cm−1

is caused by moisture and carbon dioxide [35]). Since the
“identical” curves also represent the composition of the
original surfaces (prior bonding), these samples do not have
adhesive residues.
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Fig. 11. Microscope images of samples. The peeling direction in the pho-
tographs of failed samples is downward. (a) FR4 substrate of the DP610 PU
adhesive sample that had dual interface failure. Areas of clean FR4 and the
adhesive layer are recognizable. (b) TPU substrate of the same DP610 PU
adhesive sample with surfaces of clean TPU substrate and torn adhesive layer.
(c) Unpeeled reference TPU substrate. (d) TPU substrate of 406 CA sample
that had cohesive failure. Despite the uncolored adhesive, the presence of the
adhesive residues can be seen as irregularities on the surface. (e) 3-D-printed
PLA substrate of PSA tape sample that had adhesive failure. The tape has
peeled cleanly from corrugated 3-D-printed surface. (f) TPU substrate of the
same PSA tape sample. The tape on the substrate has deformed and taken the
shape of the PLA substrate.

In addition to FTIR, peeled substrates are also studied
with microscope imaging and are shown in Fig. 11.
Fig. 11(a) and (b) shows the DP610 sample that had a
dual interface failure. Fig. 11(c) shows the reference TPU
substrate, which visually differs from the TPU substrate
of Fig. 11(d), which has irregular adhesive residues on it.
Fig. 11(e) introduces a 3-D-printed substrate from a peeled
PSA tape sample. The tape has cleanly peeled from the rigid
substrate and has remained on the TPU substrate in Fig. 11(f).

The dominant failure mechanism per sample series can be
identified and established after visual inspection, microscope
examination, and FTIR inspections. The results are catego-
rized into three failure mode groups, which are presented
in Table III.

From the observed failure modes, the epoxy adhesive-
bonded and PU adhesive-bonded samples tend to have the
adhesive failure on a single interface between the adhesive
layer and the TPU substrate when the FR4 substrate is used.
For the samples with the rough PLA substrate, adhesion failure
occurred in a random manner at both interfaces of the adhesive
layer.

The second failure mode pattern can be seen for the
Loctite 406 CA adhesive-bonded samples with or without the
primer Loctite SF 7239. Failure occurs as a cohesive failure in
the adhesive layer in all the four series, despite the determined
high standard deviation in the series results (of peel strength).

TABLE III

DOMINANT FAILURE MODES OF PEEL TEST SAMPLES

The sample series with the PSA tape stand out from the
structural adhesive series and lead to mainly adhesive failure
at the interface between the tape and the stiff substrates that
are typically deemed as unacceptable in adhesive joints. While
the compliant adhesive totally remains on the TPU substrate,
the strength values represented promising results. The PSA
tape samples have high resistance against peeling, high bond
strength, and steady debond process. The PSA tape on the
fracture surface actually remains sticky after the peel testing,
and it has an ability to reattach back to the surfaces.

V. DISCUSSION

The peel tests were successfully performed and carefully
analyzed to understand the behavior and bond quality of differ-
ent film–substrate combinations. A high elongation of the TPU
film-substrate increases the elastic energy stored in the test
setup during the testing. Since the TPU film primarily deforms
in an elastic manner, the peel strength values are essentially
anticipated correctly. However, any plastic dissipation in the
film could be subtracted to provide more accurate fracture
energy values, for example, for modeling purposes [32], [33].
The elasticity of the peel arm (film) is seen in Fig. 7 from
the recorded peel curves. It can be assumed that the first
linear increase in the curves is caused by the reversible elastic
deformations in the TPU substrate [33], which changes to less
steep because the elastic deformations change to irreversible
plastic deformation [36].

The properties of the adhesive layers, i.e., thickness, area,
and geometry, influence the load distribution in real appli-
cation joints. The floating roller peel tests are clearly more
demanding for the stretchable joints than their actual appli-
cations because the crack tip stresses are induced in a single
planar direction. Furthermore, the TPU substrate in wearable
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applications is usually laminated on a textile or other sub-
strate, which stiffens the stretchable joint and may also
increase its durability. It should be noted that there are
different approaches for peel testing [32], [33]. Here, the stan-
dard preparing conditions of the samples were applied to
ensure comparable results from all the sample series, but
the air humidity could have affected the adhesives differently
[16]—the results are specific to the selected test condition
(50% RH).

A. Analysis of Failure Type I Samples

The dominant failure mode of the epoxy adhesive and the
PU adhesive samples with the solder masked FR4 substrates is
adhesion failure at the interface between the adhesive layer and
the TPU substrate. In turn, the failure of the samples with the
3-D-printed PLA substrates is the randomly located adhesive
failure on both interfaces of the adhesive layer.

The epoxy adhesives formed poor adhesion on the TPU
substrate and are not a good choice for stretchable electronics
joints. Between the samples, the PLA substrate samples have
a slightly higher average bond strength than the FR4 substrate
samples, which is explained by the failure mechanisms. The
epoxy adhesive samples have the same degree of adhesion
when the adhesion failure occurred along a single interface
that increased when the adhesive layer was torn and the failure
occurred simultaneously at both interfaces. Tearing of the
adhesive layer was the phenomenon that consumed additional
energy and was caused by the thickness variations of the
adhesive layer.

The PU adhesive-bonded samples have a higher average
bond strength than the epoxy adhesive-bonded samples, which
is caused by a higher amount of adhesion between the adhesive
and the TPU substrate. There were also challenges in the
preparation of the PU adhesive DP610, including samples.
The adhesive required seven days in total to fully dry after the
manufacturer-specified time to achieve handling strength [28].
The adhesive is also sensitive to moisture [16], which causes
bubbles inside the adhesive layer during curing.

B. Analysis of Failure Type II Samples

As seen in Table III, cohesive failure is the dominant failure
mode of the CA adhesive-bonded samples. The conclusion is
confirmed by the FTIR analysis on a microscale. Generally,
cyanoacrylates cure rapidly at room temperature [16], [29].
Despite the time window of CA adhesive to achieve handling
strength, the cure of the CA adhesive might have already
begun before the clamping, which increases any variations
in the quality of the adhesive layer. Additionally, the primer
can work as an activator and accelerate the CA curing [30].
The surface topography of the stiff substrates also causes
variations to the local microscale thickness of the adhesive
layer. A thin adhesive layer is generally considered durable
with cyanoacrylates [37].

The fast curing reaction of the CA adhesive is a
disadvantage for manual bonding but can be an advantage
for industrial mass production. The results indicate that the
CA adhesive adheres very well on both TPU film and the
stiff substrates. The adhesive could be used in the stretchable

electronics joints, especially when the adhesive layer’s
thickness is optimized.

C. Analysis of Failure Type III Samples

The results of the samples with PSA tape stand out when
comparing the structural adhesives and the failure modes.
The mechanical properties of the PSA tape are closer to the
properties of the TPU film than the other tested adhesives.
The dominant failure mode occurs in the form of adhesive
failure at the interface between the adhesive layer and the stiff
substrate. However, these samples have satisfactory average
bond strength values with a low standard deviation and high
max displacements.

The failure mechanism allowed regular peeling of the TPU
film from the PSA tape-treated samples because the PSA tape
elongates rather equally with the TPU film. The challenge,
in reality, with this type of result is that the peel test perfor-
mance with a very high elongation does not represent well
the biaxial (or even tri-axial) loadings amid real PCBs. For a
real planar design, the PCB surroundings must be redesigned
to allow for enhanced compliance, imitating the free edges
of the slender specimens in the peel test. Fig. 1(a) shows
a proposition for stretchable electronics modules design to
improve the applicability and full potential of the excellent
peel test results. The design uses clover-shaped PCBs, which
decrease deformations of printed interconnections [10], and
compliant PSA tape, which decreases the mismatch between
the rigid PCB and the highly compliant substrate.

In real applications, the PSA tape can reattach after failure
but cannot alone support high-quality electrical connections
in the stretchable electronics joint (after bond failure). The
clover-shaped module allows the contacts to be routed to each
“leaf” like arm, shown in Fig. 1(b), where the PSA tape
does not elongate as much at the module’s edges. Moreover,
compliant adhesive joints could be gradually stiffened by using
the same stiffening methods that are used currently in the
stretchable electronics [1], [20], [38].

VI. CONCLUSION

Conventional NCAs, when used in the manufacturing of
rigid electronics, are not suitable as durable adhesives in
stretchable electronics. NCAs are still an attractive attach-
ment method for the stretchable electronics because of their
cost-effectiveness and simplicity. In this article, the debond
onset and the process of different NCAs are studied with
six different adhesive test series and two different rigid-type
substrates.

The results emphasize the completely different bond forma-
tion by structural adhesives and the more compliant “elastic”
adhesives in the stretchable joints. The epoxy and PU struc-
tural adhesives lead to stick-slip behavior and mixed-mode
failure at the glue line. An optimal level of dual interfacial
failure gives the highest bond strength values for these adhe-
sives. Moreover, the CA structural adhesives induced cohesive
failure in the glue line despite highly varying bond strength
values during the tests. The bond strength could be increased
and made more consistent for these systems by optimizing the
thickness and processing of the adhesive layer.
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In contrast to the structural adhesives that resemble more
rigid substrates after curing, the compliant adhesive PSA tape
behaves (from the mechanical point of view) like the TPU film
in the peel tests. The compatibility with the TPU film enhanced
the bond strength and allowed the optimal failure process
for stretchable joints. The main failure mechanism type of
these samples was adhesive failure, yet the peel strength and
displacement of the compliant adhesive series were among the
best of the total test series.

The compliant adhesive joints, with different levels of target
deformability, could be used to increase the elongation of a
stretchable electronics structure. PSA tape-type adhesives can
be used to bond rigid islands with clover-shaped modules to
apply the full potential of highly compliant interfaces and the
results by standard peel testing. Clearly, the overall planar
shaping of PCB joints is needed to increase the durability of
joints with extensive deformations.
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applications is usually laminated on a textile or other sub-
strate, which stiffens the stretchable joint and may also
increase its durability. It should be noted that there are
different approaches for peel testing [32], [33]. Here, the stan-
dard preparing conditions of the samples were applied to
ensure comparable results from all the sample series, but
the air humidity could have affected the adhesives differently
[16]—the results are specific to the selected test condition
(50% RH).

A. Analysis of Failure Type I Samples

The dominant failure mode of the epoxy adhesive and the
PU adhesive samples with the solder masked FR4 substrates is
adhesion failure at the interface between the adhesive layer and
the TPU substrate. In turn, the failure of the samples with the
3-D-printed PLA substrates is the randomly located adhesive
failure on both interfaces of the adhesive layer.

The epoxy adhesives formed poor adhesion on the TPU
substrate and are not a good choice for stretchable electronics
joints. Between the samples, the PLA substrate samples have
a slightly higher average bond strength than the FR4 substrate
samples, which is explained by the failure mechanisms. The
epoxy adhesive samples have the same degree of adhesion
when the adhesion failure occurred along a single interface
that increased when the adhesive layer was torn and the failure
occurred simultaneously at both interfaces. Tearing of the
adhesive layer was the phenomenon that consumed additional
energy and was caused by the thickness variations of the
adhesive layer.

The PU adhesive-bonded samples have a higher average
bond strength than the epoxy adhesive-bonded samples, which
is caused by a higher amount of adhesion between the adhesive
and the TPU substrate. There were also challenges in the
preparation of the PU adhesive DP610, including samples.
The adhesive required seven days in total to fully dry after the
manufacturer-specified time to achieve handling strength [28].
The adhesive is also sensitive to moisture [16], which causes
bubbles inside the adhesive layer during curing.

B. Analysis of Failure Type II Samples

As seen in Table III, cohesive failure is the dominant failure
mode of the CA adhesive-bonded samples. The conclusion is
confirmed by the FTIR analysis on a microscale. Generally,
cyanoacrylates cure rapidly at room temperature [16], [29].
Despite the time window of CA adhesive to achieve handling
strength, the cure of the CA adhesive might have already
begun before the clamping, which increases any variations
in the quality of the adhesive layer. Additionally, the primer
can work as an activator and accelerate the CA curing [30].
The surface topography of the stiff substrates also causes
variations to the local microscale thickness of the adhesive
layer. A thin adhesive layer is generally considered durable
with cyanoacrylates [37].

The fast curing reaction of the CA adhesive is a
disadvantage for manual bonding but can be an advantage
for industrial mass production. The results indicate that the
CA adhesive adheres very well on both TPU film and the
stiff substrates. The adhesive could be used in the stretchable

electronics joints, especially when the adhesive layer’s
thickness is optimized.

C. Analysis of Failure Type III Samples

The results of the samples with PSA tape stand out when
comparing the structural adhesives and the failure modes.
The mechanical properties of the PSA tape are closer to the
properties of the TPU film than the other tested adhesives.
The dominant failure mode occurs in the form of adhesive
failure at the interface between the adhesive layer and the stiff
substrate. However, these samples have satisfactory average
bond strength values with a low standard deviation and high
max displacements.

The failure mechanism allowed regular peeling of the TPU
film from the PSA tape-treated samples because the PSA tape
elongates rather equally with the TPU film. The challenge,
in reality, with this type of result is that the peel test perfor-
mance with a very high elongation does not represent well
the biaxial (or even tri-axial) loadings amid real PCBs. For a
real planar design, the PCB surroundings must be redesigned
to allow for enhanced compliance, imitating the free edges
of the slender specimens in the peel test. Fig. 1(a) shows
a proposition for stretchable electronics modules design to
improve the applicability and full potential of the excellent
peel test results. The design uses clover-shaped PCBs, which
decrease deformations of printed interconnections [10], and
compliant PSA tape, which decreases the mismatch between
the rigid PCB and the highly compliant substrate.

In real applications, the PSA tape can reattach after failure
but cannot alone support high-quality electrical connections
in the stretchable electronics joint (after bond failure). The
clover-shaped module allows the contacts to be routed to each
“leaf” like arm, shown in Fig. 1(b), where the PSA tape
does not elongate as much at the module’s edges. Moreover,
compliant adhesive joints could be gradually stiffened by using
the same stiffening methods that are used currently in the
stretchable electronics [1], [20], [38].

VI. CONCLUSION

Conventional NCAs, when used in the manufacturing of
rigid electronics, are not suitable as durable adhesives in
stretchable electronics. NCAs are still an attractive attach-
ment method for the stretchable electronics because of their
cost-effectiveness and simplicity. In this article, the debond
onset and the process of different NCAs are studied with
six different adhesive test series and two different rigid-type
substrates.

The results emphasize the completely different bond forma-
tion by structural adhesives and the more compliant “elastic”
adhesives in the stretchable joints. The epoxy and PU struc-
tural adhesives lead to stick-slip behavior and mixed-mode
failure at the glue line. An optimal level of dual interfacial
failure gives the highest bond strength values for these adhe-
sives. Moreover, the CA structural adhesives induced cohesive
failure in the glue line despite highly varying bond strength
values during the tests. The bond strength could be increased
and made more consistent for these systems by optimizing the
thickness and processing of the adhesive layer.
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In contrast to the structural adhesives that resemble more
rigid substrates after curing, the compliant adhesive PSA tape
behaves (from the mechanical point of view) like the TPU film
in the peel tests. The compatibility with the TPU film enhanced
the bond strength and allowed the optimal failure process
for stretchable joints. The main failure mechanism type of
these samples was adhesive failure, yet the peel strength and
displacement of the compliant adhesive series were among the
best of the total test series.

The compliant adhesive joints, with different levels of target
deformability, could be used to increase the elongation of a
stretchable electronics structure. PSA tape-type adhesives can
be used to bond rigid islands with clover-shaped modules to
apply the full potential of highly compliant interfaces and the
results by standard peel testing. Clearly, the overall planar
shaping of PCB joints is needed to increase the durability of
joints with extensive deformations.
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Abstract
3D printing is widely used for manufacturing complex non-functional parts, and recently, the
fabrication of electronics has also attracted research attention. The commercialized process of
fused-filament fabrication (FFF), which is still evolving,has been used in the preparation of basic
electronic conductors and sensors but only a few studies of more complex structures with
integrated circuits and passive components have been reported. Notably, the usage of FFF in
wearable stretchable electronics has not been studied previously. We demonstrate that the
combination of FFF printing and commonly used stretchable electronics materials and methods
enables new wearable stretchable electronics. In this study, thermoplastics were extruded directly
onto a stretchable substrate and their adhesion was measured using T-peel tests. The test results
were further used in the fabrication of supports for meander-shaped screen-printed interconnects.
The elongation of the interconnects with the supports were studied by tensile tests with
simultaneous measurements of the electrical conductivity. The results were good, and the adhesion
exceeded the constitution of the substrate when the filament and the substrate were of the same
material type. The average bond strength was∼2 N mm−1. Support structures placed close to the
meander-shaped interconnects changed the interconnects’ deformation under elongation. The
average maximum elongation of the interconnects was improved by∼27% when the supports
directed stresses away from the interconnects’ weak areas. Conversely, the results were∼21% lower
when the supports directed stresses towards the weak areas. This study demonstrates that it is
possible to use direct 3D printing onto highly stretchable substrates. Currently, commercial FFF
materials and methods can be used to manufacture supports, frames and other non-functional
parts on wearable electronics substrates in a single process step. We believe that in the future, FFF
will become a valuable tool in the manufacture of inexpensive and reliable wearable electronics.

1. Introduction

In a normal process flow for manufacturing rigid and
flexible PCBs, screen printing is used to pattern inter-
connects and dielectric layers onto a substrate. In
addition to normal rigid and flexible substrates, inter-
connections are now also fabricated on highly stretch-
able substrates [1]. However, the use of stretchable
substrates has introduced new adhesion and stress
concentration issues [2]. In particular, the attach-
ment of rigid electronic modules and components to
highly stretchable plastic substrates has proved diffi-
cult [3]. In addition, the stress concentrations at the

interconnections and the electrical contacts between
the conductor and the modules cause reliability
problems [4].

In this paper, we show howmanufacturing meth-
ods based on 3D printing can be used to improve
the realiability of stretchable electronics. 3D print-
ing allows the easy fabrication of complex module
geometries and support structures for interconnects.
The available literature describes many approaches
for 3D-printed electronics, but no practical applica-
tion in the domain of wearable stretchable electron-
ics with fused-filament fabrication (FFF) has been
presented [5–10].

© 2020 The Author(s). Published by IOP Publishing Ltd
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materials and methods can be used to manufacture supports, frames and other non-functional
parts on wearable electronics substrates in a single process step. We believe that in the future, FFF
will become a valuable tool in the manufacture of inexpensive and reliable wearable electronics.

1. Introduction

In a normal process flow for manufacturing rigid and
flexible PCBs, screen printing is used to pattern inter-
connects and dielectric layers onto a substrate. In
addition to normal rigid and flexible substrates, inter-
connections are now also fabricated on highly stretch-
able substrates [1]. However, the use of stretchable
substrates has introduced new adhesion and stress
concentration issues [2]. In particular, the attach-
ment of rigid electronic modules and components to
highly stretchable plastic substrates has proved diffi-
cult [3]. In addition, the stress concentrations at the

interconnections and the electrical contacts between
the conductor and the modules cause reliability
problems [4].

In this paper, we show howmanufacturing meth-
ods based on 3D printing can be used to improve
the realiability of stretchable electronics. 3D print-
ing allows the easy fabrication of complex module
geometries and support structures for interconnects.
The available literature describes many approaches
for 3D-printed electronics, but no practical applica-
tion in the domain of wearable stretchable electron-
ics with fused-filament fabrication (FFF) has been
presented [5–10].
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1.1. 3D-printed electronics
At present, sensors and electrical structures are suc-
cessfully integrated into pliable polydimethylsilox-
ane and thermoplastic polyurethane (TPU) systems
by the direct ink writing (DIW) method [5, 6]. The
structures fabricated in this way have high maximum
elongations but the method is not suitable for pliable
multilayered elements and the components require
an additional heat treatment to solidify the inks and
elastic materials.

In addition, stereolithography (SLA) is used in
the fabrication of 3D printed electronics. Micro-sized
components, such as coils, can be prepared by a
modified two-photon SLA method [7]. SLA is also
combined with the DIW method to produce multi-
chip modules [8]. These methods can produce accur-
ate and rigid 3D printed electronics on rigid sub-
strates, which could be used as modules in stretchable
electronics.

Totally new 3D-printing setups have also been
prepared for 3D printed stretchable electronics. For
example, gallium-based liquidmetal is coprintedwith
flexible silicon material to make elastic conductors
and components [9]. Inflatable silicone membranes,
which can work as elastic substrates for stretchable
electronics, can be printed on an air-permeable man-
drel [10]. However, these setups are still at the devel-
opment stage; workingwith liquidmetal is inconveni-
ent, components are bulky and inert silicon materials
canmake the assembly of stretchable systems difficult.

1.2. Direct 3D printing
In this paper, we propose a novel direct 3D printing
method for attaching polymer-based supports, PCB
islands and other similar structures to a stretchable
substrate, which utilizes the widely used FFF method
and common additive manufacturing materials. In
this method, an FFF machine is used to place a mol-
ten polymer material directly onto a stretchable sub-
strate. With this method, the supports for intercon-
nects, frames and mountings for rigid PCB islands
can be made easily and cost-effectively using existing
non-conductive polymers. Also, multimaterial FFF
printing, which can be applied for single-step fab-
rication of PCB islands on a stretchable substrate,
has been used to create bendable wearable electron-
ics [11]. This method is straightforward compared to
most other current stretchable electronics manufac-
turing methods, and takes advantage of the versatility
of additive manufacturing processes to form complex
3D structures instead of commonplanar designs [10].

There are several things which we believe this
method will accomplish:

(a) The adhesion between the melted printing
material and the stretchable substrate must be
strong enough. In the optimal case, the bond-
ing strength would be better than the constitu-
tion of the substrate itself.

(b) The placement of structures on the substrate
must be accurate and reliable. For example,
damage to screen-printed interconnects must
be avoided when placing structures on the sub-
strate.

(c) This method allows the fabrication of complex
geometries to tackle stress concentration issues
on the substrate.

As described in this paper, peel tests were used
to test the adhesion between the substrate and dir-
ect printed materials. The placement of structures by
an FFF printer was also tested by printing support
structures for shaped stretchable interconnects. Fur-
thermore, different shapes of support structures were
prepared to study how they affect the reliability of the
interconnects.

1.3. Support structures for stretchable
interconnects
There are two common ways to prepare stretchable
interconnects on a highly stretchable substrate: screen
printing with stretchable conductive ink and using
methods from flexible PCB manufacturing to pat-
tern copper foil onto a stretchable substrate. Screen
printing with conductive ink enables simple and
short interconnects that can have high elongations
[12]. The structures and shapes of ink interconnects
crack and induce high relative resistance changes
due to strain, which prevents their use in sensit-
ive measurement applications such as bioimpedance
lead wires. As the whole structure of the intercon-
nect elongates, the shapes of the interconnects can
induce stress concentration and irregular deforma-
tions, finally decreasing maximum elongations [13].

The other way to make strechable interconnects
is to adhere copper film onto a stretchable substrate
and etch it to create meander-shaped interconnects
[14]. The copper interconnects have a small and
stable resistance increase under elongation because
the meander opens and twists, and the conductor
itself does not elongate. However, copper intercon-
nects do not elongate as much as ink intercon-
nects and their multi-stage preparation process is
complicated.

Thanks to the direct 3D-printing method, it is
possible to combine the best properties of the ink
and copper interconnects and produce supported
meander-shaped silver ink interconnects. The sup-
port structures are directly and additively manufac-
tured alongside the interconnects and guide deform-
ations for more regular stretchability.

2. Methods

2.1. Materials
In this work, 100 µm-thick TPU film is used as a sub-
strate. Initially, a TPU film (Platilon® U 4201AU by

2

Flex. Print. Electron. 5 (2020) 045001 T Salo et al

Table 1. 3D-printed materials and the printing temperatures of
the peel samples.

Trade name and
manufacturer Polymer

Nozzle
temperature

(◦C)

nGen, colorFabb copolyester (CPE) 235
Nylon, Ultimaker BV polyamide (PA) 260
TPU95A, Ultimaker BV TPU 240
TPU95A, Ultimaker BV TPU 260

Covestro) was tested and found to be suitable. How-
ever, in practice, the temperature of the heated build-
ing plate of the 3D printer affected the TPU film and
caused softening and swelling of the film. The soften-
ing improves the formation of adhesion between the
film and the 3D-printed polymer, but the swelling
makes the film unevenly wavy and unsuitable for the
process. Therefore, a carrier film is needed to keep the
TPU film even and stable in the printing process. A
TPU film (Platilon® U U073 by Covestro), which has
a 100 µm thick TPU film with a carrier film is used
as the substrate. Furthermore, the original polyethyl-
ene (PE) carrier film is replaced by a thermally stable
polyethylene terephthalate film.

The four materials directly 3D printed onto TPU
films are presented in table 1, which introduces the
3D-printing filaments used, their compositions and
process temperatures (nozzle temperatures).

Copolyester (CPE) and polyamide (PA) fila-
ments are common 3D-printing plastics which have
good mechanical properties and are used for more
demanding applications. Also, TPU95A is a natural
choice for the direct printing because it is based on the
same polymer as the film. The recommended print-
ing temperature for TPU95A is 240 ◦C, but 260 ◦C
can also be used for better adhesion.

In addition to the direct 3D printing, meander
interconnects are screen printed onto the film by
a screen printer (DEK 248) using conductive silver
ink (CI-1036 by ECM). For each sample, the screen
printer squeezes the ink twice through the screen
using 14 kg of pressure. The ink is heat treated in an
oven (30min at 125 ◦C) following the screen printing
to make the ink conductive [1, 13].

2.2. Preparation of samples
All the test samples are direct printed on the TPU film
with an FFF printer (Ultimaker 3 by Ultimaker BV).
The film is placed on a heated build plate (80 ◦C),
whose temperature straightens the film, adheres the
film temporarily to the build plate and assures suffi-
cient bonding between the film and 3D printed poly-
mer. The thickness of the film is taken into account
by setting the z offset value to 0.17 mm in the slicer
program used (Cura v. 4.0.0. by Ultimaker BV).
Moreover, a 0.4mmnozzle and a 0.15mm layer thick-
ness is used in the samples’ printing.

Figure 1. The three preparation steps of the support
structure sample.

The T-peel test samples are based on the SFS-EN
ISO 11 339 standard. The length of the samples is
210± 1mmand thewidth is 25± 1mm. The samples
consist of two substrates, the film and the directly 3D-
printed bar, which together have 160± 1 mm of bon-
ded area and 50± 1mm of separated area. The separ-
ated area is made by adding Kapton tape to the TPU
film before printing. The thickness of the 3D-printed
bar is 0.5mm, which varies slightly because of the dif-
ferent properties of polymers. The bar is 3D printed
with 100% infill density with a rectilinear 45◦ infill
pattern.

In addition, support structures for screen-printed
interconnects are 3D printed on the film. The length
of the samples is 150 ± 1 mm and the width is
40 ± 1 mm. The meander-shaped interconnects
are 1 mm wide, 140 mm long (straightened length
∼310 mm) and have a 30◦ turn between meanders.
The 0.3 mm-thick support structures are 3D prin-
ted with TPU filament (Ultimaker TPU95A) using a
260 ◦C nozzle temperature, in order to produce stiff
but still pliable supports. The measured initial res-
istance of the interconnects before the tensile tests is
10.7 ± 1.3 Ω. Various factors, such as the intercon-
nects’ thickness and process steps, affect the resist-
ance. In screen printing, the thickness of the intercon-
nects depends on the heat treatment and the rough-
ness of the substrate. A small (±3 µm) thickness
variation can be present for smooth substrates such
as plastic films [15]. In the tests, the screen-printed
interconnects can also be affected by the 3D-printing
process and the removal of the carrier film after the
3D printing. For example, an average increase of
3.2% of the resistance was observed after the car-
rier film was removed in the final preparation step.
Figure 1 presents the preparation steps of the tensile
test samples.

Altogether four series of meander samples (with
six parallel samples) are tested, one unsupported and
three supported, as presented in figure 2. The support
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the fabrication of 3D printed electronics. Micro-sized
components, such as coils, can be prepared by a
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As described in this paper, peel tests were used
to test the adhesion between the substrate and dir-
ect printed materials. The placement of structures by
an FFF printer was also tested by printing support
structures for shaped stretchable interconnects. Fur-
thermore, different shapes of support structures were
prepared to study how they affect the reliability of the
interconnects.

1.3. Support structures for stretchable
interconnects
There are two common ways to prepare stretchable
interconnects on a highly stretchable substrate: screen
printing with stretchable conductive ink and using
methods from flexible PCB manufacturing to pat-
tern copper foil onto a stretchable substrate. Screen
printing with conductive ink enables simple and
short interconnects that can have high elongations
[12]. The structures and shapes of ink interconnects
crack and induce high relative resistance changes
due to strain, which prevents their use in sensit-
ive measurement applications such as bioimpedance
lead wires. As the whole structure of the intercon-
nect elongates, the shapes of the interconnects can
induce stress concentration and irregular deforma-
tions, finally decreasing maximum elongations [13].

The other way to make strechable interconnects
is to adhere copper film onto a stretchable substrate
and etch it to create meander-shaped interconnects
[14]. The copper interconnects have a small and
stable resistance increase under elongation because
the meander opens and twists, and the conductor
itself does not elongate. However, copper intercon-
nects do not elongate as much as ink intercon-
nects and their multi-stage preparation process is
complicated.

Thanks to the direct 3D-printing method, it is
possible to combine the best properties of the ink
and copper interconnects and produce supported
meander-shaped silver ink interconnects. The sup-
port structures are directly and additively manufac-
tured alongside the interconnects and guide deform-
ations for more regular stretchability.

2. Methods

2.1. Materials
In this work, 100 µm-thick TPU film is used as a sub-
strate. Initially, a TPU film (Platilon® U 4201AU by
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Table 1. 3D-printed materials and the printing temperatures of
the peel samples.

Trade name and
manufacturer Polymer

Nozzle
temperature

(◦C)

nGen, colorFabb copolyester (CPE) 235
Nylon, Ultimaker BV polyamide (PA) 260
TPU95A, Ultimaker BV TPU 240
TPU95A, Ultimaker BV TPU 260

Covestro) was tested and found to be suitable. How-
ever, in practice, the temperature of the heated build-
ing plate of the 3D printer affected the TPU film and
caused softening and swelling of the film. The soften-
ing improves the formation of adhesion between the
film and the 3D-printed polymer, but the swelling
makes the film unevenly wavy and unsuitable for the
process. Therefore, a carrier film is needed to keep the
TPU film even and stable in the printing process. A
TPU film (Platilon® U U073 by Covestro), which has
a 100 µm thick TPU film with a carrier film is used
as the substrate. Furthermore, the original polyethyl-
ene (PE) carrier film is replaced by a thermally stable
polyethylene terephthalate film.

The four materials directly 3D printed onto TPU
films are presented in table 1, which introduces the
3D-printing filaments used, their compositions and
process temperatures (nozzle temperatures).

Copolyester (CPE) and polyamide (PA) fila-
ments are common 3D-printing plastics which have
good mechanical properties and are used for more
demanding applications. Also, TPU95A is a natural
choice for the direct printing because it is based on the
same polymer as the film. The recommended print-
ing temperature for TPU95A is 240 ◦C, but 260 ◦C
can also be used for better adhesion.

In addition to the direct 3D printing, meander
interconnects are screen printed onto the film by
a screen printer (DEK 248) using conductive silver
ink (CI-1036 by ECM). For each sample, the screen
printer squeezes the ink twice through the screen
using 14 kg of pressure. The ink is heat treated in an
oven (30min at 125 ◦C) following the screen printing
to make the ink conductive [1, 13].

2.2. Preparation of samples
All the test samples are direct printed on the TPU film
with an FFF printer (Ultimaker 3 by Ultimaker BV).
The film is placed on a heated build plate (80 ◦C),
whose temperature straightens the film, adheres the
film temporarily to the build plate and assures suffi-
cient bonding between the film and 3D printed poly-
mer. The thickness of the film is taken into account
by setting the z offset value to 0.17 mm in the slicer
program used (Cura v. 4.0.0. by Ultimaker BV).
Moreover, a 0.4mmnozzle and a 0.15mm layer thick-
ness is used in the samples’ printing.

Figure 1. The three preparation steps of the support
structure sample.

The T-peel test samples are based on the SFS-EN
ISO 11 339 standard. The length of the samples is
210± 1mmand thewidth is 25± 1mm. The samples
consist of two substrates, the film and the directly 3D-
printed bar, which together have 160± 1 mm of bon-
ded area and 50± 1mm of separated area. The separ-
ated area is made by adding Kapton tape to the TPU
film before printing. The thickness of the 3D-printed
bar is 0.5mm, which varies slightly because of the dif-
ferent properties of polymers. The bar is 3D printed
with 100% infill density with a rectilinear 45◦ infill
pattern.

In addition, support structures for screen-printed
interconnects are 3D printed on the film. The length
of the samples is 150 ± 1 mm and the width is
40 ± 1 mm. The meander-shaped interconnects
are 1 mm wide, 140 mm long (straightened length
∼310 mm) and have a 30◦ turn between meanders.
The 0.3 mm-thick support structures are 3D prin-
ted with TPU filament (Ultimaker TPU95A) using a
260 ◦C nozzle temperature, in order to produce stiff
but still pliable supports. The measured initial res-
istance of the interconnects before the tensile tests is
10.7 ± 1.3 Ω. Various factors, such as the intercon-
nects’ thickness and process steps, affect the resist-
ance. In screen printing, the thickness of the intercon-
nects depends on the heat treatment and the rough-
ness of the substrate. A small (±3 µm) thickness
variation can be present for smooth substrates such
as plastic films [15]. In the tests, the screen-printed
interconnects can also be affected by the 3D-printing
process and the removal of the carrier film after the
3D printing. For example, an average increase of
3.2% of the resistance was observed after the car-
rier film was removed in the final preparation step.
Figure 1 presents the preparation steps of the tensile
test samples.

Altogether four series of meander samples (with
six parallel samples) are tested, one unsupported and
three supported, as presented in figure 2. The support
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Figure 2. Direct 3D-printed support structures on the
screen-printed TPU film. (a) Curved support inside the
meanders. (b) straight support outside the meanders.
(c) straight support in the space between the meanders.
(d) unsupported meanders.

structures in figures 2(a) and (b) are designed to
toughen themeanders’ peaks and figure 2(c) to stiffen
the unprinted TPU between the meanders. During
the interconnects’ elongation, stress concentrates on
top of the meanders [16], and it is assumed that
the support structures close to the meanders’ peaks
decrease the stress concentration effect and improve
the maximum elongation of interconnects.

For comparison, two conventionally shaped
straight interconnect samples (2 mm wide and
140 mm long) are also screen printed and tested to
see the electrical differences due to the different inter-
connect shapes. The initial resistance of the straight
interconnects is 2.8 Ω.

2.3. Peel tests
In the tests, a tensile test machine with a 500 N
force cell is used (Tinius Olsen H5KT). The machine
measures the force (N) and the displacement of the
upper grip during the tests (mm). The peel test
samples are tested using the tensile test machine with
100 mm min−1 speed, 70 mm gauge length and a
1.0 N preload. The displacement limit of the peel
tests was 450 mm, which was defined by the height
of the tensile test machine. The machine is equipped
with 50 mm-wide tacky-film jigs, which prevent the
samples from slipping during the tests.

The results of the peel tests provide the bond
strength of the samples (N/mm), which was calcu-
lated as the measured force divided by the width of
the samples. The test series consisted of five paral-
lel samples, and in the comparison, the average max-
imum bond strength of each test series and the failure
mechanisms are analyzed.

2.4. Tensile tests of reinforced printed
interconnects
The effect of shaped support structures on the max-
imum elongation of the interconnects is tested using
the tensile test setup, which is presented in figure 3.
In the tests, the test speed used was 100 mm min−1,

Figure 3. The tensile test setup. The upper and lower sides
of the sample are connected to probes with two PCBs and
clamps. The probes are connected to the iCraft
measurement system, which measures the electrical
behaviour of the sample.

the gauge length was 100 mm and the extension limit
was 200 mm. While the tensile test machine meas-
uredmechanical properties of the samples, a two-wire
measurement system (iCraft ADC 4x by iCraft Oy,
Tampere, Finland) measured the electrical properties
of the interconnects. The system used a 24-bit A/D
channel and measured the voltage across the samples
to calculate the resistance of the interconnects. The
tensile tests were carried out until the resistance of
the samples increased rapidly, which indicated critical
failure of the interconnects. The systemwas calibrated
to have less than a ±2% error over the whole meas-
urement range of 0–3000 Ω. The sample was com-
pressed between two PCBs in order to form a stable
low-resistance connection.

3. Results

3.1. Peel tests
The results of the T-peel tests are presented in table 2
and figure 4, where the CPE and PA sample series
have lower average maximum bond-strength values
(under 1 Nmm−1) compared to the TPU95A sample
series values (between 1.5–2.0 N mm−1). The bond-
strength values are complemented by the prevail-
ing failure mechanisms and peeling behaviors of the
sample series, which are visualized in figure 5.

In the adhesion failure of the peel test samples, the
TPU film peels from the direct 3D-printed bar, which
is the most typical failure mechanism in the CPE, PA
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Table 2. Peel tests’ results.

Sample series
Average maximum bond strength
and standard deviation (N mm−1)

Dominant peeling
behavior

Dominant failure
mechanism

CPE (235 ◦C) 0.78± 0.08 Steady Adhesion failure
PA (260 ◦C) 0.85± 0.05 Jerky Adhesion failure
TPU95A (240 ◦C) 1.70± 0.21 Steady Adhesion failure
TPU95A (260 ◦C) 1.88± 0.03 Steady Substrate failure (of TPU film)

Figure 4. Average maximum bond strength (N/mm) and
range of the T-peel samples.

Figure 5. T-peel test samples in the peel tests. (a) PA peel
sample that has low adhesion between the TPU film and the
direct printed PA bar. The TPU film has pale stripes, which
reveal locally higher elongations and adhesion forces in the
peeling. (b) TPU95A (260 ◦C) peel sample before breaking
of the film. The film and substrate have distinctly deformed.

and TPU95A (240 ◦C) sample series. After the start of
peeling, the peeling is steady in the CPE and TPU95A
(240 ◦C) sample series. The PA sample series peels
unevenly in jerks, which leaves deformed pale stripes
in an otherwise clear TPU film figure 5(a).

The TPU95A (260 ◦C) sample series has
the highest average maximum adhesion with
1.88 N mm−1 of bond strength and an unpredictable
failure mechanism. The TPU film is tightly bonded
to the 3D-printed bar and at some point in the peel-
ing process, the film breaks instead of continuing to
peel. figure 5(b) shows the TPU95A (260 ◦C) sample
before the breaking of the film, when the surface of
the 3D-printed bar is ripped and the TPU film is
deformed and elongated. The breaking of the film
indicates that the strength of the 3D-printed TPU
filament is higher than the constitution of the TPU

Figure 6. Comparison of a TPU95A peel test (square blue
curve) and a tensile test of the TPU film (round orange
curve). The curves’ points represent every thirtieth
measurement point.

film, thus the bond area of the components is stronger
than the TPU film itself.

The TPU film elongates during the peeling, which
especially affects the peeling of the more durable
TPU95A sample series. To verify the elongation’s
effect, the beginnings of the peel curves are compared
to a tensile test of a bare TPU film, with a gauge length
of 35mm (the length of the TPU film in the peel tests)
in figure 6.

As figure 6 shows, the beginning of the peel test
of the TPU95A sample series has a gradual increase
of force, which resembles the tensile test of the TPU
film. In other words, the TPU95A samples have a high
enough adhesion to first make the TPU film elongate
before the peeling starts.

3.2. Tensile tests
In the tensile test results of the reinforced printed
interconnect samples in figure 7, the effects of the dif-
ferent support structures on the interconnects’ elong-
ation can be seen. The unsupported meander inter-
connect samples have, on average, a 35.4%maximum
elongation before electrical failure takes place. When
bar-shaped supports are added between themeanders
(figure 2(c)), the average maximum elongation drops
to 29.1%, which is 20.7% lower than the unsupported
samples. Correspondingly, the bar supports outside
the meanders (figure 2(b)) increase the average max-
imum elongation to 42.9%, but they also increase the
range between the samples. Also, the curved support
samples (figure 2(a)) improve the elongation, and the
series has an average maximum elongation of 45.3%
with a small range. Compared to the unsupported
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Figure 2. Direct 3D-printed support structures on the
screen-printed TPU film. (a) Curved support inside the
meanders. (b) straight support outside the meanders.
(c) straight support in the space between the meanders.
(d) unsupported meanders.

structures in figures 2(a) and (b) are designed to
toughen themeanders’ peaks and figure 2(c) to stiffen
the unprinted TPU between the meanders. During
the interconnects’ elongation, stress concentrates on
top of the meanders [16], and it is assumed that
the support structures close to the meanders’ peaks
decrease the stress concentration effect and improve
the maximum elongation of interconnects.

For comparison, two conventionally shaped
straight interconnect samples (2 mm wide and
140 mm long) are also screen printed and tested to
see the electrical differences due to the different inter-
connect shapes. The initial resistance of the straight
interconnects is 2.8 Ω.

2.3. Peel tests
In the tests, a tensile test machine with a 500 N
force cell is used (Tinius Olsen H5KT). The machine
measures the force (N) and the displacement of the
upper grip during the tests (mm). The peel test
samples are tested using the tensile test machine with
100 mm min−1 speed, 70 mm gauge length and a
1.0 N preload. The displacement limit of the peel
tests was 450 mm, which was defined by the height
of the tensile test machine. The machine is equipped
with 50 mm-wide tacky-film jigs, which prevent the
samples from slipping during the tests.

The results of the peel tests provide the bond
strength of the samples (N/mm), which was calcu-
lated as the measured force divided by the width of
the samples. The test series consisted of five paral-
lel samples, and in the comparison, the average max-
imum bond strength of each test series and the failure
mechanisms are analyzed.

2.4. Tensile tests of reinforced printed
interconnects
The effect of shaped support structures on the max-
imum elongation of the interconnects is tested using
the tensile test setup, which is presented in figure 3.
In the tests, the test speed used was 100 mm min−1,

Figure 3. The tensile test setup. The upper and lower sides
of the sample are connected to probes with two PCBs and
clamps. The probes are connected to the iCraft
measurement system, which measures the electrical
behaviour of the sample.

the gauge length was 100 mm and the extension limit
was 200 mm. While the tensile test machine meas-
uredmechanical properties of the samples, a two-wire
measurement system (iCraft ADC 4x by iCraft Oy,
Tampere, Finland) measured the electrical properties
of the interconnects. The system used a 24-bit A/D
channel and measured the voltage across the samples
to calculate the resistance of the interconnects. The
tensile tests were carried out until the resistance of
the samples increased rapidly, which indicated critical
failure of the interconnects. The systemwas calibrated
to have less than a ±2% error over the whole meas-
urement range of 0–3000 Ω. The sample was com-
pressed between two PCBs in order to form a stable
low-resistance connection.

3. Results

3.1. Peel tests
The results of the T-peel tests are presented in table 2
and figure 4, where the CPE and PA sample series
have lower average maximum bond-strength values
(under 1 Nmm−1) compared to the TPU95A sample
series values (between 1.5–2.0 N mm−1). The bond-
strength values are complemented by the prevail-
ing failure mechanisms and peeling behaviors of the
sample series, which are visualized in figure 5.

In the adhesion failure of the peel test samples, the
TPU film peels from the direct 3D-printed bar, which
is the most typical failure mechanism in the CPE, PA
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Table 2. Peel tests’ results.

Sample series
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Figure 5. T-peel test samples in the peel tests. (a) PA peel
sample that has low adhesion between the TPU film and the
direct printed PA bar. The TPU film has pale stripes, which
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peeling. (b) TPU95A (260 ◦C) peel sample before breaking
of the film. The film and substrate have distinctly deformed.

and TPU95A (240 ◦C) sample series. After the start of
peeling, the peeling is steady in the CPE and TPU95A
(240 ◦C) sample series. The PA sample series peels
unevenly in jerks, which leaves deformed pale stripes
in an otherwise clear TPU film figure 5(a).

The TPU95A (260 ◦C) sample series has
the highest average maximum adhesion with
1.88 N mm−1 of bond strength and an unpredictable
failure mechanism. The TPU film is tightly bonded
to the 3D-printed bar and at some point in the peel-
ing process, the film breaks instead of continuing to
peel. figure 5(b) shows the TPU95A (260 ◦C) sample
before the breaking of the film, when the surface of
the 3D-printed bar is ripped and the TPU film is
deformed and elongated. The breaking of the film
indicates that the strength of the 3D-printed TPU
filament is higher than the constitution of the TPU

Figure 6. Comparison of a TPU95A peel test (square blue
curve) and a tensile test of the TPU film (round orange
curve). The curves’ points represent every thirtieth
measurement point.

film, thus the bond area of the components is stronger
than the TPU film itself.

The TPU film elongates during the peeling, which
especially affects the peeling of the more durable
TPU95A sample series. To verify the elongation’s
effect, the beginnings of the peel curves are compared
to a tensile test of a bare TPU film, with a gauge length
of 35mm (the length of the TPU film in the peel tests)
in figure 6.

As figure 6 shows, the beginning of the peel test
of the TPU95A sample series has a gradual increase
of force, which resembles the tensile test of the TPU
film. In other words, the TPU95A samples have a high
enough adhesion to first make the TPU film elongate
before the peeling starts.

3.2. Tensile tests
In the tensile test results of the reinforced printed
interconnect samples in figure 7, the effects of the dif-
ferent support structures on the interconnects’ elong-
ation can be seen. The unsupported meander inter-
connect samples have, on average, a 35.4%maximum
elongation before electrical failure takes place. When
bar-shaped supports are added between themeanders
(figure 2(c)), the average maximum elongation drops
to 29.1%, which is 20.7% lower than the unsupported
samples. Correspondingly, the bar supports outside
the meanders (figure 2(b)) increase the average max-
imum elongation to 42.9%, but they also increase the
range between the samples. Also, the curved support
samples (figure 2(a)) improve the elongation, and the
series has an average maximum elongation of 45.3%
with a small range. Compared to the unsupported
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Figure 7. The average maximum elongation (%) and the
ranges of the tensile test samples before interconnect failure.
As a comparison with the meander interconnects, the
patterned column shows the straight interconnects’ results.

Figure 8. Initial resistance development of tensile test
samples. The curves’ points present every fifth
measurement point. The curves from the largest
normalized resistance change to the smallest are: the
straight interconnects (light gray circles), bar support
between meanders (light green squares), the unsupported
meander interconnects (dark blue cirrcles), bar support
outside meanders (dark green squares) and curved support
inside meanders (light red triangles).

sample series, the bar supports outside the meanders
have 26.2% and the curved support samples have
27.3% higher average maximum elongation.

figure 7 also presents the scale of difference
between straight and meander-shaped intercon-
nects. Themeander interconnects’ averagemaximum
elongation is 35.4%, and the straight interconnects’
average elongation is 73.7%. The difference between
interconnects can also be seen in figure 8.

3.3. Resistance development of interconnects
figure 8 presents the interconnect support samples’
initial resistance changes in the tensile tests. The
results for the meander-shaped interconnects follow
the average maximum elongation results (figure 7).
The series with bar supports outside the meander
(figure 2(b)) and the curved support (figure 2(a))
sample series have a lower resistance increase than the
unsupported samples (figure 2(d)), which indicates
a more even elongation of interconnects. The series
with bar support between the meanders (figure 2(c))

Figure 9. The unstretched unsupported meander
interconnect versus the stretched supported interconnect.
As the unstretched interconnect is 6 meanders long, the
stretched interconnect is 5,5 meanders long. The stretched
sample has elongation residues, which are seen from the
length of the interconnect and wrinkled film around the
3D-printed supports.

has a higher resistance increase than the unsuppor-
ted series, which points to unstable elongation of the
shaped interconnects.

figure 8 also shows the resistance increase of
the straight interconnects, which differs from the
meander interconnects. The straight interconnects’
resistance increase has a distinctly steeper positive
curve than the unsupported meanders’, despite the
high maximum elongation in figure 7.

It should be noted that the straight intercon-
nects have a distinctly lower initial resistance than
the meander-shaped interconnects, which is caused
by the larger width and shorter length of the
interconnects.

3.4. Interconnects’ deformations under elongation
The sample series have different resistance devel-
opments under elongation, which are presented
in figures 7 and 8. This phenomenon is caused by
deformations in the TPU film and the interconnects,
which are shown in figures 9 and 10.

During the tensile test, the TPU film and the
interconnect on it elongates unevenly, due to stiffer
support structures. figure 9 presents the unelong-
ated unsupported sample and the elongated suppor-
ted sample, which differ distinctly. The TPU film of
the unsupported sample is smooth, but the elongated
support sample has wrinkles around the supports,
which are caused by residual strain. The wrinkles
indicate that the TPU film and themeander intercon-
nect have elongated less closer to the supports.

As the meanders’ elongation is based on the
stretching and cracking of the conductive ink, the
supports’ effect on the interconnect’s elongation can
be seen as divergent cracking of the conductive ink,
which is shown in figure 10.

figure 10 presents close-ups from areas between
two meanders from all the elongated test series
that are shown in figure 2. figure 10(a) shows the
unsupported test series, and figure 10(b) presents
the sample series with straight supports between the
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Figure 10. The area between two elongated meanders of the interconnect samples. (a) The unsupported meanders have elongated
evenly from the tips of the meanders. (b) Bar supports between the meanders induce higher elongations in the meanders’ tips.
(c) Bar supports outside the meanders have changed the meanders’ elongation. Close to the middles of the supports, the
interconnects are denser and closer to the supports’ edges and the interconnects have cracked more and thus elongated more.
(d) Curved supports smooth the elongation of the interconnects and change the shapes of the elongated interconnects a little bit.

meanders. figure 10(c) shows the straight-support
test series with supports just outside the meanders.
Finally, figure 10(d) presents the curved-support
test series, which had the highest maximum average
elongation.

4. Discussion

4.1. Peel tests
Good adhesion between the additively manufactured
materials and the stretchable film is a basic require-
ment for direct 3D-printed stretchable electronic
structures. As figures 4, 5 and table 2 present, the
TPU95A filament can form a proper bond with the
TPU film, which leads to the TPU film’s failure before
the joint’s failure. The filament’s adhesion is on the
same scale as a laminated copper film’s adhesion with
the TPU film, which makes the direct 3D-printed
structures also usable with laminated- copper inter-
connects [14].

The bonding of 3D-printed plastic on a plastic
film is mainly affected by same factors that influ-
ence multi-material FFF printing. In multi-material
3D printing, the material properties, process settings,
geometry and environment affect the formation of an
interface between two plastics [17]. In particular, dif-
fusion andmechanical interlocking adhesion theories
should be applied, which can be improved by increas-
ing the thermal energy radiated and optimizing the
surface roughness and geometries of the printing pro-
cess [17].

In direct 3D printing on a ‘semi-manufactured’
stretchable substrate, the main method for adhering
a 3D printed plastic to a film is based on diffusion
theory and the polymer chain mobility at the inter-
face between two polymers. The amount of diffusion
is easily controlled in 3D printing by varying the time
and temperature of the 3D printing process.

In addition, the first layer of the printed pattern
shapes the TPU film, and the pattern can be optim-
ized according to mechanical interlocking theory.

Conventionally solid structures are fabricated on
stretchable films using adhesives. The majority of
adhesives form a polymeric composition after cur-
ing [18]. Different kinds of adhesives have been stud-
ied for use in stretchable electronics joints, and the
durable bonding of rigid and highly pliant substrates
has been found challenging [19]. The removal of the
requirement for adhesive is a major benefit of the dir-
ect 3D-printing method, which considerably simpli-
fies the fabrication process and improves the stretch-
ability of the system.

4.2. Tensile tests
The tensile tests of supported interconnects showed
that directly 3D-printed structures close to screen-
printed interconnects can be used to affect the dur-
ability of interconnects. Based on the results, the
interconnects start to crack from the meanders’ tops,
and the cracks propagate towards intersections of the
meanders. 3D-printed support structures can be used
to create stiffened areas on the stretchable film, and
they can be placed close to the meanders’ tops to
make the film’s unsupported areas elongate first. The
supports can be placed either outside or inside the
meanders to stiffen the meanders’ top areas. Under
elongation, the meanders straighten, which induces
tensile stresses in the inside areas and compressive
stresses in the outside areas of themeanders. The high
stiffness difference between an interconnect material
and the stretchable substrate promotes stresses in the
meanders, which should particularly be considered
in the case of laminated-metal interconnects [20].
Based on the tensile test results, it is more effective to
place 3D printed supports insidemeanders to prevent
tensile stresses in the interconnects.
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Figure 7. The average maximum elongation (%) and the
ranges of the tensile test samples before interconnect failure.
As a comparison with the meander interconnects, the
patterned column shows the straight interconnects’ results.

Figure 8. Initial resistance development of tensile test
samples. The curves’ points present every fifth
measurement point. The curves from the largest
normalized resistance change to the smallest are: the
straight interconnects (light gray circles), bar support
between meanders (light green squares), the unsupported
meander interconnects (dark blue cirrcles), bar support
outside meanders (dark green squares) and curved support
inside meanders (light red triangles).

sample series, the bar supports outside the meanders
have 26.2% and the curved support samples have
27.3% higher average maximum elongation.

figure 7 also presents the scale of difference
between straight and meander-shaped intercon-
nects. Themeander interconnects’ averagemaximum
elongation is 35.4%, and the straight interconnects’
average elongation is 73.7%. The difference between
interconnects can also be seen in figure 8.

3.3. Resistance development of interconnects
figure 8 presents the interconnect support samples’
initial resistance changes in the tensile tests. The
results for the meander-shaped interconnects follow
the average maximum elongation results (figure 7).
The series with bar supports outside the meander
(figure 2(b)) and the curved support (figure 2(a))
sample series have a lower resistance increase than the
unsupported samples (figure 2(d)), which indicates
a more even elongation of interconnects. The series
with bar support between the meanders (figure 2(c))

Figure 9. The unstretched unsupported meander
interconnect versus the stretched supported interconnect.
As the unstretched interconnect is 6 meanders long, the
stretched interconnect is 5,5 meanders long. The stretched
sample has elongation residues, which are seen from the
length of the interconnect and wrinkled film around the
3D-printed supports.

has a higher resistance increase than the unsuppor-
ted series, which points to unstable elongation of the
shaped interconnects.

figure 8 also shows the resistance increase of
the straight interconnects, which differs from the
meander interconnects. The straight interconnects’
resistance increase has a distinctly steeper positive
curve than the unsupported meanders’, despite the
high maximum elongation in figure 7.

It should be noted that the straight intercon-
nects have a distinctly lower initial resistance than
the meander-shaped interconnects, which is caused
by the larger width and shorter length of the
interconnects.

3.4. Interconnects’ deformations under elongation
The sample series have different resistance devel-
opments under elongation, which are presented
in figures 7 and 8. This phenomenon is caused by
deformations in the TPU film and the interconnects,
which are shown in figures 9 and 10.

During the tensile test, the TPU film and the
interconnect on it elongates unevenly, due to stiffer
support structures. figure 9 presents the unelong-
ated unsupported sample and the elongated suppor-
ted sample, which differ distinctly. The TPU film of
the unsupported sample is smooth, but the elongated
support sample has wrinkles around the supports,
which are caused by residual strain. The wrinkles
indicate that the TPU film and themeander intercon-
nect have elongated less closer to the supports.

As the meanders’ elongation is based on the
stretching and cracking of the conductive ink, the
supports’ effect on the interconnect’s elongation can
be seen as divergent cracking of the conductive ink,
which is shown in figure 10.

figure 10 presents close-ups from areas between
two meanders from all the elongated test series
that are shown in figure 2. figure 10(a) shows the
unsupported test series, and figure 10(b) presents
the sample series with straight supports between the
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Figure 10. The area between two elongated meanders of the interconnect samples. (a) The unsupported meanders have elongated
evenly from the tips of the meanders. (b) Bar supports between the meanders induce higher elongations in the meanders’ tips.
(c) Bar supports outside the meanders have changed the meanders’ elongation. Close to the middles of the supports, the
interconnects are denser and closer to the supports’ edges and the interconnects have cracked more and thus elongated more.
(d) Curved supports smooth the elongation of the interconnects and change the shapes of the elongated interconnects a little bit.

meanders. figure 10(c) shows the straight-support
test series with supports just outside the meanders.
Finally, figure 10(d) presents the curved-support
test series, which had the highest maximum average
elongation.

4. Discussion

4.1. Peel tests
Good adhesion between the additively manufactured
materials and the stretchable film is a basic require-
ment for direct 3D-printed stretchable electronic
structures. As figures 4, 5 and table 2 present, the
TPU95A filament can form a proper bond with the
TPU film, which leads to the TPU film’s failure before
the joint’s failure. The filament’s adhesion is on the
same scale as a laminated copper film’s adhesion with
the TPU film, which makes the direct 3D-printed
structures also usable with laminated- copper inter-
connects [14].

The bonding of 3D-printed plastic on a plastic
film is mainly affected by same factors that influ-
ence multi-material FFF printing. In multi-material
3D printing, the material properties, process settings,
geometry and environment affect the formation of an
interface between two plastics [17]. In particular, dif-
fusion andmechanical interlocking adhesion theories
should be applied, which can be improved by increas-
ing the thermal energy radiated and optimizing the
surface roughness and geometries of the printing pro-
cess [17].

In direct 3D printing on a ‘semi-manufactured’
stretchable substrate, the main method for adhering
a 3D printed plastic to a film is based on diffusion
theory and the polymer chain mobility at the inter-
face between two polymers. The amount of diffusion
is easily controlled in 3D printing by varying the time
and temperature of the 3D printing process.

In addition, the first layer of the printed pattern
shapes the TPU film, and the pattern can be optim-
ized according to mechanical interlocking theory.

Conventionally solid structures are fabricated on
stretchable films using adhesives. The majority of
adhesives form a polymeric composition after cur-
ing [18]. Different kinds of adhesives have been stud-
ied for use in stretchable electronics joints, and the
durable bonding of rigid and highly pliant substrates
has been found challenging [19]. The removal of the
requirement for adhesive is a major benefit of the dir-
ect 3D-printing method, which considerably simpli-
fies the fabrication process and improves the stretch-
ability of the system.

4.2. Tensile tests
The tensile tests of supported interconnects showed
that directly 3D-printed structures close to screen-
printed interconnects can be used to affect the dur-
ability of interconnects. Based on the results, the
interconnects start to crack from the meanders’ tops,
and the cracks propagate towards intersections of the
meanders. 3D-printed support structures can be used
to create stiffened areas on the stretchable film, and
they can be placed close to the meanders’ tops to
make the film’s unsupported areas elongate first. The
supports can be placed either outside or inside the
meanders to stiffen the meanders’ top areas. Under
elongation, the meanders straighten, which induces
tensile stresses in the inside areas and compressive
stresses in the outside areas of themeanders. The high
stiffness difference between an interconnect material
and the stretchable substrate promotes stresses in the
meanders, which should particularly be considered
in the case of laminated-metal interconnects [20].
Based on the tensile test results, it is more effective to
place 3D printed supports insidemeanders to prevent
tensile stresses in the interconnects.
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Overall, the elongations of screen-printed
meander-shaped interconnects were lower than
assumed, and the unsupported meanders’ average
maximum elongation was 35.4%. For future work, it
would be interesting to prepare curved support struc-
tures inside the meanders for optimized meander
interconnects with 0◦ turns [21]. The optimized
screen-printed meander interconnects’ properties
would be somewhere in between the commonly
used screen printed unshaped interconnects and
laminated-metal-film meander interconnects. The
screen printed meander interconnects have a low
relative resistance change in figure 8, which makes
them a good option for sensing applications, com-
pared to non-shaped screen-printed interconnects or
laminated-metal-film interconnects.

It should also noted that the support structures
were fabricated with simple planar designs as a proof
of concept. Currently, most preparation methods in
stretchable electronics use planar designs, which can
be replaced with 3D printing. The thicknesses, shapes
and locations of direct 3D-printed structures on a
stretchable substrate can easily be modified, which
makes local control of the elongation of the stretch-
able substrate possible. As conductive plastics and
inks are developed and used, 3D printing can com-
bine several process steps and 3D-printed electronic
modules can be made on a stretchable substrate by a
single-step method. With recent inventions, such as
clover-shaped modules, new customizable and dur-
able wearable electronics can be created [22].

4.3. Interconnects’ deformations under elongation
In figure 10, elongated interconnect areas can be
seen between two meanders in the four tensile test
series. figure 10(a) shows the unsupported meander
interconnect, which has a typical elongation mech-
anism. The interconnect cracks from the tips of the
meanders, and the cracks progress evenly towards the
transition area of themeanders. Themeanders flatten
and become thinner when the elongation increases,
and finally the cracks in the tips of themeanders break
the interconnect.

figure 10(b) presents the bar support between the
meanders, which decreased the interconnects’ elong-
ation. The bar-shaped supports locally decrease the
elongation of the TPU film around them, but, on
the contrary, the space between the supports has
large elongations induced. The supports are placed so
that the meanders’ tips are just between them, which
stretches and straightens the meanders more than in
the unsupported sample.

Straight support samples just outside the
meanders affected the cracking of the meanders in
figure 10(c). The supports blocked elongation in the
tips of the meanders, and they have minimum crack-
ing. However, the length of the supports was not
enough to protect the whole meander, and they star-
ted to crack close to the supports’ ends. This local

cracking of meanders can cause random failures of
interconnects, which explains the high variation of
the test series in figure 7.

Curved supports inside the meanders are shown
in figure 10(d). The cracking of the meanders is uni-
form, but the shape of the interconnect has changed
a little. As the TPU film elongates more between the
supports, the elongation is concentrated in the thicker
transition areas of the meanders, which increases the
durability of the meanders.

5. Conclusions

In the field of wearables and stretchable electronics,
there are various benefits of using an FFF printer to
manufacture direct printed structures on a stretch-
able substrate. This study introduced an easy altern-
ative method for producing deformable supports and
frames. Eventually, this work will lead to complex
additively manufactured multilayer circuit boards
using the multimaterial FFF method. Most import-
antly, the results demonstrated that the adhesion
between 3D-printed TPU material and a stretchable
substrate is excellent and can exceed the constitution
of the substrate, which is a basic requirement for dir-
ectly printed supports and other structures. In addi-
tion, the direct printingmethod allows the easy addit-
ive manufacture of complex geometries and accurate
placement of small shapes without adhesives. Fur-
thermore, the direct printing method is compatible
with the most commonmaterials and manufacturing
methods used for stretchable electronics. The direct
printed structures could be also used as platforms for
electronics components.

We demonstrated the approach by direct printing
several kinds of support structures for screen-printed
stretchable interconnects. With the support struc-
tures, the stretchability of the interconnects improved
by up to 27.3%. The support structures enable the
use of meander-shaped screen-printed interconnects,
which have a more stable resistance increase under
elongation than traditional straight interconnects;
this makes them more suitable for sensing applica-
tions, where resistance fluctuations are potential error
sources.

We believe that this method will enable cost-
effective manufacture for new applications in the
fields of smart textiles, wearable healthcare products
and automotive interior design. In the future, the
authors will continue to develop direct 3D-printing
methods for the fabrication of stretchable electronics
for wearable applications.
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Overall, the elongations of screen-printed
meander-shaped interconnects were lower than
assumed, and the unsupported meanders’ average
maximum elongation was 35.4%. For future work, it
would be interesting to prepare curved support struc-
tures inside the meanders for optimized meander
interconnects with 0◦ turns [21]. The optimized
screen-printed meander interconnects’ properties
would be somewhere in between the commonly
used screen printed unshaped interconnects and
laminated-metal-film meander interconnects. The
screen printed meander interconnects have a low
relative resistance change in figure 8, which makes
them a good option for sensing applications, com-
pared to non-shaped screen-printed interconnects or
laminated-metal-film interconnects.

It should also noted that the support structures
were fabricated with simple planar designs as a proof
of concept. Currently, most preparation methods in
stretchable electronics use planar designs, which can
be replaced with 3D printing. The thicknesses, shapes
and locations of direct 3D-printed structures on a
stretchable substrate can easily be modified, which
makes local control of the elongation of the stretch-
able substrate possible. As conductive plastics and
inks are developed and used, 3D printing can com-
bine several process steps and 3D-printed electronic
modules can be made on a stretchable substrate by a
single-step method. With recent inventions, such as
clover-shaped modules, new customizable and dur-
able wearable electronics can be created [22].

4.3. Interconnects’ deformations under elongation
In figure 10, elongated interconnect areas can be
seen between two meanders in the four tensile test
series. figure 10(a) shows the unsupported meander
interconnect, which has a typical elongation mech-
anism. The interconnect cracks from the tips of the
meanders, and the cracks progress evenly towards the
transition area of themeanders. Themeanders flatten
and become thinner when the elongation increases,
and finally the cracks in the tips of themeanders break
the interconnect.

figure 10(b) presents the bar support between the
meanders, which decreased the interconnects’ elong-
ation. The bar-shaped supports locally decrease the
elongation of the TPU film around them, but, on
the contrary, the space between the supports has
large elongations induced. The supports are placed so
that the meanders’ tips are just between them, which
stretches and straightens the meanders more than in
the unsupported sample.

Straight support samples just outside the
meanders affected the cracking of the meanders in
figure 10(c). The supports blocked elongation in the
tips of the meanders, and they have minimum crack-
ing. However, the length of the supports was not
enough to protect the whole meander, and they star-
ted to crack close to the supports’ ends. This local

cracking of meanders can cause random failures of
interconnects, which explains the high variation of
the test series in figure 7.

Curved supports inside the meanders are shown
in figure 10(d). The cracking of the meanders is uni-
form, but the shape of the interconnect has changed
a little. As the TPU film elongates more between the
supports, the elongation is concentrated in the thicker
transition areas of the meanders, which increases the
durability of the meanders.

5. Conclusions

In the field of wearables and stretchable electronics,
there are various benefits of using an FFF printer to
manufacture direct printed structures on a stretch-
able substrate. This study introduced an easy altern-
ative method for producing deformable supports and
frames. Eventually, this work will lead to complex
additively manufactured multilayer circuit boards
using the multimaterial FFF method. Most import-
antly, the results demonstrated that the adhesion
between 3D-printed TPU material and a stretchable
substrate is excellent and can exceed the constitution
of the substrate, which is a basic requirement for dir-
ectly printed supports and other structures. In addi-
tion, the direct printingmethod allows the easy addit-
ive manufacture of complex geometries and accurate
placement of small shapes without adhesives. Fur-
thermore, the direct printing method is compatible
with the most commonmaterials and manufacturing
methods used for stretchable electronics. The direct
printed structures could be also used as platforms for
electronics components.

We demonstrated the approach by direct printing
several kinds of support structures for screen-printed
stretchable interconnects. With the support struc-
tures, the stretchability of the interconnects improved
by up to 27.3%. The support structures enable the
use of meander-shaped screen-printed interconnects,
which have a more stable resistance increase under
elongation than traditional straight interconnects;
this makes them more suitable for sensing applica-
tions, where resistance fluctuations are potential error
sources.

We believe that this method will enable cost-
effective manufacture for new applications in the
fields of smart textiles, wearable healthcare products
and automotive interior design. In the future, the
authors will continue to develop direct 3D-printing
methods for the fabrication of stretchable electronics
for wearable applications.
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Abstract: The addition of fillers has been implemented in fused filament fabrication (FFF), and
robust carbon fillers have been found to improve the mechanical, electrical, and thermal properties of
3D-printed matrices. However, in stretchable matrices, the use of fillers imposes significant challenges
related to quality and durability. In this work, we show that long carbon staple fibers in the form
of permeable carbon fiber cloth (CFC) can be placed into a stretchable thermoplastic polyurethane
(TPU) matrix to improve the system. Four CFC sample series (nominally 53–159-µm-thick CFC
layers) were prepared with a permeable and compliant thin CFC layer and a highly conductive
and stiff thick CFC layer. The sample series was tested with single pull-up tests and cyclic tensile
tests with 10,000 cycles and was further studied with digital image correlation (DIC) analyses. The
results showed that embedded CFC layers in a TPU matrix can be used for stretchable 3D-printed
electronics structures. Samples with a thin 53 µm CFC layer retained electrical properties at 50%
cyclic tensile deformations, whereas the samples with a thick >150-µmCFC layer exhibited the lowest
resistance (5 Ω/10 mm). Between those structures, the 106-µm-thick CFC layer exhibited balanced
electromechanical properties, with resistance changes of 0.5% in the cyclic tests after the orientation
of the samples. Furthermore, the suitability of the structure as a sensor was estimated.

Keywords: stretchable electronics; 3D printing; carbon fibers; electromechanical testing; strain sensor

1. Introduction

Additive manufacturing (AM) is widely used in several manufacturing sectors. Fused fil-
ament fabrication (FFF), especially, has advantages such as simplicity and cost-effectiveness [1].
For example, strain sensors [2], multiaxial force sensors [3], and batteries [4] have already
been fabricated with this single-step FFF process. FFF can also be adopted in the textile
field by printing plastics directly on textile substrates [5] or by printing the whole textile
composition [6]. Moreover, it has been demonstrated that FFF with deformable plastics
and substrates can be used in manufacturing stretchable electronics, which can be further
laminated on textiles for wearable electronics [7].

Recently, 3D-printed stretchable and wearable electronics have gained more atten-
tion, and rigid [4] and stretchable wearables [8] have been successfully fabricated. Still,
stretchable electronics that are practically integrable into clothing have not yet been manu-
factured via 3D printing. For integrable stretchable and wearable electronics, carbon-filled
polymers are an especially promising alternative for the creation of mechanically complex
and thermally and electrically conductive structures [2,9]. These polymers can be mod-
ified using carbon-based additives with different form factors and dimensions, such as
carbon fibers [10], carbon nanotubes (CNTs) [2,3,9], carbon black [11], graphene [12], and
others [13], with a wide variety of outcomes in terms of properties such as strength, thermal
and electrical conductivity, piezoresistive behavior, and many others [14–16]. These modi-
fied materials enable the fabrication of sensors, wearables, and other end-products, e.g., by
providing higher strength, fire retardancy, or electrical properties. However, FFF polymers
with fillers generally require a high nozzle diameter to prevent clogging, decreasing the
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Abstract: The addition of fillers has been implemented in fused filament fabrication (FFF), and
robust carbon fillers have been found to improve the mechanical, electrical, and thermal properties of
3D-printed matrices. However, in stretchable matrices, the use of fillers imposes significant challenges
related to quality and durability. In this work, we show that long carbon staple fibers in the form
of permeable carbon fiber cloth (CFC) can be placed into a stretchable thermoplastic polyurethane
(TPU) matrix to improve the system. Four CFC sample series (nominally 53–159-µm-thick CFC
layers) were prepared with a permeable and compliant thin CFC layer and a highly conductive
and stiff thick CFC layer. The sample series was tested with single pull-up tests and cyclic tensile
tests with 10,000 cycles and was further studied with digital image correlation (DIC) analyses. The
results showed that embedded CFC layers in a TPU matrix can be used for stretchable 3D-printed
electronics structures. Samples with a thin 53 µm CFC layer retained electrical properties at 50%
cyclic tensile deformations, whereas the samples with a thick >150-µmCFC layer exhibited the lowest
resistance (5 Ω/10 mm). Between those structures, the 106-µm-thick CFC layer exhibited balanced
electromechanical properties, with resistance changes of 0.5% in the cyclic tests after the orientation
of the samples. Furthermore, the suitability of the structure as a sensor was estimated.

Keywords: stretchable electronics; 3D printing; carbon fibers; electromechanical testing; strain sensor

1. Introduction

Additive manufacturing (AM) is widely used in several manufacturing sectors. Fused fil-
ament fabrication (FFF), especially, has advantages such as simplicity and cost-effectiveness [1].
For example, strain sensors [2], multiaxial force sensors [3], and batteries [4] have already
been fabricated with this single-step FFF process. FFF can also be adopted in the textile
field by printing plastics directly on textile substrates [5] or by printing the whole textile
composition [6]. Moreover, it has been demonstrated that FFF with deformable plastics
and substrates can be used in manufacturing stretchable electronics, which can be further
laminated on textiles for wearable electronics [7].

Recently, 3D-printed stretchable and wearable electronics have gained more atten-
tion, and rigid [4] and stretchable wearables [8] have been successfully fabricated. Still,
stretchable electronics that are practically integrable into clothing have not yet been manu-
factured via 3D printing. For integrable stretchable and wearable electronics, carbon-filled
polymers are an especially promising alternative for the creation of mechanically complex
and thermally and electrically conductive structures [2,9]. These polymers can be mod-
ified using carbon-based additives with different form factors and dimensions, such as
carbon fibers [10], carbon nanotubes (CNTs) [2,3,9], carbon black [11], graphene [12], and
others [13], with a wide variety of outcomes in terms of properties such as strength, thermal
and electrical conductivity, piezoresistive behavior, and many others [14–16]. These modi-
fied materials enable the fabrication of sensors, wearables, and other end-products, e.g., by
providing higher strength, fire retardancy, or electrical properties. However, FFF polymers
with fillers generally require a high nozzle diameter to prevent clogging, decreasing the
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printing quality [2] and causing highly anisotropic printing results [17]. Fillers also rapidly
increase the Young’s modulus of the polymers, leading to a trade-off between stiffness and
conductivity [2].

In FFF polymers, the shape and size of carbon fillers influence the formation of the
fillers’ conductive network, percolation threshold, and overall conductivity. For example,
when the results from previous studies are converted into conductivity values, acryloni-
trile butadiene styrene (ABS) filament consisting of 15 wt% nano-scale carbon black has
0.025 S/m conductivity [11], and 5.6 wt% graphene flakes with a lateral size of 3–5-µm [12]
provide 0.001 S/m. CNTs were mixed into thermoplastic polyurethane (TPU) filaments
(with a CNT content of 4 wt%) of in 9.5 nm diameter and 1.5 µm in length, providing
32 S/m conductivity after the 3D-printing process (with a 0.6 mm nozzle) [2]. Furthermore,
Tzounis et al. blended TPU and CNTs (5 wt%, 9.5 nm diameter, 3.0 µm length), which
resulted in higher conductivity, approximately 100 S/m, but this required a less accurate
0.8 mm nozzle [17]. Spoerk et al. 3D-printed polypropylene (PP) filaments filled with short
carbon fibers (7 µm in diameter and 250 µm in length) at proportions of up to 10 wt% with
a 0.6 mm nozzle [18] for thermally conductive structures. Even longer millimeter-scale
fibers can be added during the filament manufacturing process, but these are chopped to
the micrometer-scale during the process [10].

Furthermore, continuous carbon fiber filaments are used in FFF by feeding them into
molten-state polymers during extrusion [19,20], increasing an object’s carbon fiber content.
However, this process requires a larger nozzle [19,20]. Another alternative is to impregnate
carbon fiber filaments before printing, enabling more complex [21] and precise [22] printing
with filaments.

Feeding carbon fillers and carbon filaments through a 3D printer’s nozzle makes them
compatible with readily available FFF printers. Furthermore, carbon semi-products, such
as laminates and inks, can be integrated into the 3D printing process semi-automatically
or automatically by pausing the process. Carbon fiber sheets can be laminated on top of
objects to form durable and lightweight composite structures [23] or inside them to address
porosity and layer adhesion issues [13]. Moreover, integrated carbon fiber tows can be
used to monitor a matrix’s structural health via the tows’ resistance changes [24]. Other
electrical and thermal properties can be created by spray-depositing the 3D-printed surface
with CNTs, and a 19-nm layer thickness on the smoothened surface is possible [25,26].
Furthermore, the direct ink writing (DIW) method can be combined with FFF to print
carbon black ink electrodes for 3D printed supercapacitors [27]. The FFF process even
allows the manual or automatic integration of printed circuit board (PCB) components
inside an object [8], which, along with other placement methods, enables versatile 3D-
printed electronics.

In this study, stretchable and wearable 3D-printed electronics components were made
by adding sparse carbon fiber cloths (CFCs) inside a TPU matrix made with FFF. The
advantages of this process are that CFCs with mechanical and electrical properties were
(1) integrated inside the matrix without cavities or other 3D printing design modifications,
and (2) adhesives were not required for their placement—it was sufficient to change the
general 3D printing settings. Furthermore, CFCs embedded in this way inside the structure
(3) do not decrease the adhesion between the TPU layers, and (4) they can be cut into
different shapes, which can be used as functional elements in fabricating stretchable and
wearable electronics. Furthermore, integrated CFCs can create (5) more isotropic and
detailed objects than those created through FFF with carbon fiber filaments.

To the authors’ knowledge, permeable CFC has never been used to improve the
electrical and mechanical properties of FFF objects. The measured properties of CFC
compare favorably to those of carbon-filler filaments and can be used to provide stretchable
and conductive composite matrices. The obtained results prove that matrices with CFC
can sustain large numbers of deformation cycles with minimal changes in their resistance
behavior, thanks to the combined mechanical and adhesion properties of the materials
involved. We studied the characteristics and advantages of this new method by conducting
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quasi-static and cyclic electromechanical tests, which we further analyzed using digital
image correlation (DIC) techniques to attain information about the local deformation field in
the samples. Finally, the properties of the structure for sensor applications were estimated.

2. Materials and Methods

CFCs with centimeter-scale fibers are traditionally used in composite manufacturing
to increase the Young’s modulus of materials with a minimal increase in density, i.e., to
improve the specific modulus of materials. As well as mechanical features, CFCs are
thermally and electrically conductive, thus having the potential to be used in wearable
electronics. The stretchability that wearable electronics require was achieved by combining
sparse CFCs and a highly stretchable TPU matrix. Single pull-up tests were first used
to study the mechanical properties of the CFC matrices. Then cyclic tensile tests were
conducted to measure the electromechanical features. Finally, the samples’ behavior was
further analyzed with DIC.

2.1. Composition and Preparation of Samples

The CFCs used in this work were provided by ACP Composites [28], and the re-
ported average single carbon fiber length was 25.4 mm. The carbon fibers were processed
from polyacrylonitrile (PAN) to promote their electrochemical properties [29]. CFCs with
two grades of nominal thicknesses, 0.0021” (53 µm) and 0.006” (153 µm), were tested. Thin
CFCs were also tested as two- and three-layered plies to further improve their electrical
conductivity. The single-layer CFCs and the two- and three-layered plies were laminated
to make them flat and fixed together for the 3D printing process, which can decrease the
nominal thicknesses of CFCs. Furthermore, plain zero samples without CFCs were tested
for comparison. The composition of the carbon fiber and its nominal thickness in the
electromechanical samples are presented in Table 1.

Table 1. Studied CFC compositions based on the manufacturer’s data.

Series Thickness (µm) Weight (g/m2) N of Layers Grade

1 - - 0 -
2 53 6.8 1 800015i
3 106 13.6 2 800015i
4 159 20.3 3 800015i
5 153 17 1 800020i

A TPU filament was used as a 3D-printed backbone for the fabricated structure.
TPU is a widely used material in 3D printing and stretchable electronics because of its
high deformability and stability [2,3,7]. For example, TPU-based stretchable films have
also been used in wearable and printed electronics in combination with screen-printable
conductive silver inks. Using TPU filaments is a convenient choice for developing 3D-
printed stretchable and wearable electronics because of the ease of integration in these types
of systems. Blue Ultimaker TPU 95A filament (Ultimaker B.V., Utrecht, The Netherlands)
by Ultimaker B.V. (nominal diameter: 2.85 mm) was used in the tests, as it is more reliable
to 3D print compared to the thinner 1.75 mm diameter FFF filaments, which are prone to
bend and jam during 3D printing.

A commercial Ultimaker S5 FFF printer (Ultimaker B.V., Utrecht, The Netherlands)
with an official air management unit accessory, with the Cura slicer program (version 4.4.0,
Ultimaker B.V., Utrecht, The Netherlands) from Ultimaker B.V., was used in the 3D printer
setup. The nozzle diameter was 0.4 mm, and the layer thickness was 0.15 mm. The nozzle
temperature was 240 ◦C and the bed temperature was 60 ◦C, enabling good adhesion on a
clean glass building plate. The printing speed was 25 mm/s, and the cooling fan was off.
The number of walls was two, the infill ratio was 100%, and the infill shape was 45◦ lines.
Furthermore, the infill was printed before the walls so that the CFC piece was smoothly
fixed on the printed surface. As well as the typical printing settings, a script was added in
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printing quality [2] and causing highly anisotropic printing results [17]. Fillers also rapidly
increase the Young’s modulus of the polymers, leading to a trade-off between stiffness and
conductivity [2].

In FFF polymers, the shape and size of carbon fillers influence the formation of the
fillers’ conductive network, percolation threshold, and overall conductivity. For example,
when the results from previous studies are converted into conductivity values, acryloni-
trile butadiene styrene (ABS) filament consisting of 15 wt% nano-scale carbon black has
0.025 S/m conductivity [11], and 5.6 wt% graphene flakes with a lateral size of 3–5-µm [12]
provide 0.001 S/m. CNTs were mixed into thermoplastic polyurethane (TPU) filaments
(with a CNT content of 4 wt%) of in 9.5 nm diameter and 1.5 µm in length, providing
32 S/m conductivity after the 3D-printing process (with a 0.6 mm nozzle) [2]. Furthermore,
Tzounis et al. blended TPU and CNTs (5 wt%, 9.5 nm diameter, 3.0 µm length), which
resulted in higher conductivity, approximately 100 S/m, but this required a less accurate
0.8 mm nozzle [17]. Spoerk et al. 3D-printed polypropylene (PP) filaments filled with short
carbon fibers (7 µm in diameter and 250 µm in length) at proportions of up to 10 wt% with
a 0.6 mm nozzle [18] for thermally conductive structures. Even longer millimeter-scale
fibers can be added during the filament manufacturing process, but these are chopped to
the micrometer-scale during the process [10].

Furthermore, continuous carbon fiber filaments are used in FFF by feeding them into
molten-state polymers during extrusion [19,20], increasing an object’s carbon fiber content.
However, this process requires a larger nozzle [19,20]. Another alternative is to impregnate
carbon fiber filaments before printing, enabling more complex [21] and precise [22] printing
with filaments.

Feeding carbon fillers and carbon filaments through a 3D printer’s nozzle makes them
compatible with readily available FFF printers. Furthermore, carbon semi-products, such
as laminates and inks, can be integrated into the 3D printing process semi-automatically
or automatically by pausing the process. Carbon fiber sheets can be laminated on top of
objects to form durable and lightweight composite structures [23] or inside them to address
porosity and layer adhesion issues [13]. Moreover, integrated carbon fiber tows can be
used to monitor a matrix’s structural health via the tows’ resistance changes [24]. Other
electrical and thermal properties can be created by spray-depositing the 3D-printed surface
with CNTs, and a 19-nm layer thickness on the smoothened surface is possible [25,26].
Furthermore, the direct ink writing (DIW) method can be combined with FFF to print
carbon black ink electrodes for 3D printed supercapacitors [27]. The FFF process even
allows the manual or automatic integration of printed circuit board (PCB) components
inside an object [8], which, along with other placement methods, enables versatile 3D-
printed electronics.

In this study, stretchable and wearable 3D-printed electronics components were made
by adding sparse carbon fiber cloths (CFCs) inside a TPU matrix made with FFF. The
advantages of this process are that CFCs with mechanical and electrical properties were
(1) integrated inside the matrix without cavities or other 3D printing design modifications,
and (2) adhesives were not required for their placement—it was sufficient to change the
general 3D printing settings. Furthermore, CFCs embedded in this way inside the structure
(3) do not decrease the adhesion between the TPU layers, and (4) they can be cut into
different shapes, which can be used as functional elements in fabricating stretchable and
wearable electronics. Furthermore, integrated CFCs can create (5) more isotropic and
detailed objects than those created through FFF with carbon fiber filaments.

To the authors’ knowledge, permeable CFC has never been used to improve the
electrical and mechanical properties of FFF objects. The measured properties of CFC
compare favorably to those of carbon-filler filaments and can be used to provide stretchable
and conductive composite matrices. The obtained results prove that matrices with CFC
can sustain large numbers of deformation cycles with minimal changes in their resistance
behavior, thanks to the combined mechanical and adhesion properties of the materials
involved. We studied the characteristics and advantages of this new method by conducting
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quasi-static and cyclic electromechanical tests, which we further analyzed using digital
image correlation (DIC) techniques to attain information about the local deformation field in
the samples. Finally, the properties of the structure for sensor applications were estimated.

2. Materials and Methods

CFCs with centimeter-scale fibers are traditionally used in composite manufacturing
to increase the Young’s modulus of materials with a minimal increase in density, i.e., to
improve the specific modulus of materials. As well as mechanical features, CFCs are
thermally and electrically conductive, thus having the potential to be used in wearable
electronics. The stretchability that wearable electronics require was achieved by combining
sparse CFCs and a highly stretchable TPU matrix. Single pull-up tests were first used
to study the mechanical properties of the CFC matrices. Then cyclic tensile tests were
conducted to measure the electromechanical features. Finally, the samples’ behavior was
further analyzed with DIC.

2.1. Composition and Preparation of Samples

The CFCs used in this work were provided by ACP Composites [28], and the re-
ported average single carbon fiber length was 25.4 mm. The carbon fibers were processed
from polyacrylonitrile (PAN) to promote their electrochemical properties [29]. CFCs with
two grades of nominal thicknesses, 0.0021” (53 µm) and 0.006” (153 µm), were tested. Thin
CFCs were also tested as two- and three-layered plies to further improve their electrical
conductivity. The single-layer CFCs and the two- and three-layered plies were laminated
to make them flat and fixed together for the 3D printing process, which can decrease the
nominal thicknesses of CFCs. Furthermore, plain zero samples without CFCs were tested
for comparison. The composition of the carbon fiber and its nominal thickness in the
electromechanical samples are presented in Table 1.

Table 1. Studied CFC compositions based on the manufacturer’s data.

Series Thickness (µm) Weight (g/m2) N of Layers Grade

1 - - 0 -
2 53 6.8 1 800015i
3 106 13.6 2 800015i
4 159 20.3 3 800015i
5 153 17 1 800020i

A TPU filament was used as a 3D-printed backbone for the fabricated structure.
TPU is a widely used material in 3D printing and stretchable electronics because of its
high deformability and stability [2,3,7]. For example, TPU-based stretchable films have
also been used in wearable and printed electronics in combination with screen-printable
conductive silver inks. Using TPU filaments is a convenient choice for developing 3D-
printed stretchable and wearable electronics because of the ease of integration in these types
of systems. Blue Ultimaker TPU 95A filament (Ultimaker B.V., Utrecht, The Netherlands)
by Ultimaker B.V. (nominal diameter: 2.85 mm) was used in the tests, as it is more reliable
to 3D print compared to the thinner 1.75 mm diameter FFF filaments, which are prone to
bend and jam during 3D printing.

A commercial Ultimaker S5 FFF printer (Ultimaker B.V., Utrecht, The Netherlands)
with an official air management unit accessory, with the Cura slicer program (version 4.4.0,
Ultimaker B.V., Utrecht, The Netherlands) from Ultimaker B.V., was used in the 3D printer
setup. The nozzle diameter was 0.4 mm, and the layer thickness was 0.15 mm. The nozzle
temperature was 240 ◦C and the bed temperature was 60 ◦C, enabling good adhesion on a
clean glass building plate. The printing speed was 25 mm/s, and the cooling fan was off.
The number of walls was two, the infill ratio was 100%, and the infill shape was 45◦ lines.
Furthermore, the infill was printed before the walls so that the CFC piece was smoothly
fixed on the printed surface. As well as the typical printing settings, a script was added in
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the middle of the printing program to pause the printing automatically to manually insert
the CFC piece. Furthermore, a prime tower feature was used before printing on top of the
applied CFC piece to avoid uncontrolled leaking of the molten TPU from the nozzle onto
the sample.

FFF was used to fabricate samples, of which the target dimensions were 10 mm
wide, 200 mm long, and 1 mm thick. In the middle of the samples, an 8-mm-wide and
230-mm-long piece of CFC was placed longitudinally. CFCs were cut in the machine direc-
tion orientation (MDO), their loose ends serving as electrical contacts. Then, the CFC was
fixed with two strips of Kapton tape to avoid using an adhesive and to reinforce the electri-
cal contacts. The placed CFCs affected the samples’ dimensions, measured with a digital
Vernier caliper with ± 0.01 mm measurement resolution. The sample preparation steps,
drawn in Solidworks 3D design software (version 2021, Dassault Systèmes SolidWorks
Corporation, Waltham, MA, USA), are presented in Figure 1.
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Figure 1. Preparation steps of the samples as modeled in Solidworks: (a) 3D printing of the sample’s
bottom half-layer, (b) placement of the CFC piece with the use of Kapton tape, and (c) continuing the
3D printing until the sample was ready.

2.2. Electrical Measurement of the Samples

The CFC pieces were electrically conductive. Based on the amount of carbon fibers
they contained, they provided different levels of electrical conductivity in the 3D-printed
matrix. In the sample preparation, the resistance of the CFC pieces was measured twice:
before their placement inside the sample and after the 3D printing process. The resistance
was measured using a Fluke 183 multimeter (Elfa Distrelec Oy, Helsinki, Finland) by
firmly pressing the multimeter probes on the CFC pieces to achieve a stable reading (<5 Ω
variation). The distance between the probes was 220 mm. The comparability of the results
to those of previous studies was enabled by converting resistance to conductivity. The
conductivity was calculated with the equation

σ = 1/((RA)/L), (1)

where σ is the conductivity in S/m, R is the resistance in Ω, A is the cross-sectional area
of CFC in m2, and L is the distance between probes in m. The cross-sectional area was
calculated based on the nominal width and thickness of CFCs, as reported in Table 1.
Note that the conductivity here does not refer to the carbon fiber’s conductivity but to the
average conductivity of the macroscopic sample’s CFC material.

2.3. Mechanical Tests

The mechanical behavior of the 3D-printed samples and the effect of the quantity of
the integrated CFCs on the failure behavior was evaluated with an ESM303 tensile tester
(Mark-10 Corporation, Copiague, NY, USA), equipped with a 500 N load cell. The distance
of the clamps was 50 mm; the movement speed of the upper clamp was 25 mm/min. From
each sample series, two samples were elongated 50% (25 mm) with a single pull-up test.

Because clothing-integrated stretchable and wearable components endure thousands
of stretching cycles during their lifetime [30], cyclic tensile loading was chosen as a more
realistic testing method. The cyclic electromechanical behavior of the samples was tested
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with the simultaneous use of the tensile tester and a custom-built resistance measurement
system (Tampere University, Tampere, Finland). In the cyclic electromechanical tests, the
movement speed of the upper clamp was 240 mm/min.

A custom-built resistance measurement systemwas constructed using an Arduino Uno
board. The system used Arduino Uno’s 10-bit AD converter for two-wire measurements to
calculate real-time voltage values over the samples, which were converted to resistance
values and recorded. The system had three measurement channels that used 3470 Ω
resistors as a reference. Based on the reference resistor values, the system’s accuracy
was ±3 Ω. A threshold of 3000 Ω was used to indicate the total sample failure. The
probes of the resistance measurement system were fixed to the samples’ contacts with
anisotropic conductive adhesive film (ACF), and were further clamped to ensure stable
electrical connections.

Since the conducting material’s structure is not homogeneous but is rather an intercon-
nected network of fibers with small contact points between the fibers, the current density
may influence the sample’s resistance. Nevertheless, no such effect was observed with the
low (less than 100 mA) measured DC currents. With higher frequencies (in MHz range) or
high currents (several A), the influence of current density on the resistance would probably
be observed, in alignment with previously reported results [31].

In the cyclic tests, three samples from the same category were fixed together in the
50-mm-wide clamps and simultaneously stretched 10,000 times. During testing, the tensile
tester measured the average force and displacement of three samples, and the resistance
measurement systemmeasured each sample’s resistance. For every sample series in Table 1,
five degrees of tensile deformations were tested (10%, 20%, 30%, 40%, and 50%), and
25 cyclic tests were conducted. Figure 2 presents the clamped cyclic test samples with
background light. After the cyclic tests, a strain sensor test was carried out with the
cyclic test setup and a previously tested (50% elongated) cyclic test sample with a 153 µm
nominally thick carbon fiber layer. The sample was elongated repeatedly up to 10% with a
speed of 0.5 mm/min.
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Figure 2. Clamped cyclic test samples in the ESM303 tensile tester. The samples were inspected with
a background light, which revealed the integrated CFCs inside the 3D-printed TPU matrix.

The cyclic test analysis was performed using Matlab (version R2021b, MathWorks, Inc.,
Natick, MA, USA). Maximum and minimum resistance values during cyclic loading were
extracted from the test data by averaging the steady-state results obtained after the first
thousand cycles, and a high variation in the sample resistance was observed, presumably
due to fiber reorientation in the CFC layer. The change in the samples’ resistance was then
calculated based on the two parameters extracted above. Furthermore, the average change
in the resistance of the cyclically loaded samples was calculated by dividing the testing time
into ten cycle periods and calculating the average resistances of each period. After that,
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the middle of the printing program to pause the printing automatically to manually insert
the CFC piece. Furthermore, a prime tower feature was used before printing on top of the
applied CFC piece to avoid uncontrolled leaking of the molten TPU from the nozzle onto
the sample.

FFF was used to fabricate samples, of which the target dimensions were 10 mm
wide, 200 mm long, and 1 mm thick. In the middle of the samples, an 8-mm-wide and
230-mm-long piece of CFC was placed longitudinally. CFCs were cut in the machine direc-
tion orientation (MDO), their loose ends serving as electrical contacts. Then, the CFC was
fixed with two strips of Kapton tape to avoid using an adhesive and to reinforce the electri-
cal contacts. The placed CFCs affected the samples’ dimensions, measured with a digital
Vernier caliper with ± 0.01 mm measurement resolution. The sample preparation steps,
drawn in Solidworks 3D design software (version 2021, Dassault Systèmes SolidWorks
Corporation, Waltham, MA, USA), are presented in Figure 1.
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Figure 1. Preparation steps of the samples as modeled in Solidworks: (a) 3D printing of the sample’s
bottom half-layer, (b) placement of the CFC piece with the use of Kapton tape, and (c) continuing the
3D printing until the sample was ready.

2.2. Electrical Measurement of the Samples

The CFC pieces were electrically conductive. Based on the amount of carbon fibers
they contained, they provided different levels of electrical conductivity in the 3D-printed
matrix. In the sample preparation, the resistance of the CFC pieces was measured twice:
before their placement inside the sample and after the 3D printing process. The resistance
was measured using a Fluke 183 multimeter (Elfa Distrelec Oy, Helsinki, Finland) by
firmly pressing the multimeter probes on the CFC pieces to achieve a stable reading (<5 Ω
variation). The distance between the probes was 220 mm. The comparability of the results
to those of previous studies was enabled by converting resistance to conductivity. The
conductivity was calculated with the equation

σ = 1/((RA)/L), (1)

where σ is the conductivity in S/m, R is the resistance in Ω, A is the cross-sectional area
of CFC in m2, and L is the distance between probes in m. The cross-sectional area was
calculated based on the nominal width and thickness of CFCs, as reported in Table 1.
Note that the conductivity here does not refer to the carbon fiber’s conductivity but to the
average conductivity of the macroscopic sample’s CFC material.

2.3. Mechanical Tests

The mechanical behavior of the 3D-printed samples and the effect of the quantity of
the integrated CFCs on the failure behavior was evaluated with an ESM303 tensile tester
(Mark-10 Corporation, Copiague, NY, USA), equipped with a 500 N load cell. The distance
of the clamps was 50 mm; the movement speed of the upper clamp was 25 mm/min. From
each sample series, two samples were elongated 50% (25 mm) with a single pull-up test.

Because clothing-integrated stretchable and wearable components endure thousands
of stretching cycles during their lifetime [30], cyclic tensile loading was chosen as a more
realistic testing method. The cyclic electromechanical behavior of the samples was tested
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with the simultaneous use of the tensile tester and a custom-built resistance measurement
system (Tampere University, Tampere, Finland). In the cyclic electromechanical tests, the
movement speed of the upper clamp was 240 mm/min.

A custom-built resistance measurement systemwas constructed using an Arduino Uno
board. The system used Arduino Uno’s 10-bit AD converter for two-wire measurements to
calculate real-time voltage values over the samples, which were converted to resistance
values and recorded. The system had three measurement channels that used 3470 Ω
resistors as a reference. Based on the reference resistor values, the system’s accuracy
was ±3 Ω. A threshold of 3000 Ω was used to indicate the total sample failure. The
probes of the resistance measurement system were fixed to the samples’ contacts with
anisotropic conductive adhesive film (ACF), and were further clamped to ensure stable
electrical connections.

Since the conducting material’s structure is not homogeneous but is rather an intercon-
nected network of fibers with small contact points between the fibers, the current density
may influence the sample’s resistance. Nevertheless, no such effect was observed with the
low (less than 100 mA) measured DC currents. With higher frequencies (in MHz range) or
high currents (several A), the influence of current density on the resistance would probably
be observed, in alignment with previously reported results [31].

In the cyclic tests, three samples from the same category were fixed together in the
50-mm-wide clamps and simultaneously stretched 10,000 times. During testing, the tensile
tester measured the average force and displacement of three samples, and the resistance
measurement systemmeasured each sample’s resistance. For every sample series in Table 1,
five degrees of tensile deformations were tested (10%, 20%, 30%, 40%, and 50%), and
25 cyclic tests were conducted. Figure 2 presents the clamped cyclic test samples with
background light. After the cyclic tests, a strain sensor test was carried out with the
cyclic test setup and a previously tested (50% elongated) cyclic test sample with a 153 µm
nominally thick carbon fiber layer. The sample was elongated repeatedly up to 10% with a
speed of 0.5 mm/min.
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Figure 2. Clamped cyclic test samples in the ESM303 tensile tester. The samples were inspected with
a background light, which revealed the integrated CFCs inside the 3D-printed TPU matrix.

The cyclic test analysis was performed using Matlab (version R2021b, MathWorks, Inc.,
Natick, MA, USA). Maximum and minimum resistance values during cyclic loading were
extracted from the test data by averaging the steady-state results obtained after the first
thousand cycles, and a high variation in the sample resistance was observed, presumably
due to fiber reorientation in the CFC layer. The change in the samples’ resistance was then
calculated based on the two parameters extracted above. Furthermore, the average change
in the resistance of the cyclically loaded samples was calculated by dividing the testing time
into ten cycle periods and calculating the average resistances of each period. After that,
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the average resistance data from the last 5000 cycles, with which the increase in resistance
versus the cycle could be linearized, were fitted using a linear relationship through the
polyfit Matlab function (n = 1) to obtain the average resistance change per cycle.

2.4. DIC Analyzes

To further analyze the electromechanical properties of the samples, DIC was used
for separate cyclic tests to inspect surface deformations of the samples in 100 early cycles,
in which the largest resistance changes typically occur. The surfaces of the samples were
studied and compared in the first, 50th, and 100th cycles. For this purpose, the deformation
of the samples during loading was recorded using the stereo 3D DIC imaging system 3D
StrainMaster Compact 5M (LaVision GmbH, Göttingen, Germany) and analyzed using
DaVis software (version 10.2.1, LaVision GmbH, Göttingen, Germany). The strain measure
used through the DIC analyses—and thus the one shown in the figures in this work—was
the logarithmic (Hencky) strain. For DIC, the speed of the upper clamp was 50 mm/min,
and the maximum elongation of the samples was 50% (25 mm).

The CFC pieces were studied with DIC without the 3D-printed TPU matrix to observe
the mechanical limits of the fabricated CFC pieces more closely. In these samples, each
CFC piece was laminated between two clear TPU films (Platilon U 4201 AU by Covestro).
The thickness of the films was 100 µm, width 10 mm, and length 200 mm. The film was
transparent and notably more deformable under the same load levels compared to the
1-mm-thick 3D-printed TPU matrix, enabling the evaluation of the deformation of the
CFC pieces.

3. Results
3.1. Preparation of the Samples

The dimensions of the designed samples were 10 mm in width, 1 mm in thickness,
and with a cross-sectional area of 10 mm2. Table 2 shows the measured average dimensions
of the sample series that underwent cyclic electromechanical testing, classified by amount
and type of reinforcement. The sample series contained 15 parallel samples.

Table 2. Studied CFC compositions based on the manufacturer’s data, and the target and measured
average dimensions of the sample series.

Series Average Width
(mm)

Average Thickness
(mm)

Average Area
(mm2)

Target dimensions 10 1 10
Without CFC 9.97 1.02 10.15

1 thin CFC (53 µm) 10.09 1.03 10.41
2 thin CFCs (106 µm) 10.12 1.04 10.56
3 thin CFCs (159 µm) 10.21 1.06 10.83
1 thick CFC (153 µm) 10.11 1.04 10.49

The area of the unreinforced sample series was 1.5% larger than the target dimensions.
With one layer of thick CFC, the average area increased by 4.9%. With 1–3 layers of thin
CFC, the average area increased by 4.1%, 5.6%, and 8.3%, correspondingly.

Figure 3 shows the resistance measurements of the CFC pieces of the samples before
3D printing, compared with the same measurements after the process. From these data,
it is evident that CFCs’ electrical performance improved after their integration into the
3D-printed matrix, since their resistance decreased. This differs, for example, from the
currently used carbon filler filaments, which have better electrical properties before 3D
printing. The resistance of the samples with thick CFC decreased by 27% after 3D printing,
making the average conductivity of the sample series approximately 1000 S/m. In the
sample series with one thin CFC, the resistance decreased by 33%, whereas the sample
series with two thin CFCs and three thin CFCs exhibited a 38% decrease in resistance. The
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calculated conductivity of all thin CFC sample series was at the level of 1500 S/m, which is
not a drastic variation, despite their differing thicknesses and several interfaces.

In addition to the decrease in the resistance, Figure 3 shows the scattering of the
resistance values in the CFC pieces. The series with one thin CFC showed the highest
dispersion of results, which decreased when more CFC plies were laminated on each
other. Furthermore, although the thickness of the sample with one thick CFC and that of
the sample with three thin CFCs samples were nominally similar, the resistance values
and scattered results of the series with one thick CFC were at the level of the series with
two thin CFCs.
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3.2. Mechanical Tests

First, the samples were elongated by 50% in the single pull-up tests; the results are
shown in Figure 4. In Figure 4a, it is possible to note that in the initial elastic phase, before
any crack formation in the samples, the increased amounts of CFCs added to the samples
resulted in larger slopes in the elastic region of the force-displacement curve. The high
amount of CFCs affected the elastic phase end, with the deformation developing into a
permanent plastic phase, the transition area becoming irregular, and random force drops
appearing. After the elastic phase, the decline in the force of the samples with one thick
CFC was about 20 N (20%) and it was approximately 5 N (6%) in the samples with three
thin CFCs. Furthermore, Figure 4b shows that the force results of the samples approached
certain levels, with the force of the plain samples and the samples with one thin CFC
approaching 70 N. In the samples with two thin CFCs and with three thin CFCs, the force
levels were around 90 N, whereas the force in the samples with one thick CFC varied
between 90 and 100 N.

After the single pull-up tests, the samples’ long-term durability was examined through
cyclic tensile tests. The raw data concerning resistance over time showed that three phases
could be identified for each cyclic test. Data from one sample from the sample series with
two thin CFCs (50% elongation) are shown in Figure 5. Initially, there was (1) a cycle in
which a high increase in the sample’s resistance was observed, followed by (2) a few more
cycles with decreasing resistance values, which finally (3) stabilized to a specific level. In
phase 3, the resistance behavior over the cycle was predictable and stable, or it varied
unpredictably and accumulated damage, as shown in Figure 6.
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the average resistance data from the last 5000 cycles, with which the increase in resistance
versus the cycle could be linearized, were fitted using a linear relationship through the
polyfit Matlab function (n = 1) to obtain the average resistance change per cycle.

2.4. DIC Analyzes

To further analyze the electromechanical properties of the samples, DIC was used
for separate cyclic tests to inspect surface deformations of the samples in 100 early cycles,
in which the largest resistance changes typically occur. The surfaces of the samples were
studied and compared in the first, 50th, and 100th cycles. For this purpose, the deformation
of the samples during loading was recorded using the stereo 3D DIC imaging system 3D
StrainMaster Compact 5M (LaVision GmbH, Göttingen, Germany) and analyzed using
DaVis software (version 10.2.1, LaVision GmbH, Göttingen, Germany). The strain measure
used through the DIC analyses—and thus the one shown in the figures in this work—was
the logarithmic (Hencky) strain. For DIC, the speed of the upper clamp was 50 mm/min,
and the maximum elongation of the samples was 50% (25 mm).

The CFC pieces were studied with DIC without the 3D-printed TPU matrix to observe
the mechanical limits of the fabricated CFC pieces more closely. In these samples, each
CFC piece was laminated between two clear TPU films (Platilon U 4201 AU by Covestro).
The thickness of the films was 100 µm, width 10 mm, and length 200 mm. The film was
transparent and notably more deformable under the same load levels compared to the
1-mm-thick 3D-printed TPU matrix, enabling the evaluation of the deformation of the
CFC pieces.

3. Results
3.1. Preparation of the Samples

The dimensions of the designed samples were 10 mm in width, 1 mm in thickness,
and with a cross-sectional area of 10 mm2. Table 2 shows the measured average dimensions
of the sample series that underwent cyclic electromechanical testing, classified by amount
and type of reinforcement. The sample series contained 15 parallel samples.

Table 2. Studied CFC compositions based on the manufacturer’s data, and the target and measured
average dimensions of the sample series.

Series Average Width
(mm)

Average Thickness
(mm)

Average Area
(mm2)

Target dimensions 10 1 10
Without CFC 9.97 1.02 10.15

1 thin CFC (53 µm) 10.09 1.03 10.41
2 thin CFCs (106 µm) 10.12 1.04 10.56
3 thin CFCs (159 µm) 10.21 1.06 10.83
1 thick CFC (153 µm) 10.11 1.04 10.49

The area of the unreinforced sample series was 1.5% larger than the target dimensions.
With one layer of thick CFC, the average area increased by 4.9%. With 1–3 layers of thin
CFC, the average area increased by 4.1%, 5.6%, and 8.3%, correspondingly.

Figure 3 shows the resistance measurements of the CFC pieces of the samples before
3D printing, compared with the same measurements after the process. From these data,
it is evident that CFCs’ electrical performance improved after their integration into the
3D-printed matrix, since their resistance decreased. This differs, for example, from the
currently used carbon filler filaments, which have better electrical properties before 3D
printing. The resistance of the samples with thick CFC decreased by 27% after 3D printing,
making the average conductivity of the sample series approximately 1000 S/m. In the
sample series with one thin CFC, the resistance decreased by 33%, whereas the sample
series with two thin CFCs and three thin CFCs exhibited a 38% decrease in resistance. The
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calculated conductivity of all thin CFC sample series was at the level of 1500 S/m, which is
not a drastic variation, despite their differing thicknesses and several interfaces.

In addition to the decrease in the resistance, Figure 3 shows the scattering of the
resistance values in the CFC pieces. The series with one thin CFC showed the highest
dispersion of results, which decreased when more CFC plies were laminated on each
other. Furthermore, although the thickness of the sample with one thick CFC and that of
the sample with three thin CFCs samples were nominally similar, the resistance values
and scattered results of the series with one thick CFC were at the level of the series with
two thin CFCs.

Micromachines 2022, 13, x FOR PEER REVIEW  7  of  19 
 

 

is evident that CFCs’ electrical performance improved after their integration into the 3D‐
printed matrix, since their resistance decreased. This differs, for example, from the cur‐
rently used carbon filler filaments, which have better electrical properties before 3D print‐
ing. The resistance of  the samples with thick CFC decreased by 27% after 3D printing, 
making the average conductivity of the sample series approximately 1000 S/m. In the sam‐
ple series with one thin CFC, the resistance decreased by 33%, whereas the sample series 
with two thin CFCs and three thin CFCs exhibited a 38% decrease in resistance. The cal‐
culated conductivity of all thin CFC sample series was at the level of 1500 S/m, which is 
not a drastic variation, despite their differing thicknesses and several interfaces. 

In addition to the decrease in the resistance, Figure 3 shows the scattering of the re‐
sistance values in the CFC pieces. The series with one thin CFC showed the highest dis‐
persion of results, which decreased when more CFC plies were laminated on each other. 
Furthermore, although the  thickness of  the sample with one thick CFC and  that of  the 
sample with three thin CFCs samples were nominally similar, the resistance values and 
scattered results of the series with one thick CFC were at the level of the series with two 
thin CFCs. 

 
Figure 3. CFC layers’ resistance per 10 mm before and after the 3D printing process. The sample 
series contained 15 parallel samples. 

3.2. Mechanical Tests 
First, the samples were elongated by 50% in the single pull‐up tests; the results are 

shown in Figure 4. In Figure 4a, it is possible to note that in the initial elastic phase, before 
any crack formation in the samples, the increased amounts of CFCs added to the samples 
resulted  in larger slopes in the elastic region of the force‐displacement curve. The high 
amount of CFCs affected the elastic phase end, with the deformation developing into a 
permanent plastic phase, the transition area becoming irregular, and random force drops 
appearing. After the elastic phase, the decline in the force of the samples with one thick 
CFC was about 20 N (20%) and it was approximately 5 N (6%) in the samples with three 
thin CFCs. Furthermore, Figure 4b shows that the force results of the samples approached 
certain levels, with the force of the plain samples and the samples with one thin CFC ap‐
proaching 70 N. In the samples with two thin CFCs and with three thin CFCs, the force 
levels were around 90 N, whereas  the  force  in  the samples with one  thick CFC varied 
between 90 and 100 N. 

Figure 3. CFC layers’ resistance per 10 mm before and after the 3D printing process. The sample
series contained 15 parallel samples.

3.2. Mechanical Tests

First, the samples were elongated by 50% in the single pull-up tests; the results are
shown in Figure 4. In Figure 4a, it is possible to note that in the initial elastic phase, before
any crack formation in the samples, the increased amounts of CFCs added to the samples
resulted in larger slopes in the elastic region of the force-displacement curve. The high
amount of CFCs affected the elastic phase end, with the deformation developing into a
permanent plastic phase, the transition area becoming irregular, and random force drops
appearing. After the elastic phase, the decline in the force of the samples with one thick
CFC was about 20 N (20%) and it was approximately 5 N (6%) in the samples with three
thin CFCs. Furthermore, Figure 4b shows that the force results of the samples approached
certain levels, with the force of the plain samples and the samples with one thin CFC
approaching 70 N. In the samples with two thin CFCs and with three thin CFCs, the force
levels were around 90 N, whereas the force in the samples with one thick CFC varied
between 90 and 100 N.

After the single pull-up tests, the samples’ long-term durability was examined through
cyclic tensile tests. The raw data concerning resistance over time showed that three phases
could be identified for each cyclic test. Data from one sample from the sample series with
two thin CFCs (50% elongation) are shown in Figure 5. Initially, there was (1) a cycle in
which a high increase in the sample’s resistance was observed, followed by (2) a few more
cycles with decreasing resistance values, which finally (3) stabilized to a specific level. In
phase 3, the resistance behavior over the cycle was predictable and stable, or it varied
unpredictably and accumulated damage, as shown in Figure 6.
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The samples’ resistance varied differently depending on the CFC layer’s thickness,
structure, and tensile deformation level. The samples with a thin CFC layer and a low
degree of elongation were more likely to have a more stable resistance variation in phase 3
(Figure 6a) than the samples with a thick layer of CFCs and high elongation (Figure 6b). In
some cases, the resistance values in phase 3 exceeded the measurement limits of the test
setup (3000 Ω), indicating the electrical failure of the sample.

In addition to the resistance behavior, the samples with different CFC layers exhibited
different elongation and failure behavior (Figure 4). The samples with 1–2 layers of thin
CFCs elongated uniformly, but those with a stiffer CFC layer elongated more locally.
Thinner CFC layers tended to show delocalized damage and deformation along the whole
sample through the TPU matrix; in the thicker samples, the deformation was localized
where the CFC layers started forming cracks, leading to high local strains in the matrix,
greatly affecting the samples’ electromechanical properties.
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exhibited repetitive electrical behavior in the 600 Ω–800 Ω range, whereas (b) the sample with 3 thin
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Figure 7 shows the resistance ranges of the cyclic sample series, with the electrome-
chanical behavior of each measured sample regarding its resistance properties is displayed
as a vertical line. The results of the three parallel samples are grouped, and the endpoints of
the lines show the maximum and minimum resistances, whereas the line’s length displays
the resistance change during stable cyclic loading. As depicted in Figure 7a, the sample
series with one thin CFC showed a moderate, gradual increase in its resistance range before
the final 50% deformation level, which increased the samples’ resistance range and varia-
tion. Figure 7b shows the modest resistance behavior of the series with two thin CFCs, with
similar resistance values at the 30% and 40% deformation levels; at the 50% deformation
level, the resistance range was less than 500 Ω.
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As illustrated in Figure 7c, the stiff series with three thin CFCs showed more scattered
results regarding the maximum resistance and resistance range values, whereas the min-
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The data show the high increase in resistance in the first cycle and the decrease in resistance and
stabilization that occurred within a few cycles.

The samples’ resistance varied differently depending on the CFC layer’s thickness,
structure, and tensile deformation level. The samples with a thin CFC layer and a low
degree of elongation were more likely to have a more stable resistance variation in phase 3
(Figure 6a) than the samples with a thick layer of CFCs and high elongation (Figure 6b). In
some cases, the resistance values in phase 3 exceeded the measurement limits of the test
setup (3000 Ω), indicating the electrical failure of the sample.

In addition to the resistance behavior, the samples with different CFC layers exhibited
different elongation and failure behavior (Figure 4). The samples with 1–2 layers of thin
CFCs elongated uniformly, but those with a stiffer CFC layer elongated more locally.
Thinner CFC layers tended to show delocalized damage and deformation along the whole
sample through the TPU matrix; in the thicker samples, the deformation was localized
where the CFC layers started forming cracks, leading to high local strains in the matrix,
greatly affecting the samples’ electromechanical properties.
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Figure 6. Cyclic behavior comparison of the samples elongated 30%. (a) The sample with 1 thin CFC
exhibited repetitive electrical behavior in the 600 Ω–800 Ω range, whereas (b) the sample with 3 thin
CFCs exhibited varying properties in the 350 Ω–1250 Ω range.

Figure 7 shows the resistance ranges of the cyclic sample series, with the electrome-
chanical behavior of each measured sample regarding its resistance properties is displayed
as a vertical line. The results of the three parallel samples are grouped, and the endpoints of
the lines show the maximum and minimum resistances, whereas the line’s length displays
the resistance change during stable cyclic loading. As depicted in Figure 7a, the sample
series with one thin CFC showed a moderate, gradual increase in its resistance range before
the final 50% deformation level, which increased the samples’ resistance range and varia-
tion. Figure 7b shows the modest resistance behavior of the series with two thin CFCs, with
similar resistance values at the 30% and 40% deformation levels; at the 50% deformation
level, the resistance range was less than 500 Ω.
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As illustrated in Figure 7c, the stiff series with three thin CFCs showed more scattered
results regarding the maximum resistance and resistance range values, whereas the min-
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imum resistance level still exhibited a recognizable gradual increase. Finally, as shown
in Figure 7d, the series with one thick CFC behaved similarly to the series with one thin
CFC. However, the resistance was lower at the 10–20% deformation levels because of the
greater thickness of the CFC layer. Conversely, this sample series showed higher resistance
changes at the deformation levels of 40% and 50% because of its stiffness.

Like Figure 7, Figure 8 shows the changes in the average resistance in the samples
per 5000 cycles, which indicates how much the resistance changed in the stable cyclic
deformation phase of the cyclic samples (previously defined as phase 3). The failed samples
that reached the 3000 Ω failure limit in Figure 7 are absent from Figure 8.

Micromachines 2022, 13, x FOR PEER REVIEW  10  of  19 
 

 

 
Figure 7. Resistance range lines of cyclic sample series, where three parallel samples are grouped 
together. The bottom and top endpoints of the lines show the minimum and maximum resistance 
values of the samples: (a) series with 1 thin CFC, (b) series with 2 thin CFCs, (c) series with 3 thin 
CFCs, and (d) series with 1 thick CFC. 

As illustrated in Figure 7c, the stiff series with three thin CFCs showed more scattered 
results regarding the maximum resistance and resistance range values, whereas the min‐
imum resistance level still exhibited a recognizable gradual increase. Finally, as shown in 
Figure 7d, the series with one thick CFC behaved similarly to the series with one thin CFC. 
However,  the  resistance was  lower  at  the  10–20%  deformation  levels  because  of  the 
greater  thickness  of  the CFC  layer. Conversely,  this  sample  series  showed  higher  re‐
sistance changes at the deformation levels of 40% and 50% because of its stiffness. 

Like Figure 7, Figure 8 shows the changes in the average resistance in the samples 
per 5000 cycles, which indicates how much the resistance changed in the stable cyclic de‐
formation phase of the cyclic samples (previously defined as phase 3). The failed samples 
that reached the 3000 Ω failure limit in Figure 7 are absent from Figure 8. 

 
Figure 8. Average resistance changes between cycles in the last 5000 test cycles: (a) series with 1 thin 
CFC, (b) series with 2 thin CFCs, (c) series with 3 thin CFCs, and (d) series with 1 thick CFC. 

In Figure 8a, the series with 1 thin CFC exhibited a change of approximately 5 Ω (1%) 
or smaller throughout 5000 cycles, except for a 50% tensile deformation level. The more 
random 50% tensile deformation level indicates the possible electrical limits of the sample 
series.  In  Figure  8b,  the  change  in  resistance  increased  as  the  tensile  deformation 

Figure 8. Average resistance changes between cycles in the last 5000 test cycles: (a) series with 1 thin
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In Figure 8a, the series with 1 thin CFC exhibited a change of approximately 5 Ω
(1%) or smaller throughout 5000 cycles, except for a 50% tensile deformation level. The
more random 50% tensile deformation level indicates the possible electrical limits of the
sample series. In Figure 8b, the change in resistance increased as the tensile deformation
increased; in the 10–30% tensile deformations, the average resistance change was always
lower than 3 Ω (0.5%). At the 40–50% level, the resistance change was still small, but the
low resistance range in Figure 7b increased the percentual resistance change and the results
were approximately 5 Ω (lower than 1%).

In Figure 8c, the scattered resistance values show that the samples with three thin
CFCs were not deformed evenly. Moreover, several samples (one sample from the 30%
deformation level, two from the 40%, and one from the 50% level) were removed as failures.
Despite this, the samples’ percentual resistance change was lower than 1%; even with
two unstable samples at 20% and 50% deformation levels, the change was approximately
2% and 1.5%, correspondingly.

Figure 8d depicts the results of the series with 1 thick CFC, which differed from the
rest of the sample series in Figure 8 and which exhibited small negative resistance changes
(lower than −0.3%) at the 30% and 40% tensile deformation levels. In the samples, the
resistance decreased throughout the cycles, which can be explained, e.g., by the alignment
of the carbon fibers. Furthermore, the average resistance changes were small at the 10–40%
levels and were always less than 4 Ω (1%) due to the high thickness of the CFC layer. This,
however, changed at the 50% deformation level, where the CFC layer’s stiffness was high
enough (compared to one of the TPU matrices) that the sample continued accumulating
damage, resulting in only one intact sample at the end of the cyclic test that showed an
average resistance change equal to 10 Ω per 1000 cycles.
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3.3. A Strain Sensor Demonstration

Finally, the usage of 3D-printed samples with an integrated carbon fiber layer as a
strain sensor was tested, with results shown in Figure 9. As an interconnection, the samples
lasted well up to 50% elongation, but for sensor applications, a smaller 10% dynamic range
was used after the initial 10,000 cycles, with a maximum elongation of 50%.

In the tests, rapid changes caused a dynamic error, and the response to a step change
stabilized in about 200 s. The test in Figure 9a was carried out with a stretching speed
of 0.5 mm/min and a maximum elongation of 10%. Figure 9a shows a linear increase in
resistance, which is optimal for sensing applications. However, there was some drift in the
output signal, similarly to what can be seen in the cyclic test in Figure 5. The drift stabilized
after about 100 cycles.
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As shown in Figure 9b, the practical dynamic range of the sensor was 750 Ω–1800 Ω.
The system shown in Figure 9b was not strictly linear. The nonlinearity error and noise
were <5% of the full scale. The sensor’s output after the structure stabilized was repeatable,
and the nonlinearity could be compensated for using software.

Figure 9b also shows hysteresis and sensitivity. The maximum difference during the
hysteresis cycle was 220 Ω, which corresponds to ~10% of the full scale. The sensitivity of
the sensor structure was ~200 Ω/mm.

3.4. DIC Analyses

The 3D-printed samples are also studied with DIC to identify local deformations to
supplement the mechanical test results. The results of DIC analyses for the different sample
series are presented in Figure 10.

Figure 10 shows that samples with different embedded CFC layers also exhibited
different levels of local deformations. The non-reinforced plain sample (b1) and those with
one thin CFC (a3 and b3) elongated uniformly without visual signs of deformation in the
vertical direction. The stiffening effect of one thin CFC did not affect the overall surface
deformation of the TPU matrix, nor did it create stress concentration areas. Instead, the
sample with two thin CFCs (a1) showed multiple oblique failure bands that followed the
shape of a 45◦ infill pattern over the entire length of the sample. Moreover, the high strain
peaks observed here differed from the bulk level of deformations by only 20%.
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imum resistance level still exhibited a recognizable gradual increase. Finally, as shown
in Figure 7d, the series with one thick CFC behaved similarly to the series with one thin
CFC. However, the resistance was lower at the 10–20% deformation levels because of the
greater thickness of the CFC layer. Conversely, this sample series showed higher resistance
changes at the deformation levels of 40% and 50% because of its stiffness.

Like Figure 7, Figure 8 shows the changes in the average resistance in the samples
per 5000 cycles, which indicates how much the resistance changed in the stable cyclic
deformation phase of the cyclic samples (previously defined as phase 3). The failed samples
that reached the 3000 Ω failure limit in Figure 7 are absent from Figure 8.
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In Figure 8a, the series with 1 thin CFC exhibited a change of approximately 5 Ω
(1%) or smaller throughout 5000 cycles, except for a 50% tensile deformation level. The
more random 50% tensile deformation level indicates the possible electrical limits of the
sample series. In Figure 8b, the change in resistance increased as the tensile deformation
increased; in the 10–30% tensile deformations, the average resistance change was always
lower than 3 Ω (0.5%). At the 40–50% level, the resistance change was still small, but the
low resistance range in Figure 7b increased the percentual resistance change and the results
were approximately 5 Ω (lower than 1%).

In Figure 8c, the scattered resistance values show that the samples with three thin
CFCs were not deformed evenly. Moreover, several samples (one sample from the 30%
deformation level, two from the 40%, and one from the 50% level) were removed as failures.
Despite this, the samples’ percentual resistance change was lower than 1%; even with
two unstable samples at 20% and 50% deformation levels, the change was approximately
2% and 1.5%, correspondingly.

Figure 8d depicts the results of the series with 1 thick CFC, which differed from the
rest of the sample series in Figure 8 and which exhibited small negative resistance changes
(lower than −0.3%) at the 30% and 40% tensile deformation levels. In the samples, the
resistance decreased throughout the cycles, which can be explained, e.g., by the alignment
of the carbon fibers. Furthermore, the average resistance changes were small at the 10–40%
levels and were always less than 4 Ω (1%) due to the high thickness of the CFC layer. This,
however, changed at the 50% deformation level, where the CFC layer’s stiffness was high
enough (compared to one of the TPU matrices) that the sample continued accumulating
damage, resulting in only one intact sample at the end of the cyclic test that showed an
average resistance change equal to 10 Ω per 1000 cycles.

Micromachines 2022, 13, 1732 11 of 18

3.3. A Strain Sensor Demonstration

Finally, the usage of 3D-printed samples with an integrated carbon fiber layer as a
strain sensor was tested, with results shown in Figure 9. As an interconnection, the samples
lasted well up to 50% elongation, but for sensor applications, a smaller 10% dynamic range
was used after the initial 10,000 cycles, with a maximum elongation of 50%.

In the tests, rapid changes caused a dynamic error, and the response to a step change
stabilized in about 200 s. The test in Figure 9a was carried out with a stretching speed
of 0.5 mm/min and a maximum elongation of 10%. Figure 9a shows a linear increase in
resistance, which is optimal for sensing applications. However, there was some drift in the
output signal, similarly to what can be seen in the cyclic test in Figure 5. The drift stabilized
after about 100 cycles.
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As shown in Figure 9b, the practical dynamic range of the sensor was 750 Ω–1800 Ω.
The system shown in Figure 9b was not strictly linear. The nonlinearity error and noise
were <5% of the full scale. The sensor’s output after the structure stabilized was repeatable,
and the nonlinearity could be compensated for using software.

Figure 9b also shows hysteresis and sensitivity. The maximum difference during the
hysteresis cycle was 220 Ω, which corresponds to ~10% of the full scale. The sensitivity of
the sensor structure was ~200 Ω/mm.

3.4. DIC Analyses

The 3D-printed samples are also studied with DIC to identify local deformations to
supplement the mechanical test results. The results of DIC analyses for the different sample
series are presented in Figure 10.

Figure 10 shows that samples with different embedded CFC layers also exhibited
different levels of local deformations. The non-reinforced plain sample (b1) and those with
one thin CFC (a3 and b3) elongated uniformly without visual signs of deformation in the
vertical direction. The stiffening effect of one thin CFC did not affect the overall surface
deformation of the TPU matrix, nor did it create stress concentration areas. Instead, the
sample with two thin CFCs (a1) showed multiple oblique failure bands that followed the
shape of a 45◦ infill pattern over the entire length of the sample. Moreover, the high strain
peaks observed here differed from the bulk level of deformations by only 20%.
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Figure 10. DIC y-axial Hencky strain results of 3D-printed samples in 20% and 50% elongations:
(a) the a1 sample with 2 thin CFCs, the a2 sample with 3 thin CFCs, and the a3 sample with 1 thin
CFC; (b) the b1 sample without CFCs, the b2 sample with 1 thick CFC, and the b3 sample with 1 thin
CFC. The scale bar shows the level of local deformations compared to the initial undeformed phase
of the samples.

The stiffest samples (a2 with three thin CFCs and b2 with one thick CFC) showed
prominent failure bands, where failure was concentrated on the CFC layer. At 50% elonga-
tion, it is possible to note that some areas in the sample with three thin CFCs were almost
undeformed (5%), whereas other areas exhibited axial deformation reaching over 70%
due to the complete local failure of the CFC layer. The sample with one thick CFC also
displayed a visible failure with a 40% deformation difference between the undeformed and
failure areas.

As well as the 3D-printed samples, the deformation of CFC pieces embedded between
thin and highly elastic TPU films is presented in Figure 11. In these cases, the stiffness of
the CFCs and the TPU films differed considerably, making the CFC piece the load-carrying
component and the TPU films only the binders of the CFC piece.
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the c1 sample had 1 thin CFC, the c2 sample had 2 thin CFCs, and the c3 sample had 3 thin CFCs
between the transparent TPU films. The deformation was mostly localized in the failure locations,
whereas the rest of the sample exhibited almost no deformation under the load. The scale bar shows
the level of local deformations compared to the initial undeformed phase of the samples.

The DIC examination, shown in Figure 11, indicated that the failure of the CFC
piece occurred at the same deformation level for samples with different thicknesses and
structures. Generally, when a failure was localized at one point on the CFC piece, the
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elongation was focused on that area. For instance, in the highly elongated samples shown
in Figure 11, the dark-colored CFC areas were elongated by less than 10%, whereas the
elongation in the cracked areas could reach over 150%. The results showed that the highly
deformable TPU films around the CFC piece did not distribute loads across the CFC piece
and required a stiffer TPU matrix, which can be made through FFF.

4. Discussion
4.1. Effect of CFCs on the 3D Printing Process

Adding CFCs into FFF had both negative and positive effects on the process and the
prepared object. The object’s dimensions changed when CFCs were added inside an object
without a cavity (Table 2). The samples’ dimensions increased when the amount of CFCs
increased since the carbon fibers replaced molten polymer on the layer, forcing it to flow
elsewhere. However, when considering FFF’s general accuracy, the calculated volume
increases were small, and these changes can be considered in the design phase.

In the preparation of the samples, integrating CFC pieces into the TPU matrix changed
the CFC layer’s electrical properties. The 3D-printed molten plastic on the CFC piece
compressed the fibers on the previously printed layer in the z-direction, improving the
CFCs’ electrical properties by decreasing the resistance by about 30%. Furthermore, the
shrinkage of the molten plastic during cooling may have compressed the CFC layers even
more in the x- and y-directions, improving their electrical properties more. The measured
sample series had different amounts of integrated CFC layers, and the series with one thin
CFC (a nominally 53-µm-thick CFC layer) showed scattered resistance results, as shown in
Figure 3. When the CFC layer’s nominal thickness was at least 100 µm, the sample’s final
resistance value was more consistent and predictable. Moreover, the series with two thin
CFCs series and that with one thick CFC had approximately the same measured electrical
behavior despite their 50 µm difference in thickness, indicating that lamination and the
inclusion of an interface between the two CFC plies even out the electrical properties of
randomly oriented CFCs efficiently.

The conductivities of the thin and thick CFC pieces were about 1500 S/m and 1000
S/m, correspondingly. The lamination of two or three thin CFCs plies together did not
change the conductivity despite its effect on the resistance values. Notably, the nominal
thicknesses of the CFC plies were used in the conductivity calculations. In case of the
possible compression of the plies, a lower thickness would mean even higher conductivity.
Furthermore, in measuring the initial resistances (used for the conductivity calculations),
the accuracy of the resistance measurements was affected by the contact resistance and
surface topography of the permeable fiber matrices. The inaccuracy was the same in the
case of the CFC pieces (<5 Ω). Nevertheless, sample conductivity obtained using this
method was two orders of magnitude higher than that of the methods currently used to
incorporate carbon particles into FFF-generated objects, which justifies the use of CFCs in
FFF matrices.

Also notable is that adhesion of the TPU matrix and the CFC piece was solid, showing
no traces of delamination. The CFCs were placed on the additive manufactured surface
without adhesives, and the flowing molten TPU fixed the CFC pieces inside the matrix’s
TPU infill structure. It is also likely that the molten TPU did not fully penetrate the thick
CFC piece but still encapsulated the CFC layer inside the sample.

4.2. Electromechanical Behavior of the Samples

All the integrated CFC sample series were produced using the same 3D printing
process, but their electromechanical properties varied. Independently, the CFC plies had
different electrical properties because of their thicknesses and fabrication procedures,
which, however, did not affect properties such as their elongation at break (Figure 11).
Furthermore, considering the results of the plain TPU samples, one can claim that the
samples’ electromechanical properties came from the unique combination of the 3D printed
TPU and CFCs.
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Figure 10. DIC y-axial Hencky strain results of 3D-printed samples in 20% and 50% elongations:
(a) the a1 sample with 2 thin CFCs, the a2 sample with 3 thin CFCs, and the a3 sample with 1 thin
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of the samples.

The stiffest samples (a2 with three thin CFCs and b2 with one thick CFC) showed
prominent failure bands, where failure was concentrated on the CFC layer. At 50% elonga-
tion, it is possible to note that some areas in the sample with three thin CFCs were almost
undeformed (5%), whereas other areas exhibited axial deformation reaching over 70%
due to the complete local failure of the CFC layer. The sample with one thick CFC also
displayed a visible failure with a 40% deformation difference between the undeformed and
failure areas.

As well as the 3D-printed samples, the deformation of CFC pieces embedded between
thin and highly elastic TPU films is presented in Figure 11. In these cases, the stiffness of
the CFCs and the TPU films differed considerably, making the CFC piece the load-carrying
component and the TPU films only the binders of the CFC piece.
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Figure 11. DIC y-axial Hencky strain analyses of the elongation of laminated CFC samples, where
the c1 sample had 1 thin CFC, the c2 sample had 2 thin CFCs, and the c3 sample had 3 thin CFCs
between the transparent TPU films. The deformation was mostly localized in the failure locations,
whereas the rest of the sample exhibited almost no deformation under the load. The scale bar shows
the level of local deformations compared to the initial undeformed phase of the samples.

The DIC examination, shown in Figure 11, indicated that the failure of the CFC
piece occurred at the same deformation level for samples with different thicknesses and
structures. Generally, when a failure was localized at one point on the CFC piece, the
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elongation was focused on that area. For instance, in the highly elongated samples shown
in Figure 11, the dark-colored CFC areas were elongated by less than 10%, whereas the
elongation in the cracked areas could reach over 150%. The results showed that the highly
deformable TPU films around the CFC piece did not distribute loads across the CFC piece
and required a stiffer TPU matrix, which can be made through FFF.

4. Discussion
4.1. Effect of CFCs on the 3D Printing Process

Adding CFCs into FFF had both negative and positive effects on the process and the
prepared object. The object’s dimensions changed when CFCs were added inside an object
without a cavity (Table 2). The samples’ dimensions increased when the amount of CFCs
increased since the carbon fibers replaced molten polymer on the layer, forcing it to flow
elsewhere. However, when considering FFF’s general accuracy, the calculated volume
increases were small, and these changes can be considered in the design phase.

In the preparation of the samples, integrating CFC pieces into the TPU matrix changed
the CFC layer’s electrical properties. The 3D-printed molten plastic on the CFC piece
compressed the fibers on the previously printed layer in the z-direction, improving the
CFCs’ electrical properties by decreasing the resistance by about 30%. Furthermore, the
shrinkage of the molten plastic during cooling may have compressed the CFC layers even
more in the x- and y-directions, improving their electrical properties more. The measured
sample series had different amounts of integrated CFC layers, and the series with one thin
CFC (a nominally 53-µm-thick CFC layer) showed scattered resistance results, as shown in
Figure 3. When the CFC layer’s nominal thickness was at least 100 µm, the sample’s final
resistance value was more consistent and predictable. Moreover, the series with two thin
CFCs series and that with one thick CFC had approximately the same measured electrical
behavior despite their 50 µm difference in thickness, indicating that lamination and the
inclusion of an interface between the two CFC plies even out the electrical properties of
randomly oriented CFCs efficiently.

The conductivities of the thin and thick CFC pieces were about 1500 S/m and 1000
S/m, correspondingly. The lamination of two or three thin CFCs plies together did not
change the conductivity despite its effect on the resistance values. Notably, the nominal
thicknesses of the CFC plies were used in the conductivity calculations. In case of the
possible compression of the plies, a lower thickness would mean even higher conductivity.
Furthermore, in measuring the initial resistances (used for the conductivity calculations),
the accuracy of the resistance measurements was affected by the contact resistance and
surface topography of the permeable fiber matrices. The inaccuracy was the same in the
case of the CFC pieces (<5 Ω). Nevertheless, sample conductivity obtained using this
method was two orders of magnitude higher than that of the methods currently used to
incorporate carbon particles into FFF-generated objects, which justifies the use of CFCs in
FFF matrices.

Also notable is that adhesion of the TPU matrix and the CFC piece was solid, showing
no traces of delamination. The CFCs were placed on the additive manufactured surface
without adhesives, and the flowing molten TPU fixed the CFC pieces inside the matrix’s
TPU infill structure. It is also likely that the molten TPU did not fully penetrate the thick
CFC piece but still encapsulated the CFC layer inside the sample.

4.2. Electromechanical Behavior of the Samples

All the integrated CFC sample series were produced using the same 3D printing
process, but their electromechanical properties varied. Independently, the CFC plies had
different electrical properties because of their thicknesses and fabrication procedures,
which, however, did not affect properties such as their elongation at break (Figure 11).
Furthermore, considering the results of the plain TPU samples, one can claim that the
samples’ electromechanical properties came from the unique combination of the 3D printed
TPU and CFCs.
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The cyclic tensile test samples exhibited three phases in their tensile deformations
(Figure 4), in which the first cycles might be explained through the rearrangement of the
carbon fibers in the material. During the first loading cycles, carbon fibers embedded
in the 3D-printed material may experience high enough local deformation, which may
break part of the conduction network; as this induces an increase in resistance, some of
the fibers that are now free to move to rearrange themselves due to the highly directional
deformation applied, thus creating new (and more stable) paths that lead to a substantial
decrease in the overall resistance. However, this phenomenon is not fully explained and
requires more analysis.

The third phase is related to the electromechanically stabilized area that is observed
after the orientation of the fibers. The regularity of phase 3 is affected by the amount of
tensile deformation, thickness, and the number of interfaces in the CFC piece. Moreover,
phase 3′s erratic behavior commonly affects only the maximum resistance values per cycle,
whereas the minimum value stays at the same level. In the series with one thin CFC, phase
3 was even, but the resistance range in the cycles was extensive. In the series with three
thin CFCs series and that with one thick CFC, phase 3 was unstable because of increased
damage accumulation in the CFC layer. The most promising was the series two thin CFCs,
where phase 3 was stable, and the resistance varied only 500 Ω between the maximum and
the minimum during cycling at 50% tensile deformation.

4.2.1. Plain Sample Series and Series with One Thin CFC

In the plain sample series and that with one thin CFC, the deformations of the samples
were determined by the properties of the TPU matrix. The plain sample series exhibited
smooth force-displacement curves, as shown in Figure 4, which are typical for rubber-
like materials. Adding one thin CFC into the matrix changed the curves, so that there
were (1) linear elastic and (2) settling plastic deformation areas. The samples with one
thin CFC elongated evenly, and their force approached the same level as that of the plain
samples, meaning that the thin CFC influenced the samples’ initial stiffness and the TPU
matrix carried a load further at higher elongations. The 53-µm-thin CFC’s minimal effect
on the long-term deformation of the TPU matrix can also be seen in the DIC results
in Figure 10, where the plain sample series and that with one thin CFC exhibited well-
distributed deformations.

The low density of fibers in the samples with one thin CFC allowedmolten TPU to pen-
etrate the fiber layer, encapsulating the fibers inside the matrix and enhancing the samples’
mechanical properties, also affecting their electrical properties. The electrical properties
of the series with one thin CFC were governed by the TPU’s mechanical deformations,
resulting in a nonlinear relationship with the average resistance, as shown in Figure 7a. At
10–40%, tensile deformations—the one thin CFC encapsulated inside the TPU matrix—the
electrical connection between carbon fibers was maintained, and this was improved by
the fibers’ length (25.4 mm). At 50% tensile deformation, the fibers partially detached
from each other, increasing the resistance range values, as shown in Figure 7a, and causing
scattering, as shown in Figure 8a. Furthermore, the great increase in resistance could be
caused by the random orientation of the fibers and the local thickness variations of the thin
CFC, which can make parts of CFC more electrically sensitive to mechanical deformations.

4.2.2. Sample Series with Two Thin CFCs

In the sample series with two thin CFCs, the combination of the TPU matrix and CFCs
was mechanically balanced, which can also be seen in the series’ good electrical properties.
Compared with the samples with one thin CFC, the stiffness of the samples with two thin
CFCs doubled (Figure 4a), and the samples showed a small force fluctuation at the start
of the plastic deformation phase (Figure 4b), indicating minor reorientation or tearing
of the CFC layer. The series’ closely balanced mechanical properties are also shown in
Figure 10a, where the CFC layer was stiff enough to form 45◦ failure bands in the sample,
which, however, were distributed along the samples’ length, and their deformation level
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was only 20% higher than in the undeformed areas. The stretchability of TPU with the long
length of the carbon fibers meant that the 20% deformation level of the failure bands did
not negatively affect the samples’ electromechanical properties.

The electrical properties of the sample series were stable. In Figure 7b, the resistance
range stayed at the same level with 30–40% tensile deformations and with 50% tensile
deformations of 500–1000 Ω. This stable behavior can be explained by the local failure
bands, where tensile deformations were “absorbed”. Furthermore, the two laminated CFC
plies and the interface between them could form an impermeable layer; the molten TPU
did not completely bind with the lower CFC ply. In that case, the lower CFC ply can
move and be further subjected to higher tensile deformations. However, only a specific
degree of movement can improve the electrical properties by preserving the conductive
fiber network under the movement of the TPU matrix. In contrast, too great a movement
can detach and reconnect the fibers and lead to unstable electrical properties, which likely
occurred in the series with three thin CFCs. With these features, the series with two thin
CFCs showed the most balanced and stable electrical properties, which can be considered
for the development of stretchable interconnects or sensors for wearable applications.

4.2.3. Sample Series with Three Thin CFCs and with One Thick CFC

In the samples with three thin CFCs and those with one thick CFC, the CFC layer
was rigid, surpassing the stiffness of the TPU matrix governing the deformations in the
samples. The tensile deformations oriented and tore the CFC layer, leading to uneven
mechanical results and further varying the samples’ electrical properties at high levels of
tensile deformation.

As shown in Figure 4, the failure of the sample series with three thin CFCs and that of
the samples with one thick CFC resembled each other, although the samples consisting of
three thin CFCs had about 10 N lower maximum tensile strength than the samples with
one thick CFC. Moreover, as shown in Figure 10, the samples with three thin CFCs showed
a 70% difference between the least and most elongated areas, whereas the samples with
one thick CFC showed a deformation difference of 40%. These results indicate that the
two interfaces of the thin CFCs negatively affected the matrix’s mechanical durability and
restricted the transmission of forces in the CFC layer.

During 3D printing, molten TPU likely cannot penetrate deeply into the CFC layer,
although decreasing resistance due to the compression effect of TPU can be observed. The
CFC and the infill area were encapsulated inside the sample, but CFC adhered only on one
side, affecting the samples’ mechanical and electrical properties. This partial adherence
promoted the effect of the interface areas in the CFC layers, allowing them to act as the
weaker points for failures and resulting in the lower tensile properties of the samples with
three thin CFCs compared to those with one thick CFC, as shown in Figure 4.

Among the entire sample series, the electrical properties of the series with three thin
CFCs were the lowest in regard to resistance. The samples showed low and predictable
resistance values, as shown in Figure 3, with the two interface areas between the three
thin CFCs making the CFC layer conductivity very even. Still, this sample series could
only sustain 10–20% tensile deformations before random failures occurred, as shown in
Figures 7c and 8c. Depending on the application, however, this can still be sufficient, since
each sample must be subjected to an external load of approximately 100 N before reaching
higher deformation levels, enabling one to use structures with three thin CFCs in low-level
stretchable electronics for wearable sensor pads.

The electrical behavior of the sample series with one thick CFC and that with one thin
CFC showed similar features. The difference was that the thick CFC was thicker and stiffer,
making it more conductive at lower tensile deformations. However, after the breaking
point, the samples exhibited higher resistance ranges because of the 45◦ failure bands.
In fact, distributed local elongation points can orient the fibers in the tensile direction,
even after thousands of cycles—whenever a failure band is formed—which can cause the
resistance range to decrease, as in Figure 8d.
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The cyclic tensile test samples exhibited three phases in their tensile deformations
(Figure 4), in which the first cycles might be explained through the rearrangement of the
carbon fibers in the material. During the first loading cycles, carbon fibers embedded
in the 3D-printed material may experience high enough local deformation, which may
break part of the conduction network; as this induces an increase in resistance, some of
the fibers that are now free to move to rearrange themselves due to the highly directional
deformation applied, thus creating new (and more stable) paths that lead to a substantial
decrease in the overall resistance. However, this phenomenon is not fully explained and
requires more analysis.

The third phase is related to the electromechanically stabilized area that is observed
after the orientation of the fibers. The regularity of phase 3 is affected by the amount of
tensile deformation, thickness, and the number of interfaces in the CFC piece. Moreover,
phase 3′s erratic behavior commonly affects only the maximum resistance values per cycle,
whereas the minimum value stays at the same level. In the series with one thin CFC, phase
3 was even, but the resistance range in the cycles was extensive. In the series with three
thin CFCs series and that with one thick CFC, phase 3 was unstable because of increased
damage accumulation in the CFC layer. The most promising was the series two thin CFCs,
where phase 3 was stable, and the resistance varied only 500 Ω between the maximum and
the minimum during cycling at 50% tensile deformation.

4.2.1. Plain Sample Series and Series with One Thin CFC

In the plain sample series and that with one thin CFC, the deformations of the samples
were determined by the properties of the TPU matrix. The plain sample series exhibited
smooth force-displacement curves, as shown in Figure 4, which are typical for rubber-
like materials. Adding one thin CFC into the matrix changed the curves, so that there
were (1) linear elastic and (2) settling plastic deformation areas. The samples with one
thin CFC elongated evenly, and their force approached the same level as that of the plain
samples, meaning that the thin CFC influenced the samples’ initial stiffness and the TPU
matrix carried a load further at higher elongations. The 53-µm-thin CFC’s minimal effect
on the long-term deformation of the TPU matrix can also be seen in the DIC results
in Figure 10, where the plain sample series and that with one thin CFC exhibited well-
distributed deformations.

The low density of fibers in the samples with one thin CFC allowedmolten TPU to pen-
etrate the fiber layer, encapsulating the fibers inside the matrix and enhancing the samples’
mechanical properties, also affecting their electrical properties. The electrical properties
of the series with one thin CFC were governed by the TPU’s mechanical deformations,
resulting in a nonlinear relationship with the average resistance, as shown in Figure 7a. At
10–40%, tensile deformations—the one thin CFC encapsulated inside the TPU matrix—the
electrical connection between carbon fibers was maintained, and this was improved by
the fibers’ length (25.4 mm). At 50% tensile deformation, the fibers partially detached
from each other, increasing the resistance range values, as shown in Figure 7a, and causing
scattering, as shown in Figure 8a. Furthermore, the great increase in resistance could be
caused by the random orientation of the fibers and the local thickness variations of the thin
CFC, which can make parts of CFC more electrically sensitive to mechanical deformations.

4.2.2. Sample Series with Two Thin CFCs

In the sample series with two thin CFCs, the combination of the TPU matrix and CFCs
was mechanically balanced, which can also be seen in the series’ good electrical properties.
Compared with the samples with one thin CFC, the stiffness of the samples with two thin
CFCs doubled (Figure 4a), and the samples showed a small force fluctuation at the start
of the plastic deformation phase (Figure 4b), indicating minor reorientation or tearing
of the CFC layer. The series’ closely balanced mechanical properties are also shown in
Figure 10a, where the CFC layer was stiff enough to form 45◦ failure bands in the sample,
which, however, were distributed along the samples’ length, and their deformation level
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was only 20% higher than in the undeformed areas. The stretchability of TPU with the long
length of the carbon fibers meant that the 20% deformation level of the failure bands did
not negatively affect the samples’ electromechanical properties.

The electrical properties of the sample series were stable. In Figure 7b, the resistance
range stayed at the same level with 30–40% tensile deformations and with 50% tensile
deformations of 500–1000 Ω. This stable behavior can be explained by the local failure
bands, where tensile deformations were “absorbed”. Furthermore, the two laminated CFC
plies and the interface between them could form an impermeable layer; the molten TPU
did not completely bind with the lower CFC ply. In that case, the lower CFC ply can
move and be further subjected to higher tensile deformations. However, only a specific
degree of movement can improve the electrical properties by preserving the conductive
fiber network under the movement of the TPU matrix. In contrast, too great a movement
can detach and reconnect the fibers and lead to unstable electrical properties, which likely
occurred in the series with three thin CFCs. With these features, the series with two thin
CFCs showed the most balanced and stable electrical properties, which can be considered
for the development of stretchable interconnects or sensors for wearable applications.

4.2.3. Sample Series with Three Thin CFCs and with One Thick CFC

In the samples with three thin CFCs and those with one thick CFC, the CFC layer
was rigid, surpassing the stiffness of the TPU matrix governing the deformations in the
samples. The tensile deformations oriented and tore the CFC layer, leading to uneven
mechanical results and further varying the samples’ electrical properties at high levels of
tensile deformation.

As shown in Figure 4, the failure of the sample series with three thin CFCs and that of
the samples with one thick CFC resembled each other, although the samples consisting of
three thin CFCs had about 10 N lower maximum tensile strength than the samples with
one thick CFC. Moreover, as shown in Figure 10, the samples with three thin CFCs showed
a 70% difference between the least and most elongated areas, whereas the samples with
one thick CFC showed a deformation difference of 40%. These results indicate that the
two interfaces of the thin CFCs negatively affected the matrix’s mechanical durability and
restricted the transmission of forces in the CFC layer.

During 3D printing, molten TPU likely cannot penetrate deeply into the CFC layer,
although decreasing resistance due to the compression effect of TPU can be observed. The
CFC and the infill area were encapsulated inside the sample, but CFC adhered only on one
side, affecting the samples’ mechanical and electrical properties. This partial adherence
promoted the effect of the interface areas in the CFC layers, allowing them to act as the
weaker points for failures and resulting in the lower tensile properties of the samples with
three thin CFCs compared to those with one thick CFC, as shown in Figure 4.

Among the entire sample series, the electrical properties of the series with three thin
CFCs were the lowest in regard to resistance. The samples showed low and predictable
resistance values, as shown in Figure 3, with the two interface areas between the three
thin CFCs making the CFC layer conductivity very even. Still, this sample series could
only sustain 10–20% tensile deformations before random failures occurred, as shown in
Figures 7c and 8c. Depending on the application, however, this can still be sufficient, since
each sample must be subjected to an external load of approximately 100 N before reaching
higher deformation levels, enabling one to use structures with three thin CFCs in low-level
stretchable electronics for wearable sensor pads.

The electrical behavior of the sample series with one thick CFC and that with one thin
CFC showed similar features. The difference was that the thick CFC was thicker and stiffer,
making it more conductive at lower tensile deformations. However, after the breaking
point, the samples exhibited higher resistance ranges because of the 45◦ failure bands.
In fact, distributed local elongation points can orient the fibers in the tensile direction,
even after thousands of cycles—whenever a failure band is formed—which can cause the
resistance range to decrease, as in Figure 8d.
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4.3. Sensor Properties of the Samples

Figure 9 shows the use of the already cyclically tested sample as a sensor. Despite
the fact it had been elongated up to 50% 10,000 times, the sample exhibited a repeatable
resistance curve at 10% elongation. The practical dynamic range was at least 10%, and the
sensitivity was good, at approximately 10 Ω per 1% change of the full scale (~200 Ω/mm).
Furthermore, the low amount of noise, drift, and the small nonlinearity error enables the
application of the matrix in sensors. However, its high hysteresis decreases its accuracy
and could limit its use.

In the sensor testing, the properties of the TPU matrix and sample dimensions also
likely affected the resistance values. At the start of the testing process, the sample exhibited
similar drift values to those of the cyclic test samples (Figure 5), which stabilized when
the number of cycles increased. Fast mechanical deformations can cause dynamic errors;
therefore, the 3D-printed matrix with the current dimensions exhibits the best performance
when measuring slow changes.

5. Conclusions

Adding CFCs into the 3D printing process of a deformable TPU matrix represents a
new way to make electrically conductive, stretchable, and wearable 3D-printed electronic
devices. This method differs from current methods due to the possibility of creating
structures with stretchability, excellent conductivity, printing accuracy, and isotropic layers.
After studying the sample series during their fabrication phase, with single pull-up tests,
electromechanical cyclic tests, and finally by analyzing them with DIC, the benefits of the
addition of CFCs into the 3D-printed deformable matrix are obvious.

The results showed that the TPU matrix with just one nominally 53-µm-thin CFC
layer provided 1500 S/m of conductivity—a result which has not been achieved with
other carbon additives in the FFF process. When the thickness and number of interface
areas were increased, the resistance of the CFC layers decreased to 5 Ω/10 mm, which
has been conventionally achieved in the stretchable electronics field only with the use of
metal-based materials.

The electromechanical properties of the CFC samples varied according to the thickness
and structure of the CFC pieces, enabling versatile applications. The use of a thin and
permeable CFC piece could support more stable and durable mechanical features, enabling
the structure to deform based on the properties of the 3D-printed TPU matrix. The thick
and multilayered CFC piece exhibited better electrical properties with low resistance and
good mechanical stability, and the CFC’s stiffness governed the structure’s deformation.
Between these extremes, the sample series with two thin CFCs and one interface area
between the CFC plies demonstrated more balanced electromechanical properties. Small
45◦ failure bands with long carbon fibers absorbed tensile deformations while maintaining
stable electrical properties.

These results show the potential of this novel production method to create 3D-printed
stretchable electronics that can withstand high levels of deformation in a single pulling
experiment and in numerous cycles. The use of one thin CFC increased the stiffness of the
elastic phase but did not affect the plastic phase of 3D printed samples. The use of a high
amount of CFCs increased the stiffness considerably and resulted in an irregular plastic
phase, in which a 20% force decline was possible. In the cyclic testing, the samples with one
thin CFC or two thin CFCs layers could reach even higher elongation than that measured
at 50% for 10,000 cycles. This fabrication approach is easy to incorporate into current
3D printing practices, enabling the preparation of 3D-printed stretchable and wearable
electronics with commercially available materials and methods. Varying the thickness and
number of CFCs added into the 3D-printed matrix allows one to optimize the structures’
properties for different purposes. Additive-manufactured deformable CFC electronics can
be used, for example, in sensors, interconnects, and circuit boards.

The use of CFCs inside 3D-printed structures has advantages, for example, using
one thin CFC in several layers in FFF so that every printing layer adheres to only one

Micromachines 2022, 13, 1732 17 of 18

layer of a thin CFC can be implemented to make highly reinforced structures that elongate
steadily and which have intermediate electrical conductivity. Moreover, the CFCs on
multiple layers can be shaped differently, enabling simple 3D PCBs that are stretchable and
wearable. However, the manufacturing parameters of 3D-printed TPU matrices and CFCs
of differing thicknesses require further optimization for sensor applications. Furthermore,
the placement method of CFCs needs to be automated, for instance, with the use of a
modified pick-and-place machine.

Author Contributions: Conceptualization, A.H., T.S. and J.V.; methodology, A.H. and T.S.; software,
D.D.V.; validation, A.H. and T.S.; formal analysis, D.D.V. and T.S. investigation, T.S.; resources,
A.H. and D.D.V.; data curation, D.D.V. and J.V.; writing—original draft preparation, T.S.; writing—
review and editing, D.D.V., T.S. and J.V.; visualization, D.D.V. and T.S.; supervision, J.V.; project
administration, T.S. and J.V.; funding acquisition, J.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partially funded by the European Union Regional Development Fund
(ERDF) and city of Kankaanpää under the project SOFT3L (A73741), of which the official authority
is Satakunta Regional Council under Grant 2947/31/2018. Furthermore, this research was partly
funded by the Academy of Finland under the project REEL, decision number 334175.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Singh, S.; Singh, G.; Prakash, C.; Ramakrishna, S. Current status and future directions of fused filament fabrication. J. Manuf.

Process. 2020, 55, 288–306. [CrossRef]
2. Hohimer, C.J.; Petrossian, G.; Ameli, A.; Mo, C.; Pötschke, P. 3D printed conductive thermoplastic polyurethane/carbon nanotube

composites for capacitive and piezoresistive sensing in soft pneumatic actuators. Addit. Manuf. 2020, 34, 101281. [CrossRef]
3. Kim, K.; Park, J.; Suh, J.; Kim, M.; Jeong, Y.; Park, I. 3D printing of multiaxial force sensors using carbon nanotube

(CNT)/thermoplastic polyurethane (TPU) filaments. Sens. Actuators A Phys. 2017, 263, 493–500. [CrossRef]
4. Reyes, C.; Somogyi, R.; Niu, S.; Cruz, M.A.; Yang, F.; Catenacci, M.J.; Rhodes, C.P.; Wiley, B.J. Three-Dimensional Printing of a

Complete Lithium Ion Battery with Fused Filament Fabrication. ACS Appl. Energy Mater. 2018, 1, 5268–5279. [CrossRef]
5. Ahrendt, D.; Romero Karam, A. Development of a computer-aided engineering–supported process for the manufacturing of

customized orthopaedic devices by three-dimensional printing onto textile surfaces. J. Eng. Fibers Fabr. 2020, 15, 1558925020917627.
[CrossRef]

6. Uysal, R.; Stubbs, J.B. A NewMethod of Printing Multi-Material Textiles by Fused Deposition Modelling (FDM). TEKSTILEC
2019, 62, 248–257. [CrossRef]

7. Salo, T.; Halme, A.; Lahtinen, J.; Vanhala, J. Enhanced stretchable electronics made by fused-filament fabrication. Flex. Print.
Electron. 2020, 5, 045001. [CrossRef]

8. Stuart, T.; Kasper, K.A.; Iwerunmor, I.C.; McGuire, D.T.; Peralta, R.; Hanna, J.; Johnson, M.; Farley, M.; LaMantia, T.; Udorvich, P.;
et al. Biosymbiotic, personalized, and digitally manufactured wireless devices for indefinite collection of high-fidelity biosignals.
Sci. Adv. 2021, 7, 1–18. [CrossRef]

9. Ly, S.T.; Kim, J.Y. 4D printing–fused deposition modeling printing with thermal-responsive shape memory polymers. Int. J. Precis.
Eng. Manuf. Technol. 2017, 4, 267–272. [CrossRef]

10. Tekinalp, H.L.; Kunc, V.; Velez-Garcia, G.M.; Duty, C.E.; Love, L.J.; Naskar, A.K.; Blue, C.A.; Ozcan, S. Highly oriented carbon
fiber-polymer composites via additive manufacturing. Compos. Sci. Technol. 2014, 105, 144–150. [CrossRef]

11. Zhang, J.; Yang, B.; Fu, F.; You, F.; Dong, X.; Dai, M. Resistivity and Its Anisotropy Characterization of 3D-Printed Acrylonitrile
Butadiene Styrene Copolymer (ABS)/Carbon Black (CB) Composites. Appl. Sci. 2017, 7, 20. [CrossRef]

12. Wei, X.; Li, D.; Jiang, W.; Gu, Z.; Wang, X.; Zhang, Z.; Sun, Z. 3D Printable Graphene Composite. Sci. Rep. 2015, 5, 11181.
[CrossRef]

13. Jahangir, M.N.; Billah, K.M.M.; Lin, Y.; Roberson, D.A.; Wicker, R.B.; Espalin, D. Reinforcement of material extrusion 3D printed
polycarbonate using continuous carbon fiber. Addit. Manuf. 2019, 28, 354–364. [CrossRef]

14. Al-Saleh, M.H.; Sundararaj, U. Review of the mechanical properties of carbon nanofiber/polymer composites. Compos. Part A
Appl. Sci. Manuf. 2011, 42, 2126–2142. [CrossRef]

15. Forintos, N.; Czigany, T. Multifunctional application of carbon fiber reinforced polymer composites: Electrical properties of the
reinforcing carbon fibers—A short review. Compos. Part B Eng. 2019, 162, 331–343. [CrossRef]



Micromachines 2022, 13, 1732 16 of 18

4.3. Sensor Properties of the Samples

Figure 9 shows the use of the already cyclically tested sample as a sensor. Despite
the fact it had been elongated up to 50% 10,000 times, the sample exhibited a repeatable
resistance curve at 10% elongation. The practical dynamic range was at least 10%, and the
sensitivity was good, at approximately 10 Ω per 1% change of the full scale (~200 Ω/mm).
Furthermore, the low amount of noise, drift, and the small nonlinearity error enables the
application of the matrix in sensors. However, its high hysteresis decreases its accuracy
and could limit its use.

In the sensor testing, the properties of the TPU matrix and sample dimensions also
likely affected the resistance values. At the start of the testing process, the sample exhibited
similar drift values to those of the cyclic test samples (Figure 5), which stabilized when
the number of cycles increased. Fast mechanical deformations can cause dynamic errors;
therefore, the 3D-printed matrix with the current dimensions exhibits the best performance
when measuring slow changes.

5. Conclusions

Adding CFCs into the 3D printing process of a deformable TPU matrix represents a
new way to make electrically conductive, stretchable, and wearable 3D-printed electronic
devices. This method differs from current methods due to the possibility of creating
structures with stretchability, excellent conductivity, printing accuracy, and isotropic layers.
After studying the sample series during their fabrication phase, with single pull-up tests,
electromechanical cyclic tests, and finally by analyzing them with DIC, the benefits of the
addition of CFCs into the 3D-printed deformable matrix are obvious.

The results showed that the TPU matrix with just one nominally 53-µm-thin CFC
layer provided 1500 S/m of conductivity—a result which has not been achieved with
other carbon additives in the FFF process. When the thickness and number of interface
areas were increased, the resistance of the CFC layers decreased to 5 Ω/10 mm, which
has been conventionally achieved in the stretchable electronics field only with the use of
metal-based materials.

The electromechanical properties of the CFC samples varied according to the thickness
and structure of the CFC pieces, enabling versatile applications. The use of a thin and
permeable CFC piece could support more stable and durable mechanical features, enabling
the structure to deform based on the properties of the 3D-printed TPU matrix. The thick
and multilayered CFC piece exhibited better electrical properties with low resistance and
good mechanical stability, and the CFC’s stiffness governed the structure’s deformation.
Between these extremes, the sample series with two thin CFCs and one interface area
between the CFC plies demonstrated more balanced electromechanical properties. Small
45◦ failure bands with long carbon fibers absorbed tensile deformations while maintaining
stable electrical properties.

These results show the potential of this novel production method to create 3D-printed
stretchable electronics that can withstand high levels of deformation in a single pulling
experiment and in numerous cycles. The use of one thin CFC increased the stiffness of the
elastic phase but did not affect the plastic phase of 3D printed samples. The use of a high
amount of CFCs increased the stiffness considerably and resulted in an irregular plastic
phase, in which a 20% force decline was possible. In the cyclic testing, the samples with one
thin CFC or two thin CFCs layers could reach even higher elongation than that measured
at 50% for 10,000 cycles. This fabrication approach is easy to incorporate into current
3D printing practices, enabling the preparation of 3D-printed stretchable and wearable
electronics with commercially available materials and methods. Varying the thickness and
number of CFCs added into the 3D-printed matrix allows one to optimize the structures’
properties for different purposes. Additive-manufactured deformable CFC electronics can
be used, for example, in sensors, interconnects, and circuit boards.

The use of CFCs inside 3D-printed structures has advantages, for example, using
one thin CFC in several layers in FFF so that every printing layer adheres to only one
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layer of a thin CFC can be implemented to make highly reinforced structures that elongate
steadily and which have intermediate electrical conductivity. Moreover, the CFCs on
multiple layers can be shaped differently, enabling simple 3D PCBs that are stretchable and
wearable. However, the manufacturing parameters of 3D-printed TPU matrices and CFCs
of differing thicknesses require further optimization for sensor applications. Furthermore,
the placement method of CFCs needs to be automated, for instance, with the use of a
modified pick-and-place machine.
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Abstract
Stretchable electronics can be realized using different manufacturing methods and hybrids thereof.
An example of the latter is the combination of stretchable circuit boards with screen-printing,
which will be discussed in this work. The hybrid stretchable electronics structures are based on
photolithographically structured and rigid copper islands and screen-printed silver ink
interconnections. This enables the assembly of components with a high number of contacts onto
the copper islands and deformable silver ink lines between islands. The transition area between
islands and lines is critical due to local stress concentration. The effect and potential mitigations
were studied by measuring the electrical resistance of test interconnections under mechanical
loading. The first set of samples was elongated up to 30% in tensile tests. The second set of samples
was elongated 10%, 20%, and 30% in cyclic tests up to 10 000 cycles. After the tests, extensive failure
analysis, e.g. scanning electron microscope, and finite element analysis were conducted. In tensile
tests at maximum load, the interconnections either snap apart or their resistance increases by 640%
in the transition area. Adding protective structures around the transition area, the resistance
increase can be reduced to 12%. Stress concentration in the transition area can be controlled with
the layout of the structures, as shown in the cyclic tests. Depending on a layout, the structures
protect interconnections in the transition area (resistance<4 Ω at 10% and 20% throughout
10 000 cycles, and up to 5000 cycles at 30% elongation), or with particular designs, cause fatal
damage of the circuitry and fail early. The identified failure mechanism is typically fatigue damage
caused by the repeated bending of the protective structure. The observed resistance increase at the
interface was closely related to the crack propagation phase in the protective structures.

1. Introduction

The availability of flexible and stretchable electron-
ics has enlarged the field of electronics by enabling
new wearable applications, such as smart band-aids
[1], electrocardiogram monitoring circuits [2], elec-
tronic tattoos [3], and strain and capacitive pressure
sensors [4, 5]. The current development of stretchable
electronics is a very broad field with very different
material/fabrication approaches and realized build-
ups. Depending on the used manufacturing method,
stretchable electronics have specific advantages and
disadvantages. This is most prominent when differ-
ent stretchable interconnection types are compared,

which each have their respective characteristics [6, 7],
and thus makes the combination of different manu-
facturing methods complicated.

1.1. Stretchable electronics based on structured
copper foil
Conventional printed circuit board (PCB) manufac-
turing and component assembly are well-established
and can be adapted for stretchable electronics fab-
rication. For example, copper-etching, soldering,
and other related process steps are used in stretch-
able circuit board (SCB) fabrication, developed by
Fraunhofer IZM and TU Berlin (Germany), where
rigid substrates (glass-reinforced epoxy laminate FR4
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Abstract
Stretchable electronics can be realized using different manufacturing methods and hybrids thereof.
An example of the latter is the combination of stretchable circuit boards with screen-printing,
which will be discussed in this work. The hybrid stretchable electronics structures are based on
photolithographically structured and rigid copper islands and screen-printed silver ink
interconnections. This enables the assembly of components with a high number of contacts onto
the copper islands and deformable silver ink lines between islands. The transition area between
islands and lines is critical due to local stress concentration. The effect and potential mitigations
were studied by measuring the electrical resistance of test interconnections under mechanical
loading. The first set of samples was elongated up to 30% in tensile tests. The second set of samples
was elongated 10%, 20%, and 30% in cyclic tests up to 10 000 cycles. After the tests, extensive failure
analysis, e.g. scanning electron microscope, and finite element analysis were conducted. In tensile
tests at maximum load, the interconnections either snap apart or their resistance increases by 640%
in the transition area. Adding protective structures around the transition area, the resistance
increase can be reduced to 12%. Stress concentration in the transition area can be controlled with
the layout of the structures, as shown in the cyclic tests. Depending on a layout, the structures
protect interconnections in the transition area (resistance<4 Ω at 10% and 20% throughout
10 000 cycles, and up to 5000 cycles at 30% elongation), or with particular designs, cause fatal
damage of the circuitry and fail early. The identified failure mechanism is typically fatigue damage
caused by the repeated bending of the protective structure. The observed resistance increase at the
interface was closely related to the crack propagation phase in the protective structures.

1. Introduction

The availability of flexible and stretchable electron-
ics has enlarged the field of electronics by enabling
new wearable applications, such as smart band-aids
[1], electrocardiogram monitoring circuits [2], elec-
tronic tattoos [3], and strain and capacitive pressure
sensors [4, 5]. The current development of stretchable
electronics is a very broad field with very different
material/fabrication approaches and realized build-
ups. Depending on the used manufacturing method,
stretchable electronics have specific advantages and
disadvantages. This is most prominent when differ-
ent stretchable interconnection types are compared,

which each have their respective characteristics [6, 7],
and thus makes the combination of different manu-
facturing methods complicated.

1.1. Stretchable electronics based on structured
copper foil
Conventional printed circuit board (PCB) manufac-
turing and component assembly are well-established
and can be adapted for stretchable electronics fab-
rication. For example, copper-etching, soldering,
and other related process steps are used in stretch-
able circuit board (SCB) fabrication, developed by
Fraunhofer IZM and TU Berlin (Germany), where
rigid substrates (glass-reinforced epoxy laminate FR4
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boards) are replaced by stretchable thermoplastic
polyurethane (TPU) film [1, 2, 6, 8]. Contrasting
the rigid and flexible PCBs, the electronic system is
stretchable on the TPU carrier and components are
connected by meandering copper tracks [1, 2]. The
copper foil thickness in a typical SCB-build-up is
17 µm or 35 µm, like it is used in the conventional
PCBmanufacturing. Straight copper interconnection
on this basis would typically allow elastic deform-
ations in the order of 1% before plastic deforma-
tion sets in and the structure eventually ruptures
[9]. Larger deformations without tearing up can be
reached by meandering designs of the interconnects,
which elongate like two-dimensional springs [1, 2, 8].
Generally, the weakest points of the interconnections
and the vulnerability of the stretchable system are
the tips of the meanders and the area close to the
rigid component on the deformable substrate, where
stresses concentrate [1, 2, 6, 8]. In this study, the
area close to the rigid component is called a trans-
ition area. The copper meanders can be mechan-
ically optimized by (i) decreasing the track width,
(ii) increasing the radius, and (iii) adding protect-
ive structures to distribute the deformations [2].
Furthermore, the rigid-stretchable transition area can
be also shaped to implement a gradual stiffening of
that area. Combining all optimization potentials an
interconnect can be realized which can be elongated
up to 200% before rupture [1, 2].

Still, after design optimization of the deform-
able system the copper tracks are torn apart at some
elongation level in a stretch-to-failure experiment [1].
The rupture in such experiment occurs rather spon-
taneous, i.e. there are no indicators for the immin-
ent rupture. That is because the total copper inter-
connections’ length and resistance do not change
during elongation, only the meanders open under
elongation. The accumulated stress in the meanders
is then released in a short time snapping of the
interconnection [8]. By contrast, under repeating cyc-
lic deformation at much lower deformation levels
eventually fatigue fracture occurs, the number of
cycles until break is inversely dependent on the elong-
ation level [6].

Technical benefits of stretchable electronics fab-
ricated with conventional PCB manufacturing pro-
cesses, like SCB, are the stable conductivity until
fatigue failure and established process capabilit-
ies enabling track width down to 30 µm [6, 8].
Although benefitting from the well-established fab-
rication technology there are drawbacks to this
approach. Since in many applications for stretchable
electronics, components of such systems are distrib-
uted over large areas with relatively few intercon-
nections between them, making stretchable printed
circuit relatively costly. Also, the amount of waste
is rather high considering that most of the cop-
per is etched off the substrate. Finally, typical fab-
rication boards in PCB manufacturing are in the

range of 1/4 m2 which is too small to fabricate
really large area system (e.g. in the range of square
meters) as a monolithic block [8]. To tackle these
problems, a hybrid approach is promising which
combines fine-structured SCB substrates onto which
electronic components are assembled (component
islands) and an additive manufacturing method like
printing to bridge larger distances between the com-
ponent islands.

1.2. Printed stretchable electronics
Screen-printing, inkjet printing, fused filament fab-
rication (FFF), and other additive manufacturing
methods are used to fabricate deformable electronics
[5, 10–12]. Inkjet printing is a widely used print-
ing method for on-skin and wearable sensors and
actuators [5, 13]. Here system designs with patterns
down to 10 µm line/space are possible using con-
ductive inks with nanoscale particles. After a sintering
process such interconnection structures are flexible
[5, 13], while some-degree stretchability can be
achieved by pre-stretching a substrate at expense of
accuracy and stability [14]. Moreover, inkjet print-
ing is adapted into the FFF process for more complex
additive manufactured electronics [12].

Besides other additive manufacturing methods,
screen-printing is especially used in the fabrication
of inherently deformable electronics for wearable
applications [3, 7, 11, 15]. In this case, the ink is
squeezed through a screen onto a substrate, which
enables the use of large conductive fillers and high
polymer binder content in the inks [16]. By using
local stiffeners, the deformations in critical areas of
the screen-printed circuitry can be engineered so that
the overall system allows a higher stretchability [11].

Differing from the copper interconnections, the
screen-printed interconnections show a non-linear
resistance increase under elongation, which is caused
by the separation of the conductive particles in the
elastic polymer matrix [7, 10]. Several factors affect
the resistance dependence on the elongation of the
interconnections. First, the geometry of the inter-
connections affects how evenly the interconnection
starts to crack and the resistance changes under uni-
axial elongation. The straight-line interconnections
have a more pronounced resistance increase than
meander-shaped interconnections [11]. Second, the
non-linear stress–strain properties and Poisson’s ratio
of the substrate make the printed interconnections
deform non-linearly [10, 17]. Third, close to the rigid
islands, a stress concentration at certain parts of the
interconnects can cause the premature electrical fail-
ure of stretchable electronic system [15].

The advantages of printed electronics are (1) the
application of material only where needed (no dis-
posal of material, like etching) and (2) the versatility
in the combination of inks and substrates for specific
application cases [5, 13, 15]. Furthermore, screen-
printing allows large-area (potentially roll-to-roll)
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and cost-efficient fabrication of stretchable and wear-
able electronics [7]. However, these inks have lower
conductivity than bulk copper [18], and the inher-
ent non-linear resistance has to be considered in the
design of the respective electronic system [11].

In this study, SCB substrates and screen-printing
are used to fabricate a hybrid-technology stretchable
build-up. The aim is tomanufacture the hybrid struc-
tures that benefit from the advantages of both man-
ufacturing methods while minimizing the immin-
ent mechanical stress concentration and its effect
on the electrical properties of interconnections. The
hybrid structure is studied to understand possibilit-
ies to manufacture new cost-efficient, scalable, and
highly stretchable electronic structures.

The test-system consists of the SCB-type cop-
per islands and overlapping screen-printed silver
interconnections reaching from the islands into the
more stretchable parts of the substrate with no cop-
per structures (see figure 1). One single electronic
component, a commercial connector to connect test
probes for resistance measurement, is mounted onto
each SCB island. The printed interconnections are for
test purposes straight lines.

Since the SCBs and the screen-printed intercon-
nections have been already well-studied and defined
individually [1, 2, 7], the authors focus on the trans-
ition area between the rigid copper contacts, the
deformable substrate, and the stretchable printed sil-
ver tracks. The stress in the substrate concentrates
close to the copper contact pads, which can damage
and break the screen-printed interconnections dur-
ing cyclic deformation [10]. With additional protect-
ive copper structures, the stress concentration effects
can be mitigated.

2. Methods

2.1. Sample fabrication
Two sets of the SCB-samples, tensile test samples
(sample series A) and cyclic test samples (sample
series B) are fabricated (see figure 1). The tensile test
samples are used to confirm the level of the stress con-
centration and the possibility tominimize it with pro-
tective structures. The second set of test samples are
used to study cyclic elongation loading. The different
designs are used to inspect the failure mechanisms of
the islands and derive the optimum design.

The fabrication sequence is as follows: first, 35µm
thick copper foil is laminated on a 100 µm thick TPU
film (Walopur Platilon U 4201 AU). The copper foil
is PCB grade electrodeposited foil with one rough
side (average roughness value 4 µm) which is lamin-
ated towards the TPU film, which results in an excel-
lent adhesion at the interface of up to ∼2 N mm−1

[1, 19]. The exposed copper side after lamination
is smooth. Subsequently the copper is structured by
photolithography. Finally, a surface finish of electro-
less silver (70 nm) is deposited on the copper. Onto

these substrates stretchable silver ink (CI-1036, ECM)
is screen-printed, and it overlaps the copper at desig-
nated contact areas on the SCB-islands.

The sample series A is screen-printed with an
EKRA X5 screen-printer. The ink is heat treated at
125 ◦C for 30 min. The width of the samples is
25 mm, and the length (distance between the clamps)
is 50 mm, set by slippage preventing top and bottom
square-shaped copper areas.

The sample series B is screen-printed manually.
The ink is heat treated at 125 ◦C for 10 min, which
after the connector is mounted onto the samples
with isotropic conductive adhesive (ICA) (Dualbond
IC343, Delo) and heat treated again at 100 ◦C for
10 min. The width of the samples is 15 mm, and the
length of the samples is set similarly like the sample
series A.

2.2. Sample design and test setup of sample series A
Figure 1(a) presents the tensile test samples, where
the transition area has different designs. The width
of the contact pads is 1,75 mm, and they are separ-
ated by 0,5 mm. The width of the protective struc-
tures is 4 mm. In the samples series A1 and A2 the
protective structures are below or at the same level
as the contact pads, thus not overlapping the trans-
ition area between printed and copper structures. In
samples A3 to A5 the protective structures extend
from the transition by 3,5 mm, 6,5 mm, or 8,5 mm,
correspondingly. In the sample A4 a 45◦ tilted tip
after a 3,5 mm straight area was implemented. All
copper structures have a 0,5 mm radius rounding
at the corners. Loop-shaped screen-printed intercon-
nection are printed onto these substrates with a width
of 1,0 mm and a length of 75 mm (2× 37,5 mm) and
are overlapping the copper contact pads by 6,5 mm.
Electrically, the samples are connected with alligator
clips from an extra copper area under the bottom
clamp.

The samples are stretched with a Mark-10 tensile
tester and simultaneously the resistance was mon-
itored with a Keithley DMM6500 multimeter. The
tensile tester has a 500 N force cell and rubber-
coated clamps to minimize slippage and to insulate
the clamps and the samples from each other. The test
speed is 50 mm min−1, and the distance between the
clamps is 50 mm.

The multimeter is used in four-terminal sens-
ing (Kelvin sensing) method. The range of the res-
istance measurements is 100 Ω and the accuracy
is ±0,012% of reading, reported by the manufac-
turer. The four-terminal measurement targets on the
transition of copper pads and printed interconnec-
tions. Furthermore, the loop of the printed intercon-
nections is measured with a two-terminal resistance
measurement at 30% elongation. The sample series
A1–A5 have five parallel samples, where the average
resistances are calculated at 0% and 30% elongations.
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boards) are replaced by stretchable thermoplastic
polyurethane (TPU) film [1, 2, 6, 8]. Contrasting
the rigid and flexible PCBs, the electronic system is
stretchable on the TPU carrier and components are
connected by meandering copper tracks [1, 2]. The
copper foil thickness in a typical SCB-build-up is
17 µm or 35 µm, like it is used in the conventional
PCBmanufacturing. Straight copper interconnection
on this basis would typically allow elastic deform-
ations in the order of 1% before plastic deforma-
tion sets in and the structure eventually ruptures
[9]. Larger deformations without tearing up can be
reached by meandering designs of the interconnects,
which elongate like two-dimensional springs [1, 2, 8].
Generally, the weakest points of the interconnections
and the vulnerability of the stretchable system are
the tips of the meanders and the area close to the
rigid component on the deformable substrate, where
stresses concentrate [1, 2, 6, 8]. In this study, the
area close to the rigid component is called a trans-
ition area. The copper meanders can be mechan-
ically optimized by (i) decreasing the track width,
(ii) increasing the radius, and (iii) adding protect-
ive structures to distribute the deformations [2].
Furthermore, the rigid-stretchable transition area can
be also shaped to implement a gradual stiffening of
that area. Combining all optimization potentials an
interconnect can be realized which can be elongated
up to 200% before rupture [1, 2].

Still, after design optimization of the deform-
able system the copper tracks are torn apart at some
elongation level in a stretch-to-failure experiment [1].
The rupture in such experiment occurs rather spon-
taneous, i.e. there are no indicators for the immin-
ent rupture. That is because the total copper inter-
connections’ length and resistance do not change
during elongation, only the meanders open under
elongation. The accumulated stress in the meanders
is then released in a short time snapping of the
interconnection [8]. By contrast, under repeating cyc-
lic deformation at much lower deformation levels
eventually fatigue fracture occurs, the number of
cycles until break is inversely dependent on the elong-
ation level [6].

Technical benefits of stretchable electronics fab-
ricated with conventional PCB manufacturing pro-
cesses, like SCB, are the stable conductivity until
fatigue failure and established process capabilit-
ies enabling track width down to 30 µm [6, 8].
Although benefitting from the well-established fab-
rication technology there are drawbacks to this
approach. Since in many applications for stretchable
electronics, components of such systems are distrib-
uted over large areas with relatively few intercon-
nections between them, making stretchable printed
circuit relatively costly. Also, the amount of waste
is rather high considering that most of the cop-
per is etched off the substrate. Finally, typical fab-
rication boards in PCB manufacturing are in the

range of 1/4 m2 which is too small to fabricate
really large area system (e.g. in the range of square
meters) as a monolithic block [8]. To tackle these
problems, a hybrid approach is promising which
combines fine-structured SCB substrates onto which
electronic components are assembled (component
islands) and an additive manufacturing method like
printing to bridge larger distances between the com-
ponent islands.

1.2. Printed stretchable electronics
Screen-printing, inkjet printing, fused filament fab-
rication (FFF), and other additive manufacturing
methods are used to fabricate deformable electronics
[5, 10–12]. Inkjet printing is a widely used print-
ing method for on-skin and wearable sensors and
actuators [5, 13]. Here system designs with patterns
down to 10 µm line/space are possible using con-
ductive inks with nanoscale particles. After a sintering
process such interconnection structures are flexible
[5, 13], while some-degree stretchability can be
achieved by pre-stretching a substrate at expense of
accuracy and stability [14]. Moreover, inkjet print-
ing is adapted into the FFF process for more complex
additive manufactured electronics [12].

Besides other additive manufacturing methods,
screen-printing is especially used in the fabrication
of inherently deformable electronics for wearable
applications [3, 7, 11, 15]. In this case, the ink is
squeezed through a screen onto a substrate, which
enables the use of large conductive fillers and high
polymer binder content in the inks [16]. By using
local stiffeners, the deformations in critical areas of
the screen-printed circuitry can be engineered so that
the overall system allows a higher stretchability [11].

Differing from the copper interconnections, the
screen-printed interconnections show a non-linear
resistance increase under elongation, which is caused
by the separation of the conductive particles in the
elastic polymer matrix [7, 10]. Several factors affect
the resistance dependence on the elongation of the
interconnections. First, the geometry of the inter-
connections affects how evenly the interconnection
starts to crack and the resistance changes under uni-
axial elongation. The straight-line interconnections
have a more pronounced resistance increase than
meander-shaped interconnections [11]. Second, the
non-linear stress–strain properties and Poisson’s ratio
of the substrate make the printed interconnections
deform non-linearly [10, 17]. Third, close to the rigid
islands, a stress concentration at certain parts of the
interconnects can cause the premature electrical fail-
ure of stretchable electronic system [15].

The advantages of printed electronics are (1) the
application of material only where needed (no dis-
posal of material, like etching) and (2) the versatility
in the combination of inks and substrates for specific
application cases [5, 13, 15]. Furthermore, screen-
printing allows large-area (potentially roll-to-roll)
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and cost-efficient fabrication of stretchable and wear-
able electronics [7]. However, these inks have lower
conductivity than bulk copper [18], and the inher-
ent non-linear resistance has to be considered in the
design of the respective electronic system [11].

In this study, SCB substrates and screen-printing
are used to fabricate a hybrid-technology stretchable
build-up. The aim is tomanufacture the hybrid struc-
tures that benefit from the advantages of both man-
ufacturing methods while minimizing the immin-
ent mechanical stress concentration and its effect
on the electrical properties of interconnections. The
hybrid structure is studied to understand possibilit-
ies to manufacture new cost-efficient, scalable, and
highly stretchable electronic structures.

The test-system consists of the SCB-type cop-
per islands and overlapping screen-printed silver
interconnections reaching from the islands into the
more stretchable parts of the substrate with no cop-
per structures (see figure 1). One single electronic
component, a commercial connector to connect test
probes for resistance measurement, is mounted onto
each SCB island. The printed interconnections are for
test purposes straight lines.

Since the SCBs and the screen-printed intercon-
nections have been already well-studied and defined
individually [1, 2, 7], the authors focus on the trans-
ition area between the rigid copper contacts, the
deformable substrate, and the stretchable printed sil-
ver tracks. The stress in the substrate concentrates
close to the copper contact pads, which can damage
and break the screen-printed interconnections dur-
ing cyclic deformation [10]. With additional protect-
ive copper structures, the stress concentration effects
can be mitigated.

2. Methods

2.1. Sample fabrication
Two sets of the SCB-samples, tensile test samples
(sample series A) and cyclic test samples (sample
series B) are fabricated (see figure 1). The tensile test
samples are used to confirm the level of the stress con-
centration and the possibility tominimize it with pro-
tective structures. The second set of test samples are
used to study cyclic elongation loading. The different
designs are used to inspect the failure mechanisms of
the islands and derive the optimum design.

The fabrication sequence is as follows: first, 35µm
thick copper foil is laminated on a 100 µm thick TPU
film (Walopur Platilon U 4201 AU). The copper foil
is PCB grade electrodeposited foil with one rough
side (average roughness value 4 µm) which is lamin-
ated towards the TPU film, which results in an excel-
lent adhesion at the interface of up to ∼2 N mm−1

[1, 19]. The exposed copper side after lamination
is smooth. Subsequently the copper is structured by
photolithography. Finally, a surface finish of electro-
less silver (70 nm) is deposited on the copper. Onto

these substrates stretchable silver ink (CI-1036, ECM)
is screen-printed, and it overlaps the copper at desig-
nated contact areas on the SCB-islands.

The sample series A is screen-printed with an
EKRA X5 screen-printer. The ink is heat treated at
125 ◦C for 30 min. The width of the samples is
25 mm, and the length (distance between the clamps)
is 50 mm, set by slippage preventing top and bottom
square-shaped copper areas.

The sample series B is screen-printed manually.
The ink is heat treated at 125 ◦C for 10 min, which
after the connector is mounted onto the samples
with isotropic conductive adhesive (ICA) (Dualbond
IC343, Delo) and heat treated again at 100 ◦C for
10 min. The width of the samples is 15 mm, and the
length of the samples is set similarly like the sample
series A.

2.2. Sample design and test setup of sample series A
Figure 1(a) presents the tensile test samples, where
the transition area has different designs. The width
of the contact pads is 1,75 mm, and they are separ-
ated by 0,5 mm. The width of the protective struc-
tures is 4 mm. In the samples series A1 and A2 the
protective structures are below or at the same level
as the contact pads, thus not overlapping the trans-
ition area between printed and copper structures. In
samples A3 to A5 the protective structures extend
from the transition by 3,5 mm, 6,5 mm, or 8,5 mm,
correspondingly. In the sample A4 a 45◦ tilted tip
after a 3,5 mm straight area was implemented. All
copper structures have a 0,5 mm radius rounding
at the corners. Loop-shaped screen-printed intercon-
nection are printed onto these substrates with a width
of 1,0 mm and a length of 75 mm (2× 37,5 mm) and
are overlapping the copper contact pads by 6,5 mm.
Electrically, the samples are connected with alligator
clips from an extra copper area under the bottom
clamp.

The samples are stretched with a Mark-10 tensile
tester and simultaneously the resistance was mon-
itored with a Keithley DMM6500 multimeter. The
tensile tester has a 500 N force cell and rubber-
coated clamps to minimize slippage and to insulate
the clamps and the samples from each other. The test
speed is 50 mm min−1, and the distance between the
clamps is 50 mm.

The multimeter is used in four-terminal sens-
ing (Kelvin sensing) method. The range of the res-
istance measurements is 100 Ω and the accuracy
is ±0,012% of reading, reported by the manufac-
turer. The four-terminal measurement targets on the
transition of copper pads and printed interconnec-
tions. Furthermore, the loop of the printed intercon-
nections is measured with a two-terminal resistance
measurement at 30% elongation. The sample series
A1–A5 have five parallel samples, where the average
resistances are calculated at 0% and 30% elongations.

3



Flex. Print. Electron. 8 (2023) 025019 T Salo et al

Figure 1. (a) Sample series A designs A1–A5. (b) Sample series B designs B1–B5, where the top and bottom side of the contacts
are identical with contacts 1–6 from left to right. (c) A prepared sample B1. (d) The pointed-out transition area, contact and
protective structure of the sample B1.

2.3. Sample design and test setup of sample series B
Figure 1(b) presents the smaller cyclic test sample
designs. The samples have 1,0 mm wide contacts,
which are protected with curvy protective structures.
The copper areas are separated 0,5 mm from each
other. The sample B1 is used as the base design, where
the straight part of the protective elements after the
contacts is 2,0 mm, and the top part has a 60◦ turn
with a 2 mm radius circle. The total length of the pro-
tective structure is 4,4 mm. The width of the prin-
ted interconnection loop is 0,5 mm and the length
is 45 mm (2 × 13,0 mm), which are overlapping the
middle copper contact pads by 3,5 mm. The inner
part of the system is designed so that the surface
mount connector (M50-3120 645, HARWIN) with
1,27 mm pitch spacing, and 12 contacts fits in the
middle and is mechanically protected with an addi-
tional ‘H’-shape stiffener structure. The connectors
are fixed onto the substrate using ICA. In figure 1(c),
the sample B1 is shown. Table 1 summarizes the main
characteristics of the five different sample types B1–
B5. The sample parts that are referred as the trans-
ition area, a contact, a printed loop, and a protective
structure are highlighted in figure 1(d).

One sample per design is initially tested mechan-
ically with the Mark-10 tensile tester, where the test
speed 50 mm min−1 and the distance between the
clamps 50 mm settings are used.

For the cyclic loading of the samples, the
ElectroPuls E10000 by Instron with the 10 kN force

Table 1. The sample series B variations that are designed based on
the sample B1.

Protective
structures’
properties

Type
B1

Type
B2

Type
B3

Type
B4

Type
B5

Width (mm) 1,0 0,5 1,0 1,0 1,0
Length of the
linear part
(mm)

2,0 2,0 1,0 3,0 2,0

Angle of the
top part (◦)

60 60 60 60 120

cell and 1,0 Hz frequency is used. The samples are
tested up to 10 000 cycles. The samples were cyclically
stretched to 10%, 20%, and 30% maximum elong-
ations. The elongation levels are determined by the
results of sample series A, and initial trials of the
sample series B.

Notably, in the tests, the elongation refers to the
total elongation of the samples, which is calculated
from the distance between the clamps of the test
machines. In the samples, local elongations are not
divided evenly. When comparing the plain deform-
able TPU substrate area and the rigid copper area
in the samples, the plain TPU substrate elongates
more than the copper area. From the initial tests of
sample B1, it is estimated that the plain TPU sub-
strate elongates 1,5–2 times more than the reported
total elongation.

4

Flex. Print. Electron. 8 (2023) 025019 T Salo et al

The resistance of the sample series B is monitored
with a two-terminal resistance measurement system,
which allows multiplexing between six measurement
channels. The system measures contacts that are next
to each other, enabling monitoring samples’ trans-
ition area with four channels and the loop with two
channels. The measurement time of each channel is
70 ms during which three resistance values are meas-
ured before switching to measure the next channel.
The cut-off resistance value of the transition area and
the loop were set to 20 Ω and 200 Ω, correspond-
ingly, which were also the rupture points of the inter-
connections. Themeasured resistance results are pro-
cessed by filtering the cut-off resistance values from
the measurements and calculating average resistance
values from consecutively recorded values (figure 6).
Moreover, the reported average resistance values at
specified cycle numbers are calculated from resistance
values that are measured between 50 cycles around
the points (figure 7).

From each sample type and the chosen elongation
values, two parallel samples are measured. In total, 30
samples have been tested.

3. Results

The results show that the transition area of the
samples deforms under mechanical loading, which
changes the mechanical and electrical properties of
the samples. In the analysis, the transition area can
be understood from the mechanical aspect, where
the transition area is the unfixed TPU area between
the protective structures of the samples. This is
called plainly the transition area. From the electrical
aspect, there is the electrical interconnection trans-
ition area, where the silver ink passes the copper con-
tact’s boundary to the TPU surface. The interesting
area for electrical properties can be delimited more
precisely. For example, to the direction of the track
1 mm on the copper contact and 5 mm on the TPU,
and perpendicularly to the track 2 mm to each side of
the track.

3.1. Sample series A results
The calculated average resistances of the samples at
0% and 30% elongations are presented in table 2.
Notably, two samples in series A1, and one sample in
series A2 were electrically broken at 30% elongation.

In the samples, there was no visible damage due to
the mechanical loading. From figure 1(a) and table 2,
it can be seen, that length of printed interconnection
between themeasured two left-most contacts has only
a minor effect on the initial four-terminal resistance
values. Still, at the 30% elongation, the samples A1
and A2 have the highest and the most increased res-
istance values because of the long and unprotected
interconnections together with the exposed electrical
interconnection transition area, which also shows a
high coefficient of variation.

Figures 2(a) and (b) shows the elongated samples,
where the deformed interconnections can be seen.
Figures 2(c)–(e) present the samples A3, A4, andA5 at
30% elongation, correspondingly. In the samples, the
copper protection structures besides the contact pads
largely prevent the elongation in the electrical inter-
connection transition area.

The longer the structure is, the smaller the res-
istance changes in the transition area and the loop
(table 2). This can be also seen in figure 2 by visu-
ally comparing samples A3 and A5. The transition
area and the printed loop do not deform between
the copper protections. Especially in figure 2(d), the
area between the copper areas is not affected by the
Poisson’s effect of the TPU film, and the sample
deforms minimally in the transition area, as reflected
in the resistance changes in table 2.

3.2. Sample series B results
The initial tensile test comparison of the cyclic test
samples is shown in figure 3. The results show that
the design variations of the protective structure affect
only slightly the stretchability of the samples. The
differences are smaller than 1 N, where the thinnest
protective structure design (sample B2) stiffens the
sample the least (6,3 N after 5mmdisplacement), and
the longest protective structure design (sample B4)
stiffens the sample the most (7,2 N after 5 mm dis-
placement).

3.2.1. Failure mechanisms
Photolithographically defined copper structures and
screen-printed silver ink have pronouncedly different
mechanical properties, which need to be considered
in the results and analysis of the samples. The cop-
per structures have stable electrical properties until
sudden fatigue failure, while the silver ink has high
stretchability, mechanical robustness, and dynamical
variation or resistivity during extension. Also, the
general mechanical properties of the copper and its
use in meander-shaped interconnections have been
studied [1, 6, 8], but its usage as structured copper
islands with silver ink has not been studied previ-
ously. Because of this, it is important to focus on the
rupture of the copper structures in the islands, which
main failure types are presented in figure 4.

In figure 4(a), the complicated movement of the
TPU film deforms the copper protection structure
beyond a certain level. The structure is deformed
in the elongation direction (y-axis) by opening the
curve, and because of Poisson’s effect on the film (x-
axis), the copper buckles out of plane (z-axis). The
repeated buckling results eventually in a fracture of
the curved copper structure as shown in figure 4(b).
After cracking of the structure, the substrate no longer
buckles out of plane.

Depending on the elongation level and the width
of the copper structures, the TPU film at the cracked
copper protective structures deforms differently. At
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Figure 1. (a) Sample series A designs A1–A5. (b) Sample series B designs B1–B5, where the top and bottom side of the contacts
are identical with contacts 1–6 from left to right. (c) A prepared sample B1. (d) The pointed-out transition area, contact and
protective structure of the sample B1.

2.3. Sample design and test setup of sample series B
Figure 1(b) presents the smaller cyclic test sample
designs. The samples have 1,0 mm wide contacts,
which are protected with curvy protective structures.
The copper areas are separated 0,5 mm from each
other. The sample B1 is used as the base design, where
the straight part of the protective elements after the
contacts is 2,0 mm, and the top part has a 60◦ turn
with a 2 mm radius circle. The total length of the pro-
tective structure is 4,4 mm. The width of the prin-
ted interconnection loop is 0,5 mm and the length
is 45 mm (2 × 13,0 mm), which are overlapping the
middle copper contact pads by 3,5 mm. The inner
part of the system is designed so that the surface
mount connector (M50-3120 645, HARWIN) with
1,27 mm pitch spacing, and 12 contacts fits in the
middle and is mechanically protected with an addi-
tional ‘H’-shape stiffener structure. The connectors
are fixed onto the substrate using ICA. In figure 1(c),
the sample B1 is shown. Table 1 summarizes the main
characteristics of the five different sample types B1–
B5. The sample parts that are referred as the trans-
ition area, a contact, a printed loop, and a protective
structure are highlighted in figure 1(d).

One sample per design is initially tested mechan-
ically with the Mark-10 tensile tester, where the test
speed 50 mm min−1 and the distance between the
clamps 50 mm settings are used.

For the cyclic loading of the samples, the
ElectroPuls E10000 by Instron with the 10 kN force

Table 1. The sample series B variations that are designed based on
the sample B1.

Protective
structures’
properties

Type
B1

Type
B2

Type
B3

Type
B4

Type
B5

Width (mm) 1,0 0,5 1,0 1,0 1,0
Length of the
linear part
(mm)

2,0 2,0 1,0 3,0 2,0

Angle of the
top part (◦)

60 60 60 60 120

cell and 1,0 Hz frequency is used. The samples are
tested up to 10 000 cycles. The samples were cyclically
stretched to 10%, 20%, and 30% maximum elong-
ations. The elongation levels are determined by the
results of sample series A, and initial trials of the
sample series B.

Notably, in the tests, the elongation refers to the
total elongation of the samples, which is calculated
from the distance between the clamps of the test
machines. In the samples, local elongations are not
divided evenly. When comparing the plain deform-
able TPU substrate area and the rigid copper area
in the samples, the plain TPU substrate elongates
more than the copper area. From the initial tests of
sample B1, it is estimated that the plain TPU sub-
strate elongates 1,5–2 times more than the reported
total elongation.
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The resistance of the sample series B is monitored
with a two-terminal resistance measurement system,
which allows multiplexing between six measurement
channels. The system measures contacts that are next
to each other, enabling monitoring samples’ trans-
ition area with four channels and the loop with two
channels. The measurement time of each channel is
70 ms during which three resistance values are meas-
ured before switching to measure the next channel.
The cut-off resistance value of the transition area and
the loop were set to 20 Ω and 200 Ω, correspond-
ingly, which were also the rupture points of the inter-
connections. Themeasured resistance results are pro-
cessed by filtering the cut-off resistance values from
the measurements and calculating average resistance
values from consecutively recorded values (figure 6).
Moreover, the reported average resistance values at
specified cycle numbers are calculated from resistance
values that are measured between 50 cycles around
the points (figure 7).

From each sample type and the chosen elongation
values, two parallel samples are measured. In total, 30
samples have been tested.

3. Results

The results show that the transition area of the
samples deforms under mechanical loading, which
changes the mechanical and electrical properties of
the samples. In the analysis, the transition area can
be understood from the mechanical aspect, where
the transition area is the unfixed TPU area between
the protective structures of the samples. This is
called plainly the transition area. From the electrical
aspect, there is the electrical interconnection trans-
ition area, where the silver ink passes the copper con-
tact’s boundary to the TPU surface. The interesting
area for electrical properties can be delimited more
precisely. For example, to the direction of the track
1 mm on the copper contact and 5 mm on the TPU,
and perpendicularly to the track 2 mm to each side of
the track.

3.1. Sample series A results
The calculated average resistances of the samples at
0% and 30% elongations are presented in table 2.
Notably, two samples in series A1, and one sample in
series A2 were electrically broken at 30% elongation.

In the samples, there was no visible damage due to
the mechanical loading. From figure 1(a) and table 2,
it can be seen, that length of printed interconnection
between themeasured two left-most contacts has only
a minor effect on the initial four-terminal resistance
values. Still, at the 30% elongation, the samples A1
and A2 have the highest and the most increased res-
istance values because of the long and unprotected
interconnections together with the exposed electrical
interconnection transition area, which also shows a
high coefficient of variation.

Figures 2(a) and (b) shows the elongated samples,
where the deformed interconnections can be seen.
Figures 2(c)–(e) present the samples A3, A4, andA5 at
30% elongation, correspondingly. In the samples, the
copper protection structures besides the contact pads
largely prevent the elongation in the electrical inter-
connection transition area.

The longer the structure is, the smaller the res-
istance changes in the transition area and the loop
(table 2). This can be also seen in figure 2 by visu-
ally comparing samples A3 and A5. The transition
area and the printed loop do not deform between
the copper protections. Especially in figure 2(d), the
area between the copper areas is not affected by the
Poisson’s effect of the TPU film, and the sample
deforms minimally in the transition area, as reflected
in the resistance changes in table 2.

3.2. Sample series B results
The initial tensile test comparison of the cyclic test
samples is shown in figure 3. The results show that
the design variations of the protective structure affect
only slightly the stretchability of the samples. The
differences are smaller than 1 N, where the thinnest
protective structure design (sample B2) stiffens the
sample the least (6,3 N after 5mmdisplacement), and
the longest protective structure design (sample B4)
stiffens the sample the most (7,2 N after 5 mm dis-
placement).

3.2.1. Failure mechanisms
Photolithographically defined copper structures and
screen-printed silver ink have pronouncedly different
mechanical properties, which need to be considered
in the results and analysis of the samples. The cop-
per structures have stable electrical properties until
sudden fatigue failure, while the silver ink has high
stretchability, mechanical robustness, and dynamical
variation or resistivity during extension. Also, the
general mechanical properties of the copper and its
use in meander-shaped interconnections have been
studied [1, 6, 8], but its usage as structured copper
islands with silver ink has not been studied previ-
ously. Because of this, it is important to focus on the
rupture of the copper structures in the islands, which
main failure types are presented in figure 4.

In figure 4(a), the complicated movement of the
TPU film deforms the copper protection structure
beyond a certain level. The structure is deformed
in the elongation direction (y-axis) by opening the
curve, and because of Poisson’s effect on the film (x-
axis), the copper buckles out of plane (z-axis). The
repeated buckling results eventually in a fracture of
the curved copper structure as shown in figure 4(b).
After cracking of the structure, the substrate no longer
buckles out of plane.

Depending on the elongation level and the width
of the copper structures, the TPU film at the cracked
copper protective structures deforms differently. At
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Table 2. The four-terminal and two-terminal measurement results of sample series A.

Sample
series

Average
resistance
at 0%

elongation
(Ω)

Average resistance
(and resistance
increase) at 30%
elongation (Ω)

Average
resistance at

30% elongation,
compared to
the sample A5

Coefficient
of variation

Average
two-terminal

resistance of the
loop at 30% (Ω)

Sample A1 0,102 6,14 (60,4) 74,6 29,1 90,7
Sample A2 0,0853 3,01 (35,2) 36,5 33,3 85,2
Sample A3 0,0806 0,272 (3,37) 3,30 7,24 82,4
Sample A4 0,0834 0,217 (2,60) 2,63 8,39 80,7
Sample A5 0,0736 0,0824 (1,12) 1 7,70 77,0

Figure 2. The samples series A at 30% elongation.
(a) Sample A1. (b) Sample A2. (c) Sample A3. (d) Sample
A4. (e) Sample A5.

Figure 3. The initial tensile test results of cyclic test samples.
From the top downwards, the displacement–force curves
show the results of sample B4 (dark blue solid line), sample
B1 (red dashed line), sample B3 (black dotted line), sample
B5 (green solid line), sample B2 (black solid line), and plain
TPU film (light blue solid line).

low elongation levels (10%–20%) and with 1,0 mm
copper width, the damage in the TPU does not
advance and the next rupture in the sample happens
in the lower part of the copper structure, which is seen
in figure 4(b). If the sample undergoes high elong-
ation (30%) and has 0,5 mm wide copper, the TPU
film tears and forms holes between the cracked cop-
per parts in figure 4(c), which grows during the cyclic
testing and causes the snapping of the whole sample.
Figure 4(d) presents the electrical failure of the hori-
zontal interconnection areas because of the cracking
of the copper area. It is likely, that the silver ink has
affected the initiation locations of the cracks. Table 3
shows the dominant failures of the sample types.

Notably, in all samples, only the outermost cop-
per structures were damaged during the cyclic testing,
and the middle copper areas remained undamaged.

Furthermore, in figure 5, the observed failure
mechanisms are studied in more detail from initially
tested samples with a scanning electrode microscope
(SEM) Phenom XL G2 Desktop SEM by Thermo
Scientific. Figure 5(a) shows the silver ink on the elec-
trical interconnection transition area of the middle
copper contact (3rd copper contact) from the sample
B3 after 50 k cycles with 20% maximum elonga-
tion. The electrical interconnection transition area
has been protected by the protective structures and
the layered silver flakes of the ink form still a uni-
form matrix. From the same sample B3, figure 5(b)
presents the cracked middle part of the copper pro-
tective structure, which location can be also seen in
figure 4(b).

Figure 5(c) shows damage in the horizontal inter-
connection, where a longitudinal crack propagates in
the silver ink on the border of the copper area (sample
B5, the TPU substrate failed under 3000 cycles out-
side the studied area with 50% maximum elonga-
tion). Figure 5(d) shows the cracked cross-section
area of the same sample B5. Figure 4(c) describes
the observed failure mechanism of the sample in
figure 5(d). The copper has partially delaminated
from the TPU film.

3.2.2. Finite element (FE) analysis of copper structures
To support the hypotheses of the observed failure
mechanisms in the cyclic test samples, a FE analysis
was performed using commercial software ABAQUS.
The models were constituted by simple TPU strips
with different layouts of copper on the samples (as can
be seen in the details of figure 6); both models were
subjected to a uniaxial tensile stretch with 10% elong-
ation. While in the first model the copper constitutes
a single strip of material going across the sample, in
the second one the strip presents a crack in the cen-
ter of the sample, to represent a crack forming in the
copper layer on the sample.

Results obtained in these simulations show that
the copper structures, while undamaged, have a
specific mechanical role during elongation in the
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Figure 4. Deformations and ruptures of the samples. (a) The copper protective structure is bending under elongation (sample
type B5). (b) The protective structure has snapped after the curved head and from the lower part of the structure (sample B4).
(c) The revealed TPU under the snapped copper area has torn and formed a hole (sample B2). (d) The protective structure has
cracked below the horizontal silver ink tracks (sample B1).

Table 3. The dominant failures of the sample series B.

Sample series Sample B1 Sample B2 Sample B3 Sample B4 Sample B5

10% elongation

20% elongation

30% elongation

samples. In fact, they reinforce the transition area and
even out the deformations.

However, as soon as cracking in this stiff layer
occurs, deformation localizes in the TPU layer that
was previously protected by copper. The difference in
the two systems can be seen in the plot in figure 6(b),
where the presence of a crack in the copper layer
increases the localmaximumdeformation in the TPU
layer from a value of roughly 5% to a value of 270%
(an increase of over 50 times). This strain concen-
tration in TPU, in turn, will cause the formation

and propagation of crack in the substrate. In con-
trast, when the copper is uncracked as in figure 6(a),
deformation in the deformable substrate is evenly
distributed.

3.2.3. Electrical measurement results
The measured electrical resistance during the
sample series B show the effect of different pro-
tective structures on the transition area, which
durability or weakness affected the measured
resistance.
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Table 2. The four-terminal and two-terminal measurement results of sample series A.

Sample
series

Average
resistance
at 0%

elongation
(Ω)

Average resistance
(and resistance
increase) at 30%
elongation (Ω)

Average
resistance at

30% elongation,
compared to
the sample A5

Coefficient
of variation

Average
two-terminal

resistance of the
loop at 30% (Ω)

Sample A1 0,102 6,14 (60,4) 74,6 29,1 90,7
Sample A2 0,0853 3,01 (35,2) 36,5 33,3 85,2
Sample A3 0,0806 0,272 (3,37) 3,30 7,24 82,4
Sample A4 0,0834 0,217 (2,60) 2,63 8,39 80,7
Sample A5 0,0736 0,0824 (1,12) 1 7,70 77,0

Figure 2. The samples series A at 30% elongation.
(a) Sample A1. (b) Sample A2. (c) Sample A3. (d) Sample
A4. (e) Sample A5.

Figure 3. The initial tensile test results of cyclic test samples.
From the top downwards, the displacement–force curves
show the results of sample B4 (dark blue solid line), sample
B1 (red dashed line), sample B3 (black dotted line), sample
B5 (green solid line), sample B2 (black solid line), and plain
TPU film (light blue solid line).

low elongation levels (10%–20%) and with 1,0 mm
copper width, the damage in the TPU does not
advance and the next rupture in the sample happens
in the lower part of the copper structure, which is seen
in figure 4(b). If the sample undergoes high elong-
ation (30%) and has 0,5 mm wide copper, the TPU
film tears and forms holes between the cracked cop-
per parts in figure 4(c), which grows during the cyclic
testing and causes the snapping of the whole sample.
Figure 4(d) presents the electrical failure of the hori-
zontal interconnection areas because of the cracking
of the copper area. It is likely, that the silver ink has
affected the initiation locations of the cracks. Table 3
shows the dominant failures of the sample types.

Notably, in all samples, only the outermost cop-
per structures were damaged during the cyclic testing,
and the middle copper areas remained undamaged.

Furthermore, in figure 5, the observed failure
mechanisms are studied in more detail from initially
tested samples with a scanning electrode microscope
(SEM) Phenom XL G2 Desktop SEM by Thermo
Scientific. Figure 5(a) shows the silver ink on the elec-
trical interconnection transition area of the middle
copper contact (3rd copper contact) from the sample
B3 after 50 k cycles with 20% maximum elonga-
tion. The electrical interconnection transition area
has been protected by the protective structures and
the layered silver flakes of the ink form still a uni-
form matrix. From the same sample B3, figure 5(b)
presents the cracked middle part of the copper pro-
tective structure, which location can be also seen in
figure 4(b).

Figure 5(c) shows damage in the horizontal inter-
connection, where a longitudinal crack propagates in
the silver ink on the border of the copper area (sample
B5, the TPU substrate failed under 3000 cycles out-
side the studied area with 50% maximum elonga-
tion). Figure 5(d) shows the cracked cross-section
area of the same sample B5. Figure 4(c) describes
the observed failure mechanism of the sample in
figure 5(d). The copper has partially delaminated
from the TPU film.

3.2.2. Finite element (FE) analysis of copper structures
To support the hypotheses of the observed failure
mechanisms in the cyclic test samples, a FE analysis
was performed using commercial software ABAQUS.
The models were constituted by simple TPU strips
with different layouts of copper on the samples (as can
be seen in the details of figure 6); both models were
subjected to a uniaxial tensile stretch with 10% elong-
ation. While in the first model the copper constitutes
a single strip of material going across the sample, in
the second one the strip presents a crack in the cen-
ter of the sample, to represent a crack forming in the
copper layer on the sample.

Results obtained in these simulations show that
the copper structures, while undamaged, have a
specific mechanical role during elongation in the
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Figure 4. Deformations and ruptures of the samples. (a) The copper protective structure is bending under elongation (sample
type B5). (b) The protective structure has snapped after the curved head and from the lower part of the structure (sample B4).
(c) The revealed TPU under the snapped copper area has torn and formed a hole (sample B2). (d) The protective structure has
cracked below the horizontal silver ink tracks (sample B1).

Table 3. The dominant failures of the sample series B.

Sample series Sample B1 Sample B2 Sample B3 Sample B4 Sample B5

10% elongation

20% elongation

30% elongation

samples. In fact, they reinforce the transition area and
even out the deformations.

However, as soon as cracking in this stiff layer
occurs, deformation localizes in the TPU layer that
was previously protected by copper. The difference in
the two systems can be seen in the plot in figure 6(b),
where the presence of a crack in the copper layer
increases the localmaximumdeformation in the TPU
layer from a value of roughly 5% to a value of 270%
(an increase of over 50 times). This strain concen-
tration in TPU, in turn, will cause the formation

and propagation of crack in the substrate. In con-
trast, when the copper is uncracked as in figure 6(a),
deformation in the deformable substrate is evenly
distributed.

3.2.3. Electrical measurement results
The measured electrical resistance during the
sample series B show the effect of different pro-
tective structures on the transition area, which
durability or weakness affected the measured
resistance.
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Figure 5. SEM images of observed failure mechanisms of initially tested sample series B samples. (a) An electrical interconnection
transition area of the silver ink and the copper contact after 50 k cycles with 20% elongation (sample B3). (b) The cracked middle
part of the copper structure after 50 k cycles with 20% elongation (sample B3). (c) A longitudinal crack in the horizontal
interconnection area (sample B5, failed before 3000 cycles with 50% elongation). (d) A ruptured surface of the sample, where the
copper has partially delaminated from the TPU (sample B5, failed before 3000 cycles with 50% elongation).

Figure 6. FE analysis for a straight copper structure on the TPU substrate. (a) An undamaged copper structure. (b) Ruptured
copper structure.

Figure 7 shows the example results of channels
from different samples in the 20% elongation cyclic
tests. In the cyclic test results, the typical sawtooth
phenomenon of stretchable printed interconnections
because of conductive filler network deformations
can be seen [20, 21]. The results of the protected

interconnections in the transition area depend on the
design of protective structure, where the samples B4
with the long copper structure has more stable res-
istances (figure 7(a)) than the samples B3 with short
copper structures (figure 7(b)). The failure time and
location of the protective structures (table 3) affect
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Figure 7. Resistance curves of cyclic test samples. The maximum number of cycles is 10 000, the elongation is 20%, and the
maximum resistances in the measurements of transition area and the loop are 20 Ω and 200 Ω, correspondingly. (a) The
resistance curve of stable electrical interconnection transition area (sample B4). (b) The resistance curve of unstable electrical
interconnection transition area (sample B3). (c) The resistance curve of the loop without the effect from the rupture of protective
layer (sample B2). (d) The resistance curve of the loop with the effect of protective structure rupture (sample B4).

Figure 8. Average resistance results of the samples series B. The average resistance values are calculated from the resistance values
of 50 cycles around the data points. (a) The sample B1. (b) The sample B2. (c) The sample B3. (d) The sample B4. (e) The sample
B5.

the amount of deformation in the electrical inter-
connection transition area. Moreover, the failure of
the structures can be seen in the resistance results
of loops. The damage in the printed loops accumu-
lates over cycles, and in the sample B2 with thin-
ner protective structures, the resistance increase fol-
lows a typical behavior of printed interconnections
in figure 7(c) and increases over the maximum value
(200Ω) [7, 11]. However, in figure 7(d), the resistance
of the loop in the sample B4 decreases between 3000–
4000 cycles, which is the time window of the failure of
the protective structure.

After the failure of the structure, the resistance of
the loop increases more steeply.

From the results of the samples, the average resist-
ance values of the transition areas of the sample types
at different elongations are calculated and presented
in detail in figure 8, which is further summarized
in table 4. In figure 8, the results of the loops are
excluded because they generally reached 200 Ω early
and failed prematurely (figure 7), preventing the rel-
evant comparison between the sample types. The high
resistance increase of the loop is caused by the small
width of the interconnections (0,5 mm) [22].
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Figure 5. SEM images of observed failure mechanisms of initially tested sample series B samples. (a) An electrical interconnection
transition area of the silver ink and the copper contact after 50 k cycles with 20% elongation (sample B3). (b) The cracked middle
part of the copper structure after 50 k cycles with 20% elongation (sample B3). (c) A longitudinal crack in the horizontal
interconnection area (sample B5, failed before 3000 cycles with 50% elongation). (d) A ruptured surface of the sample, where the
copper has partially delaminated from the TPU (sample B5, failed before 3000 cycles with 50% elongation).

Figure 6. FE analysis for a straight copper structure on the TPU substrate. (a) An undamaged copper structure. (b) Ruptured
copper structure.

Figure 7 shows the example results of channels
from different samples in the 20% elongation cyclic
tests. In the cyclic test results, the typical sawtooth
phenomenon of stretchable printed interconnections
because of conductive filler network deformations
can be seen [20, 21]. The results of the protected

interconnections in the transition area depend on the
design of protective structure, where the samples B4
with the long copper structure has more stable res-
istances (figure 7(a)) than the samples B3 with short
copper structures (figure 7(b)). The failure time and
location of the protective structures (table 3) affect
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Figure 7. Resistance curves of cyclic test samples. The maximum number of cycles is 10 000, the elongation is 20%, and the
maximum resistances in the measurements of transition area and the loop are 20 Ω and 200 Ω, correspondingly. (a) The
resistance curve of stable electrical interconnection transition area (sample B4). (b) The resistance curve of unstable electrical
interconnection transition area (sample B3). (c) The resistance curve of the loop without the effect from the rupture of protective
layer (sample B2). (d) The resistance curve of the loop with the effect of protective structure rupture (sample B4).

Figure 8. Average resistance results of the samples series B. The average resistance values are calculated from the resistance values
of 50 cycles around the data points. (a) The sample B1. (b) The sample B2. (c) The sample B3. (d) The sample B4. (e) The sample
B5.

the amount of deformation in the electrical inter-
connection transition area. Moreover, the failure of
the structures can be seen in the resistance results
of loops. The damage in the printed loops accumu-
lates over cycles, and in the sample B2 with thin-
ner protective structures, the resistance increase fol-
lows a typical behavior of printed interconnections
in figure 7(c) and increases over the maximum value
(200Ω) [7, 11]. However, in figure 7(d), the resistance
of the loop in the sample B4 decreases between 3000–
4000 cycles, which is the time window of the failure of
the protective structure.

After the failure of the structure, the resistance of
the loop increases more steeply.

From the results of the samples, the average resist-
ance values of the transition areas of the sample types
at different elongations are calculated and presented
in detail in figure 8, which is further summarized
in table 4. In figure 8, the results of the loops are
excluded because they generally reached 200 Ω early
and failed prematurely (figure 7), preventing the rel-
evant comparison between the sample types. The high
resistance increase of the loop is caused by the small
width of the interconnections (0,5 mm) [22].
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Table 4. Summary of the calculated resistance results of the sample series B. In addition to the resistance values, the last cycle number for
the prematurely failed samples is reported.

Average resistance results Type B1 Type B2 Type B3 Type B4 Type B5

Average resistance at 10% elongation (Ω) <3,0 <4,5 (8000) <3,5 <3,0 <3,5
Average resistance at 20% elongation (Ω) <5,5 <6,5 <8,5 <4,5 <4,0
Average resistance at 30% elongation (Ω) <11,5 <3,5 (3000) <8,5 (9000) <10,5 <10,5

Figure 8 and table 4 present that the samples with
1,0 mm wide protection structures endured the cyc-
lic 10% elongation well. The protective structures
of the reference sample design in figure 8(a) lim-
ited the resistance until 5000 cycles (20% elongation)
and 3000 cycles (30% elongation) before the struc-
tures ruptured and allowed higher deformations in
the electrical interconnection transition area. Such
phenomenon is not seen in figure 8(c)where the short
protective structures reinforced the transition area
less at higher deformations. In figure 8(d), on the con-
trary, the longer protective structures constrained the
resistance 2000 cycles longer at 30% cyclic elongation.

Other design changes affected the resistance res-
ults considerably. The thinner protective structures in
figure 8(b) and table 4 are more unreliable. Typically,
they do not have as high resistance values as other
samples, because the thinner structures snap or rup-
tures the whole sample before fatigue damage in the
silver ink accumulates and increases the resistance.
Themore curved structures in figure 8(e) emphasized
spring-like movement of the structures, which snaps
the protective structures early (before 500 cycles)
and spread the stresses of the transition area, which
together minimized the resistance changes at 20%
elongation, but accelerated the resistance increase at
30% elongation.

4. Discussion

4.1. Analysis of sample series A
The sample series A shows the function of the
protective structures. The unprotected electrical
interconnection transition area of samples can
already fail at 30% elongation, while the well-
protected samples can have only 12% resistance
increase in the transition area. Also, the long pro-
tective structures can protect the interconnections
from the horizontal Poisson effect, which can be
useful to control the local biaxial deformations of
interconnections. The non-square design (sample
A4) improves the leveling of the stress concentra-
tion, but in the tensile testing, had a small influence
on the resistance of the transition area. However,
in cyclic loading, the re-direction of stresses in the
stretchable substrate can be crucial for long-term
durability.

Despite the good results of sample series A, the
most efficient protective structure can be modified.
The structure is relatively large (8,5 × 4 mm, with

0,5 mm rounding), which needs to be reduced for
smaller stretchable electronics systems.

4.2. Analysis of sample series B
The smaller sample series B have more intricate
designs and display a more complex mechanical
and electrical behaviors compared to the sample
series A. They can be divided into primary and
secondary deformations, which happen before and
after snapping of the copper protective structures,
correspondingly.

In sample series A andB, the TPU substrate elong-
ates, which is the primary deformation that affects
the resistance of the transition area. The elongation
of the TPU film transfers the mechanical load sim-
ultaneously to the copper structures and the silver
ink, which deform differently at different stages of
the deformation process because of their contrast-
ing mechanical properties. Generally, in the sample
series B, after the primary deformation (up to 10%),
the samples break by snapping of protective struc-
tures. After the breakage, the secondary deforma-
tion (>10%) sets in, which includes more complicate
damage of the electronic system.

At 10% elongation, 1,0mmwide protective struc-
tures can endure the 10 000 cycles without a rupture.
In case of the rupture, the 1,0 mm wide structures
can still protect the electrical interconnection trans-
ition area, and the elongation level is enough to dam-
age (and increase resistance) only the electrical inter-
connection transition area of thinner 0,5 mm wide
structures.

The resistance changes in the samples due to the
elongation of the silver ink causes the filler particles to
detach from each other and thereby reduce electronic
pathways in the ink. The observed damage seems
to locally accumulate in the silver ink and leads to
transverse cracks in the lines. The damage is distinct
in the printed loops, where the resistance increases
(beyond 200 Ω) with the number of cycles. The
damage is minimum in the transition area between
the copper protections as they prevent the ink
deformation.

At higher elongation levels (20% and 30%), the
samples are elongated by the testing machine, which
is the main reason for the resistance changes of the
samples. In addition, the protective structures rup-
ture and change the deformation distribution in the
transition area, which can be said to be secondary
deformations that affect the resistance of the samples.
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Thus, the protective structure designs affected con-
siderably the resistance results. The rupturing of the
structure changed the resistance of the loop which
first decreases, and then increases faster. It is likely,
that after the crack initiates outside the structure
(because of Poisson’s effect), the crack propagates
and makes the structure more bendable from that
point, allowing re-distribution of stresses in the loop,
decreasing maximum local elongation of the silver
ink particles, which further decreases the resistance
in the loop. After the snapping of the structure,
the failed area has the stress concentration effect,
which damages locally the printed loop and transition
area.

Moreover, the copper and the silver ink have
different electrical behavior after failure. After rup-
ture the copper structures act as an unreliable on/off
switch. The fractured copper areas can be connected
at 0% elongation and will be disconnected at >0%
elongation. The failure of the silver ink still enables
the stretchability of the system, despite the damage
in the ink can permanently increase the resistance
values.

4.2.1. Failure stages of the protective structures
From the identified failures of the sample series B,
general failure stages of the hybrid stretchable elec-
tronics structures can be defined. Before failure, the
samples elongate and the deformations of the TPU
substrate induce forces to the copper–TPU inter-
face. The large and simple-shaped copper areas do
not deform, but more complex protective structures
can have spring-like movements that cause tensile
and compressive forces to the structures. Also, at
higher elongations, Poisson’s effect on the TPU sub-
strate makes the structures twist three-dimensionally,
which causes additional forces to the copper–TPU
interface.

When the forces on the copper–TPU substrate
interface increase over the strength of the interface,
the failure of the system starts. The failure of the cop-
per structure realizes first as (1) the delamination of
the copper and TPU substrate (figure 5(d)). In the
protective structures, if the delamination area is loc-
ated on the top of the structure, the delamination is
the peeling of the copper and the TPU substrate. If
the delamination is in the middle, (3) the crack ini-
tiates on the side of the structure, where the tensile
forces have been induced. Further forces and cycles
advance (4) the crack propagation, which changes the
spring-like movement of the structure. The move-
ment changes can affect the electrical properties of
printed interconnections that are close to the deform-
ing copper areas (figure 7(d)). After the crack has (5)
snapped the copper structure, (6) the revealed TPU
substrate between the fractured parts undergoes the
high stress concentration effect (figure 6(b)). If the
stresses are concentrated in a small area (the width
of the fractured parts is 0,5 mm, for example), (7) the

TPU substrate can be torn and cause quickly the total
failure of the system (figure 4(c)).

4.2.2. Effect of sample design on the failure
The sample design B4 with long protective structures
decreased the damage accumulation in the transition
area in the optimal way. Still, the protective structures
snapped, which after the secondary deformations
affected the printed interconnection and the elec-
trical interconnection transition area, which makes
the design further improvable.

First, the width of the structures affected the
failure of the system. The 0,5 mm wide structures
snapped early, and under the high elongation (30%),
the revealed 0,5mmwide TPU substrate area between
the fractured copper sides concentrated high forces
into the TPU substrate and left a hole in the substrate.
The wider 1,0 mm structures endured better the low
elongation (10%), and after the snapping, the stresses
in the fractured area are distributed over a larger area,
and the TPU substrate is not torn.

Also, the angle of the protective structures’ top
part affected the cracking. The curved head of the
structure mainly defined the location of the crack,
which was formed after 2D-spring-like movement
and out of plane buckling. Also, the silver ink over-
printed on the copper affected the location of the
crack initiation. The amount of angle affected the
amount of twisting and durability, where 60◦ curved
structures lasted multiple times longer than 120◦

curved structures.
Moreover, the length of the structures affected

mainly to the electrical properties of the transition
area. The longer structures decreased movement of
the substrate in the transition area, and at 30% elong-
ation, 1 mm longer structures made the electrical
interconnection transition area stable 2000 cycles
longer (figures 8(a) and (d)).

Furthermore, only the protective structures of
the samples snapped, and all the other copper areas
remained intact.

4.2.3. Design improvements
Based on the results of the sample series A and B, a
more optimal design can be suggested. The sample
series B design can be improved by (1) increasing the
width of the protective structures, (2) using straight
geometries that do not bend out of the elongation dir-
ection, and (3) the possible copper areas, where local
tensile forces and crack initiation can be expected, are
reinforced.

Also, in future designs, the areas for the elec-
tronic components need to be stiffened more. In the
samples, the ‘H’-shape stiffener under the connector
is meant to prevent movement of the connector, but
in the tests, the 0,5 mm wide TPU area between the
‘H’-stiffener and contact pads could elongate enough
to detach the connector from the sample. In the
optimum design, the size of the ‘H’-stiffener is larger,
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Table 4. Summary of the calculated resistance results of the sample series B. In addition to the resistance values, the last cycle number for
the prematurely failed samples is reported.

Average resistance results Type B1 Type B2 Type B3 Type B4 Type B5

Average resistance at 10% elongation (Ω) <3,0 <4,5 (8000) <3,5 <3,0 <3,5
Average resistance at 20% elongation (Ω) <5,5 <6,5 <8,5 <4,5 <4,0
Average resistance at 30% elongation (Ω) <11,5 <3,5 (3000) <8,5 (9000) <10,5 <10,5

Figure 8 and table 4 present that the samples with
1,0 mm wide protection structures endured the cyc-
lic 10% elongation well. The protective structures
of the reference sample design in figure 8(a) lim-
ited the resistance until 5000 cycles (20% elongation)
and 3000 cycles (30% elongation) before the struc-
tures ruptured and allowed higher deformations in
the electrical interconnection transition area. Such
phenomenon is not seen in figure 8(c)where the short
protective structures reinforced the transition area
less at higher deformations. In figure 8(d), on the con-
trary, the longer protective structures constrained the
resistance 2000 cycles longer at 30% cyclic elongation.

Other design changes affected the resistance res-
ults considerably. The thinner protective structures in
figure 8(b) and table 4 are more unreliable. Typically,
they do not have as high resistance values as other
samples, because the thinner structures snap or rup-
tures the whole sample before fatigue damage in the
silver ink accumulates and increases the resistance.
Themore curved structures in figure 8(e) emphasized
spring-like movement of the structures, which snaps
the protective structures early (before 500 cycles)
and spread the stresses of the transition area, which
together minimized the resistance changes at 20%
elongation, but accelerated the resistance increase at
30% elongation.

4. Discussion

4.1. Analysis of sample series A
The sample series A shows the function of the
protective structures. The unprotected electrical
interconnection transition area of samples can
already fail at 30% elongation, while the well-
protected samples can have only 12% resistance
increase in the transition area. Also, the long pro-
tective structures can protect the interconnections
from the horizontal Poisson effect, which can be
useful to control the local biaxial deformations of
interconnections. The non-square design (sample
A4) improves the leveling of the stress concentra-
tion, but in the tensile testing, had a small influence
on the resistance of the transition area. However,
in cyclic loading, the re-direction of stresses in the
stretchable substrate can be crucial for long-term
durability.

Despite the good results of sample series A, the
most efficient protective structure can be modified.
The structure is relatively large (8,5 × 4 mm, with

0,5 mm rounding), which needs to be reduced for
smaller stretchable electronics systems.

4.2. Analysis of sample series B
The smaller sample series B have more intricate
designs and display a more complex mechanical
and electrical behaviors compared to the sample
series A. They can be divided into primary and
secondary deformations, which happen before and
after snapping of the copper protective structures,
correspondingly.

In sample series A andB, the TPU substrate elong-
ates, which is the primary deformation that affects
the resistance of the transition area. The elongation
of the TPU film transfers the mechanical load sim-
ultaneously to the copper structures and the silver
ink, which deform differently at different stages of
the deformation process because of their contrast-
ing mechanical properties. Generally, in the sample
series B, after the primary deformation (up to 10%),
the samples break by snapping of protective struc-
tures. After the breakage, the secondary deforma-
tion (>10%) sets in, which includes more complicate
damage of the electronic system.

At 10% elongation, 1,0mmwide protective struc-
tures can endure the 10 000 cycles without a rupture.
In case of the rupture, the 1,0 mm wide structures
can still protect the electrical interconnection trans-
ition area, and the elongation level is enough to dam-
age (and increase resistance) only the electrical inter-
connection transition area of thinner 0,5 mm wide
structures.

The resistance changes in the samples due to the
elongation of the silver ink causes the filler particles to
detach from each other and thereby reduce electronic
pathways in the ink. The observed damage seems
to locally accumulate in the silver ink and leads to
transverse cracks in the lines. The damage is distinct
in the printed loops, where the resistance increases
(beyond 200 Ω) with the number of cycles. The
damage is minimum in the transition area between
the copper protections as they prevent the ink
deformation.

At higher elongation levels (20% and 30%), the
samples are elongated by the testing machine, which
is the main reason for the resistance changes of the
samples. In addition, the protective structures rup-
ture and change the deformation distribution in the
transition area, which can be said to be secondary
deformations that affect the resistance of the samples.
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Thus, the protective structure designs affected con-
siderably the resistance results. The rupturing of the
structure changed the resistance of the loop which
first decreases, and then increases faster. It is likely,
that after the crack initiates outside the structure
(because of Poisson’s effect), the crack propagates
and makes the structure more bendable from that
point, allowing re-distribution of stresses in the loop,
decreasing maximum local elongation of the silver
ink particles, which further decreases the resistance
in the loop. After the snapping of the structure,
the failed area has the stress concentration effect,
which damages locally the printed loop and transition
area.

Moreover, the copper and the silver ink have
different electrical behavior after failure. After rup-
ture the copper structures act as an unreliable on/off
switch. The fractured copper areas can be connected
at 0% elongation and will be disconnected at >0%
elongation. The failure of the silver ink still enables
the stretchability of the system, despite the damage
in the ink can permanently increase the resistance
values.

4.2.1. Failure stages of the protective structures
From the identified failures of the sample series B,
general failure stages of the hybrid stretchable elec-
tronics structures can be defined. Before failure, the
samples elongate and the deformations of the TPU
substrate induce forces to the copper–TPU inter-
face. The large and simple-shaped copper areas do
not deform, but more complex protective structures
can have spring-like movements that cause tensile
and compressive forces to the structures. Also, at
higher elongations, Poisson’s effect on the TPU sub-
strate makes the structures twist three-dimensionally,
which causes additional forces to the copper–TPU
interface.

When the forces on the copper–TPU substrate
interface increase over the strength of the interface,
the failure of the system starts. The failure of the cop-
per structure realizes first as (1) the delamination of
the copper and TPU substrate (figure 5(d)). In the
protective structures, if the delamination area is loc-
ated on the top of the structure, the delamination is
the peeling of the copper and the TPU substrate. If
the delamination is in the middle, (3) the crack ini-
tiates on the side of the structure, where the tensile
forces have been induced. Further forces and cycles
advance (4) the crack propagation, which changes the
spring-like movement of the structure. The move-
ment changes can affect the electrical properties of
printed interconnections that are close to the deform-
ing copper areas (figure 7(d)). After the crack has (5)
snapped the copper structure, (6) the revealed TPU
substrate between the fractured parts undergoes the
high stress concentration effect (figure 6(b)). If the
stresses are concentrated in a small area (the width
of the fractured parts is 0,5 mm, for example), (7) the

TPU substrate can be torn and cause quickly the total
failure of the system (figure 4(c)).

4.2.2. Effect of sample design on the failure
The sample design B4 with long protective structures
decreased the damage accumulation in the transition
area in the optimal way. Still, the protective structures
snapped, which after the secondary deformations
affected the printed interconnection and the elec-
trical interconnection transition area, which makes
the design further improvable.

First, the width of the structures affected the
failure of the system. The 0,5 mm wide structures
snapped early, and under the high elongation (30%),
the revealed 0,5mmwide TPU substrate area between
the fractured copper sides concentrated high forces
into the TPU substrate and left a hole in the substrate.
The wider 1,0 mm structures endured better the low
elongation (10%), and after the snapping, the stresses
in the fractured area are distributed over a larger area,
and the TPU substrate is not torn.

Also, the angle of the protective structures’ top
part affected the cracking. The curved head of the
structure mainly defined the location of the crack,
which was formed after 2D-spring-like movement
and out of plane buckling. Also, the silver ink over-
printed on the copper affected the location of the
crack initiation. The amount of angle affected the
amount of twisting and durability, where 60◦ curved
structures lasted multiple times longer than 120◦

curved structures.
Moreover, the length of the structures affected

mainly to the electrical properties of the transition
area. The longer structures decreased movement of
the substrate in the transition area, and at 30% elong-
ation, 1 mm longer structures made the electrical
interconnection transition area stable 2000 cycles
longer (figures 8(a) and (d)).

Furthermore, only the protective structures of
the samples snapped, and all the other copper areas
remained intact.

4.2.3. Design improvements
Based on the results of the sample series A and B, a
more optimal design can be suggested. The sample
series B design can be improved by (1) increasing the
width of the protective structures, (2) using straight
geometries that do not bend out of the elongation dir-
ection, and (3) the possible copper areas, where local
tensile forces and crack initiation can be expected, are
reinforced.

Also, in future designs, the areas for the elec-
tronic components need to be stiffened more. In the
samples, the ‘H’-shape stiffener under the connector
is meant to prevent movement of the connector, but
in the tests, the 0,5 mm wide TPU area between the
‘H’-stiffener and contact pads could elongate enough
to detach the connector from the sample. In the
optimum design, the size of the ‘H’-stiffener is larger,
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or the TPU substrate is locally reinforced with pieces
of PI film [2].

5. Conclusions

The stretchable electronics system can be improved
by using hybrid stretchable structures, which have
the electrically optimal rigid electronics islands (SCB
islands) and stretchable interconnections (screen-
printed silver ink interconnections). However, the
well-known stress concentration effect influences the
mechanical properties of the structure, which can
be controlled by the design of the protective struc-
tures in the SCB island. With tensile tests, we demon-
strated the damage in the SCB—stretchable inter-
connection transition area, which is caused by the
stress concentration effect. The damage can be pre-
vented with protective structures, which can limit
the resistance increase of the transition area at 30%
elongation to 12%. Based on the results, the mini-
aturized sample designs with the transition area and
the printed loop were prepared and tested in cyclic
stretch tests with 10 000 cycles. The samples broke and
the designed protective structures with curved heads
snapped, which changed the mechanical response of
the samples and induced over 50 times higher stresses
between the fractured copper parts. The snapping
was detected in the resistance measurements of the
printed loop, which decreases at the crack propaga-
tion phase. Otherwise, because of the high resistance
increase of the loops, the results from them are lim-
ited. The long protective structures (sample B4) rein-
force the printed loop the most, limiting the trans-
ition area resistance to <4,5 Ω at 10 000 cycles with
20% elongation and 5000 cycles with 30% elonga-
tion. The thin and highly curved protective structures
(samples B2 and B5, correspondingly) damage the
loop the most. Notably, after the breakage of the thin
structures, the TPU substrate between the fractured
copper parts was torn, which advanced to the total
failure of the samples.

In the miniaturized SCB islands, curved protect-
ive structures should be avoided. Due to curvature of
the thin structures, they bend under elongation and
fold because Poisson effect. Together with repeated
cyclic deformations, the protective structures break
typically by snapping between the curved head and
the straight middle area. For future applications, the
curved protective structures cannot be recommen-
ded, and the straight structures parallel to the elong-
ation direction is more rational.

The hybrid stretchable electronics made from
SCB copper islands and printed stretchable inter-
connections are able to combine the advantages of
both fabrication methods and enable more scalable
and efficient manufacturing of stretchable electron-
ics for e.g. wearables and automotive industries. In
the future, studying the design parameters and fail-
ure mechanisms of hybrid stretchable electronics in

detail will enable a broader usage of these structures
in complex stretchable electronic systems.
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or the TPU substrate is locally reinforced with pieces
of PI film [2].

5. Conclusions

The stretchable electronics system can be improved
by using hybrid stretchable structures, which have
the electrically optimal rigid electronics islands (SCB
islands) and stretchable interconnections (screen-
printed silver ink interconnections). However, the
well-known stress concentration effect influences the
mechanical properties of the structure, which can
be controlled by the design of the protective struc-
tures in the SCB island. With tensile tests, we demon-
strated the damage in the SCB—stretchable inter-
connection transition area, which is caused by the
stress concentration effect. The damage can be pre-
vented with protective structures, which can limit
the resistance increase of the transition area at 30%
elongation to 12%. Based on the results, the mini-
aturized sample designs with the transition area and
the printed loop were prepared and tested in cyclic
stretch tests with 10 000 cycles. The samples broke and
the designed protective structures with curved heads
snapped, which changed the mechanical response of
the samples and induced over 50 times higher stresses
between the fractured copper parts. The snapping
was detected in the resistance measurements of the
printed loop, which decreases at the crack propaga-
tion phase. Otherwise, because of the high resistance
increase of the loops, the results from them are lim-
ited. The long protective structures (sample B4) rein-
force the printed loop the most, limiting the trans-
ition area resistance to <4,5 Ω at 10 000 cycles with
20% elongation and 5000 cycles with 30% elonga-
tion. The thin and highly curved protective structures
(samples B2 and B5, correspondingly) damage the
loop the most. Notably, after the breakage of the thin
structures, the TPU substrate between the fractured
copper parts was torn, which advanced to the total
failure of the samples.

In the miniaturized SCB islands, curved protect-
ive structures should be avoided. Due to curvature of
the thin structures, they bend under elongation and
fold because Poisson effect. Together with repeated
cyclic deformations, the protective structures break
typically by snapping between the curved head and
the straight middle area. For future applications, the
curved protective structures cannot be recommen-
ded, and the straight structures parallel to the elong-
ation direction is more rational.

The hybrid stretchable electronics made from
SCB copper islands and printed stretchable inter-
connections are able to combine the advantages of
both fabrication methods and enable more scalable
and efficient manufacturing of stretchable electron-
ics for e.g. wearables and automotive industries. In
the future, studying the design parameters and fail-
ure mechanisms of hybrid stretchable electronics in

detail will enable a broader usage of these structures
in complex stretchable electronic systems.
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