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Abstract 

To enable electronics intimately wearable on curvilinear human bodies with various 

gesture and motion, it requires electronic devices to be breathable, foldable and elastic, 

as well as reliable and durable.  To date, technologies based on in-plane or out-of-plane 

buckled thin films on compliant silicones or plastics, net-shaped integrated circuits, as 

well as organic stretchable conductors have all contributed to the development of 

flexible and stretchable electronics. Yet it is uncomfortable when elastic rubbers make 

an intimate contact with human skins for a long time. Also, the reliability and long-term 

durability of the stretchable electronics needs to be investigated. Without relying on 

elastic rubbers, this thesis conducts a systematical investigation into the packaging of a 

highly sensitive network integrated on a permeable, elastic, thin, and lightweight knitted 

substrate.  

 

The fabric sensing network was achieved by physically linking distributed fabric sensors 

with stretchable knitted interconnects in a manner through helical connections. First, 

flexible sensors with identical electro-mechanical behavior were packaged from knitted 

conductive fabrics coated by carbon nano-particle (CNP)/ silicone elastomer (SE)/ 

dimethyl silicone oil (SO) mixture pastes. Next, stretchable knitted interconnect routes 

were realized by an intarsia pattern, electrically and mechanically connecting the 

distributed sensors in a predetermined configuration. Then, helical connections were 

established from the sensor electrodes to the knitted interconnects, without degrading 

the stretchability of the entire fabric sensitive network. Finally, a prototype was 

developed, consisting of an optimized electrical adapter, for an in-situ ballistic impact 

measurement, where reliability of the fabric sensing network was investigated.  

 

With respect to the flexible sensor packaging technology, sensor electrodes were 

integrated into a sensing element by sewing twisted conductive yarns as the bottom 

threads in a double-needle sewing machine, where a geometrical match between the 

electrode and the sensing element was established and mechanically fastened. Also, to 

protect the packaged sensor from external (chemical) attack and mechanical stress in 

largely repeated deformations, a thin layer of silicone elastomer was encapsulated on the 
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sensitive area where stretchability was necessary and a non-elastic woven fabric was 

bonded around the connection regions where mechanical stability was required. The 

packaged sensor was flexible, bendable and can be repeatedly stretched to 60% strain in 

its wale direction with more than 100000 cycles. The electrical contact resistance 

between the sensor electrode and the sensing element was stable with applied pressure 

and tensile strain (60%). The reliability was also discussed from the factors such as 

environmental, mechanical and fabrication conditions. 

 

Like island-bridge combination, identical packaged sensors were connected by knitted 

stretchable interconnects, which were created by integrating fine conductive wires into a 

knitted structure with three-dimensional loop configurations. The electro-mechanical 

behavior was investigated and optimized by relevant parameters, such as the diameters 

of the conductive wire, the amount of elastic filaments, and Young’s modulus of the 

knitted substrate, in both experimental and theoretical analysis. The optimized knitted 

interconnect was capable of maintaining its electrical integrity until being stretched 

beyond 300% strain in a tensile test and over an average elongation of 200% in a three-

dimensional punching measurement. Also, the average fatigue life of the optimized 

knitted interconnect was 1787 cycles at 160% membrane strain in the three-dimensional 

punching test. In addition, the knitted interconnect was porous and washable. Therefore, 

the combination of considerable flexibility, stretchability with electrical integrity, and 

bio-compatible micro-structure with human skins makes the fabric sensitive network 

intimately wearable on soft, curvilinear and movable human bodies. 

 

Instead of stiffening the connection between the sensor electrode and the knitted 

interconnect, a helical structure with a compliant encapsulation enables the connection 

electrically integral while being stretched over 300% strain or three-dimensionally 

punched with 200% average membrane strain. The geometrical change of the helical 

connection was optically observed during the stretching process, demonstrating the total 

length of the helical connection did not change due to the adjustments of its geometrical 

parameters, such as in-plane radius, radius angle, as well as pitch between two adjacent 

loops. The average fatigue life of the helical connection was investigated and compared 
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with those of the knitted stretchable interconnect and the conventional soldering method, 

suggesting the helical connection was promising for stretchable electronics in terms of 

maximum stretchability and repeatability. Additionally, the helical connection was 

washable. 

 

The packaged fabric sensing network, in which distributed sensors were connected by 

knitted interconnect routes through helical connections, is highly sensitive, flexible, 

stretchable, drape-able in a two-curvilinear fashion as well as durable so that it can be 

used in the applications where large deformation occurs within a fraction of mini-second. 

To further optimize the packaging technology and to investigate the reliability of the 

fabric sensing network in such applications, three versions of prototypes were designed 

and fabricated, then tested in in-situ ballistic impact measurements. The results 

demonstrated (1) the possibility of the packaged sensor in a high-speed impact 

measurement and (2) the reliability of the stretchable knitted interconnects and helical 

connections in such high-speed impact applications.  
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CHAPTER 1 INTRODUCTION 

 

1.1 Background 

Human bodies are soft, stretchy, and curved [1]. To enable electronics intimately 

wearable on curvilinear human bodies with various gesture and motion, it requires 

electronic devices to be breathable, foldable, elastic, reliable and durable. Current 

technologies based on out-of-plane buckled thin films on compliant supports [1-18], in-

plane wavy metal films on elastomeric or textile substrates [19, 20], net-shaped 

integrated circuits [21, 22], as well as nanotube films coated with silicone rubbers [23, 

24] have all contributed to the development of flexible and stretchable electronics. 

Advances in such areas have generated new applications, such as flexible displays [25-

27], bio-integrated devices [28], as well as conformable sensors on human bodies [1, 29,   

and 30].  

 

Success of stretchable electronics in the application of sensitive skins depends on the 

availability of highly sensitive soft sensors physically linked by flexible and elastic 

interconnects integrated in a permeable substrate. In pioneering works, a typical rubber-

based pressure sensitive skin, integrated with organic field-effect transistors, has been 

fabricated [31]. The organic transistor matrix was mechanically flexible by using 

inherently soft polymers such as PET, PEN, and Polyimide. Although it has provided a 

promising route to realize flexible sensing arrays, the applications of the flexible sensors 

are limited to nearly flat substrates. To date, neither a sensitive garment prototype [32] 

nor a data glove [33, 34] nor an intelligent knee sleeve [35, 36], consisting of several 

independent strain sensors, could conform freely to human gestures and motions, owing 

to the conventionally rigid and complicated lead wire networks attached on the fabric. 

Weaving thin-film metals into fabrics [37], together with printing metal films on paper-

like substrates [38], drives the first step towards integrated wearable electronics, which 

could be easily folded or bent into an arbitrarily shaped structure. However, they cannot 

be stretched to accommodate the movement of the subject.  
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To better emulate human skins, which could be stretched due to out-of-planar pressure 

on skin surfaces [39] or various gestures and real-time motion (skin extension is 

dependent on many factors including the region of the skin, for example, the skin on 

joints may be stretched up to 55% in a walking act [33]), sensitive networks have to be 

mechanically stretchable, too. A net-shaped structure, allowing E-skin films to be 

extended by 25%, has been demonstrated to make flexible electronic film devices 

conformable to a three-dimensional surface [21]. Later, an elastic conductor was 

developed by integrating SWNT composite films on a rubber substrate with a net-

shaped structure. The conductivity was about 6 S/cm when it was stretched up to 134% 

[23]. However, elastomeric rubbers were not desirable in a long-time intimate contact 

with human skins, even though it was satisfactory in the stretching capability.  

 

Without relying on the elastic rubbers, this thesis conducts a systematical investigation 

into the packaging of a highly sensitive network with flexible and stretchable electronic 

components integrated on a permeable, elastic, thin, and lightweight knitted substrate.  

 

1.2 Problem statement 

The application of the sensitive networks on curvilinear human bodies requires at least 

several distributed flexible sensors mechanically and electrically connected by 

stretchable interconnects on a permeable elastic substrate. As stated in the background, 

the major challenges hindering the sensitive networks on curvilinear human bodies 

involve the following aspects: 

(1) Advances in flexible sensors have been well established with certain distinctive 

achievements in their electro-mechanical behaviors, such as sensitivity to low pressure 

around 1kPa [40], reliability in terms of accuracy (±5%) and repeatability (±5%) [41], as 

well as fatigue life (beyond 100000 cycles) [41]. Such sensors are flexible and largely 

deformable. However, those induce interrupted and even inaccurate electrical response 

to mechanical deformations when they are intimately worn on human bodies, due to the 

vibrant contact between the electrodes and the sensing elements. Thus, to put flexible 

sensors into wearable applications, it requires electrodes, preferably soft, with the 

capability of providing a reliable electrical access to other electronic components; 
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(2) In despite of the rapid progress and considerable achievements for flexible and 

stretchable interconnects, the intrinsically low conductivity and fluctuant electrical 

resistance are two major hurdles to electrical integrity of the stretchable interconnects. 

Additionally, one more compelling challenge in wearable applications is the stretchable 

interconnects should be breathable and washable, without irritating human skins for a 

long-time intimate contact and also a repeated use; 

(3) Current stretchable electronic system is achieved by “island-bridge” connections, 

where strain gradient exists, reducing the stretchability of the whole system. To improve 

the whole stretchability, an elastic connection among two electronic components is 

indispensable; 

(3) The reliability and long-term durability of the stretchable electronics needs to be 

systematically investigated when electronics is worn on human bodies, where a large 

and repeated deformation is required. 

 

1.3 Objective 

With the previous achievements in flexible and stretchable electronics, this dissertation 

conducts a systematical investigation into the packaging of a highly sensitive network 

with flexible and stretchable electronic components integrated on a permeable, elastic, 

thin, and lightweight textile substrate. The primary objectives of the project are： 

(1) To package a flexible sensor by integrating soft electrodes into an existing sensing 

element, providing a reliable electrical access to other electronic components when the 

packaged sensor is repeatedly and largely deformed in wearable applications;  

(2) To fabricate and characterize stretchable interconnects integrated into a knitted 

substrate and explore their physics, pushing the electronics towards intimately wearable 

applications; 

(3) To achieve a reliable electrical connection from the sensor electrodes to the knitted 

interconnects, without degrading the stretchability of the flexible sensors; 

(4) To provide an effective strategy on the packaging of a fabric sensing network by 

physically linking distributed flexible sensors with knitted interconnects through helical 

connections;  
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(5) To investigate the reliability of the fabric sensing network through the demonstration 

of prototypes in an in-situ ballistic impact measurement. 

 

1.4 Methodology 

The methodology adopted in the thesis is as follows: 

 

1.4.1 Investigation process 

The fabric sensing network will be packaged by physically linking at least several 

distributed flexible sensors with stretchable interconnects in a manner through electrical 

connections on a certain substrate. Firstly, individual flexible and stretchable 

components, consisting of flexible sensors, stretchable interconnects, and electrical 

connections will be systematically investigated in terms of their structural and material 

design, fabrication, characterization, electro-mechanical evaluation, as well as 

mechanical analysis or numerical simulation. Then, a combined strategy for integrating 

those individual electronic components into a fabric sensing network will be proposed 

with a demonstrated prototype, where a detailed fabrication technologies, including 

variation control in “sensor groupings”, sensor placement on the elastic substrate, 

electrical connections from the stretchable interconnect to the sensor electrode, will be 

described. Finally, the prototypes of multi-layer fabric sensing network will be 

developed for in-situ ballistic impact measurements, with the purpose of further 

optimizing the packaging technologies through the investigation into reliability of the 

flexible sensors, stretchable interconnects, as well as their electrical connections.  

 

1.4.2 Structural design and material selection 

The fabric sensing network will be achieved by the combination of the flexible sensors 

and stretchable interconnects through electrical connections. Before fabricating the 

individual electronic components, their structural design and material selection will be 

conducted, respectively.  

 

With respect to the flexible sensor, a multi-layered structure, composed of a sensing 
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element, two soft electrodes, and a full encapsulation will be proposed based on the 

surface geometry of the sensing element. The sensing element is from a previously 

developed conductive fabric in Prof. Tao’s group [42], created by printing carbon 

nanoparticle/silicone elastomer/dimethyl silicone oil mixture pastes in series of strips on 

a plain knitted fabric in its wale direction. To intimately contact the sensing element 

with a sine wave-like surface geometry, a multiplied conductive nylon yarn coated by 

silver particles will be employed as the soft electrodes. To protect the packaged sensor 

from environmental (or chemical) attacks, a stretchable silicone layer will be printed on 

the top of the flexible sensor; to fix the integrated region, reducing the mechanical strain, 

thereby establishing a stable electrical contact, a non-elastic woven layer will be bonded 

at the bottom around the connected areas. 

 

Regarding the stretchable interconnect, an interlaced structure will be developed by 

integrating conductive wires and textile yarns into a knitted substrate, with the purpose 

of reducing the strain concentrations of the loop shaped conductive wires when the 

knitted interconnect is stretched. To achieve a knitted interconnect with a small electrical 

resistance, two conductive wires: silver coated nylon yarn (resistivity: ~Ω/cm) and 

enameled copper wire (resistivity: ~µΩ/cm) will be chosen. For the purpose of 

absorbing mechanical strain of the rigid conductive wires, without affecting their 

electro-mechanical behaviors, synthetic multi-filaments, due to lower Young’s modulus, 

smooth surface and inherently insulating characteristics, will be interlaced with the 

conductive wires (especially the rigid enameled copper wires) in the knitted substrate. 

      

In terms of the electrical connection from the sensor electrode to the knitted interconnect, 

a helical structure with a semi-spherical encapsulation will be proposed for a stretchable 

purpose. Silicone-based conductive adhesives will be employed, achieving an intimate 

contact between the sensor electrodes and the knitted interconnect. Silicone elastomer, 

due to its considerable flexibility and stretchability, will be used for the encapsulation.  

 

1.4.3 Characterization and evaluation  

To enable electronics intimately wearable on soft, elastic, and curved human bodies, it 
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requires the fabric sensing network to be porous, flexible, stretchable, reliable and 

durable. To satisfy such requirements, the individual flexible and stretchable electronic 

components will be characterized and evaluated from the following aspects: morphology, 

dimension, initial electrical resistance, mechanical property, electro-mechanical 

behaviors (including stretchability and fatigue life) in the uni-directional tensile, three-

dimensional punching, and compressive tests, as well as washing and wearable 

capabilities. Also, reliability of the fabric sensing network will be investigated through 

different prototypes in in-situ ballistic impact measurements. 

 

1.4.4 Geometrical, mechanical and numerical studies 

Success in the packaging of the fabric sensing network and the fabrications of individual 

electronic components relies on an optimized structural configuration, achieving a 

stretchable capability without degrading their electrical integrity. Thus, the geometrical 

and mechanical analysis, as well as numerical simulation will be conducted for the 

purpose of explaining the experimental observations, comprehensive understanding the 

physics behind the phenomena, as well as further optimization of their electro-

mechanical properties.      

 

1.5 Project significance 

The thesis conducts systematic investigations into individual flexible sensors, knitted 

interconnects, as well as helical connections, and establishes an effective packaging 

strategy for a fabric sensing network. The work accomplished in the dissertation has 

resulted in the following: 

(1) By integrating multi-plied conductive yarns into a fabric sensing element plus a 

subsequent encapsulation, a completely flexible sensor with a stable electrical contact in 

its integrated region was achieved.  

(2) By knitting conductive wires and textile yarns into a knitted structure, stretchable 

interconnects with large stretchability and durability was developed, where the 

stretchability was defined as “the maximum strain range with a constant electrical 

resistance” instead of “a maximum strain without electrical failure”.  
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(3) A helical connection was established between the flexible sensor and the knitted 

interconnect, providing a reliable electrical connection without reduction in the 

stretchability of the flexible sensors. 

(4) A fabric sensing network was developed by physically linking the distributed sensors 

with knitted interconnects through helical connections. And the prototypes in the in-situ 

ballistic impact measurements demonstrate the possible application of the packaged 

sensors and reliability of the knitted interconnects and helical connections in high-speed 

and largely deformed measurements. 

 

The most significance of the work is not only the packaging of a fabric sensing network, 

but with many other achievements: 

(1) The knitted interconnects and helical connections are porous and washable, pushing 

forward the electronics into intimately wearable applications; 

(2) The combined “island-bridge” strategy in the packaging of a fabric sensing network 

can be applied to any type of flexible and stretchable electronic system, for instance, a 

flexible display; 

(3) The variation control in the packaging of the flexible sensors and no variations in the 

fabrications of the knitted interconnects and helical connections boost them into 

commercialization;  

(4) The fundamental studies in electronic textiles, such as electrical contact with textile 

structures and rigid metal wires in a soft knitted fabric, promote the further marriage of 

electronics and textiles.  

 

1.6 Structure of the thesis 

The dissertation is organized as follows: 

Chapter 1 starts with the background of flexible and stretchable electronics in the 

application of sensitive skins. Problem issues are then brought up, followed by specific 

research objectives. Finally, the research methodology and significance are summarized.  

 

Chapter 2 describes an extensive review on the flexible and stretchable electronics. The 

strategies, materials, structure, fabrication, performance and applications of the flexible 
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and stretchable electronics are comprehensively discussed.  

  

Chapters 3, 4, and 5 conduct systematical investigations into individual flexible sensors, 

knitted interconnects and helical connections. Packaging design in terms of material, 

geometry, and structure is proposed, followed by detailed fabrication technologies. The 

electro-mechanical behaviors of those individual flexible and stretchable components 

are comprehensively studied either experimentally or theoretically.  

  

Chapter 6 proposes an effective strategy for packaging a fabric sensing network by 

physically linking the distributed sensors with knitted interconnects through helical 

connections. The variation control and calibration method are discussed.   

 

Chapter 7 presents three versions of prototypes of the fabric sensing network for in-situ 

ballistic impact measurements. Reliability of the fabric sensing network is investigated.  

  

Chapter 8 summarizes primary findings and offers recommendations for future research. 
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CHAPTER 2 LITERATURE REVIEW 

 

As mentioned in Chapter 1, the approach to packaging sensitive skins depends on the 

availability of highly sensitive soft sensors physically linked by flexible and elastic 

interconnects integrated in a porous substrate, which is inspired by the current strategy 

for flexible and stretchable electronics. Thus, a comprehensive understanding the 

progress of stretchable electronics will be of great significance for the project research. 

Thus, this chapter conducts an extensive review on the inorganic-based flexible and 

stretchable electronics from the aspects of packaging strategy, mechanical design, 

material selection, fabrication technology, as well as electro-mechanical properties. The 

purpose of the review is to identify critical issues as well as to be inspired by some 

advantages in the stretchable electronics for the investigation into packaging of fabric 

sensing networks. 

 

2.1 Packaging strategy for flexible and stretchable electronics 

Electronics with mechanical flexibility and stretchability has attracted numerous 

attentions [1] since it opens the potential applications that could not be achieved with 

rigid, brittle and planar electronics [2, 3], such as large-area flexible displays [4, 5], bio-

integrated devices [6], and conformal sensory skins [5].    

 

The current strategy for making electronics stretchable depends on the integration of 

standard stiff device islands physically linked by stretchable interconnects on an elastic 

substrate [1, 3, and 7-10]. Thus, a typical stretchable electronic system is composed of 

soft or rigid active islands, interconnect (or passive) bridges, and their mechanical and 

electrical connections on a compliant and elastic substrate. Such integrated electronic 

system is stretchable attributed to the interconnect bridges, with the capability of 

absorbing most of the external mechanical strains, whereas the stiff elements are almost 

steadfast, without being stretched [4].  
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The significance behind the strategy is to separately manufacture the electronic 

components and stretchable interconnects, then combine them on a compliant and elastic 

substrate in a mechanically optimized format [11]. Therefore, the abilities to (1) make 

interconnect stretchable, and (2) to establish a connected region with acceptable strain 

gradient, are essential to the success of an integrated stretchable system [1, 4, and 12,]. 

The following sections will review the development of the stretchable interconnects and 

the connections between electronic components, respectively [13]. 

 

2.2 Stretchable interconnect 

Two approaches have pushed forward the development of stretchable interconnects [5]. 

One attempts to create organic materials with inherent stretchability. Such organic-based 

elastic interconnects are not conductive enough (resistivity: ~kΩ/cm) to work as 

interconnects or circuits. More seriously, their conductivity often drops by several orders 

in magnitude with applied strain, even within 10% [14-16]. The other method relies on a 

mechanical design to make rigid conductors or semiconductors stretchable, without 

degrading their electrical integrity. The following part will conduct a systematic 

investigation into the present existing inorganic-based stretchable interconnects in terms 

of structure, material, fabrication, dimension, and electro-mechanical behavior.  

  

2.2.1 Structure 

Free-standing conductors or semiconductors can only be stretched within 1% strain [17]. 

Thus, it is critical to keep their mechanical strains at an extremely low level [5], without 

degrading their electrical integrity. In the mechanical design, brittle conductors or 

semiconductors are firstly bent into a curved shape through the reduction in their 

thicknesses (, reducing their flexural rigidities), and then bonded on/in a compliant and 

elastic substrate, achieving a bi-layer stretchable interconnect. Based on such 

mechanical design, different structures have been developed, as described in the 

following parts:  

 

2.2.1.1 Micro-crack pattern on an elastic substrate 
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A rigid, thin metal film is deposited on a compliant elastomeric substrate, creating 

micro-cracks due to thermal expansion mismatch between the thin film and the soft 

elastomer [18-20]. The induced micro-crack pattern, ranging from 100nm to a few 

microns in length, is responsible for its stretchable capability by deflecting and twisting 

out of plane, thereby inducing very small strains in the thin film [21-24]. 

 

2.2.1.2 Net-shaped structure 

A net-shaped structure has been demonstrated to make a conductive rubber based 

artificial skin conformal to three-dimensional surfaces [25]. With a net shaped pattern, 

the electrical performance of the conductive rubber is unaffected with external tensions 

owing to the geometric change of the struts. 

    

2.2.1.3 Horseshoe geometry embedded in an elastic substrate 

A brittle conductor is embedded into a stretchable substrate with horseshoe geometry 

[26]. The electrical performance could be stable owing to the periodic horseshoe 

geometrical changes in its radius and angles. It suggests that narrow metallization is 

helpful to reduce stress concentration of the horseshoed conductor [26-28].  

 

2.2.1.4 Wrinkling pattern on an elastic substrate 

Wrinkling, often observed in thin-film systems with integrated hard and soft materials, 

is undesirable as it induces delaminated or fractural failure. However, the controlled 

wrinkling patterns have been explored to boost the stretchable interconnects with 

semiconductors [29]. Thin silicon ribbons on elastic substrates with wavy shape, popup 

configuration, non-coplanar mesh, as well as non-coplanar mesh with serpentine bridges, 

have improved the maximum stretchability of the elastic interconnects [30]. All of these 

patterns make ribbons stretchable through out-of-plane deflection in thin layers, 

accommodating strains applied in the plane [30].   

 

With periodic wavy patterns generated from thermal expansion mismatch between soft 

and rigid materials or pre-stretching and relaxing the elastic substrate [31], the ribbons 

are strongly and chemically bonded with the elastic substrate along their entire length 
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[32]. The amplitude and wavelength of the wavy patterns change their shapes to 

accommodate the strains, thereby reducing stress concentration of the brittle inorganic 

materials [31, 33]. Without limiting into one dimension, two dimensional wavy 

membranes, achieved by pre-stretching the elastic substrate in two directions, are 

capable of being biaxially stretched with the geometrical change in the wave profile [34]. 

 

To reduce stress concentration of the thin ribbons induced by bonding integration with 

an elastic substrate, a popup or well controlled delaminating buckle pattern is proposed. 

The buckled narrow ribbons are partly bonded with the elastic substrate, leading to more 

freedom by change their amplitude, wavelength, as well as lateral bending, thereby 

improving the stretchability of the popup narrow ribbons on the elastic substrate [35-38]. 

 

A non-coplanar mesh is designed to electrically connect the active devices on silicon 

islands by bridged interconnects, creating an integrated stretchable electronic system. In 

an island-bridge pattern, the semiconductor material, often silicon, on which the active 

devices or circuits are fabricated, is chemically bonded to the elastic substrate, while 

interconnect bridges are loosely bonded to the substrate in an arc-shaped geometry. The 

stretchability of the integrated system has been achieved by the strain absorption of the 

bridged interconnects through their geometrical changes, while the strain of the islands 

is comparatively small [39]. 

 

To further improve the stretchability of the non-planar mesh design, a deformable 

serpentine bridge has replaced the previous arc-shaped one, accomplishing a much 

higher stretchability (140%). The serpentine bridge is able to absorb nearly all of the 

strains associated with the deformations that can occur during use [40] owing to 

effectively compensating the applied strain not only through changes in height but also 

in its geometry [40, 41]. 

 

2.2.1.5 Encapsulation 

To provide mechanical and environmental protection for the stretchable interconnects, 

particularly wrinkled (or buckled) interconnects either in its bridged area or active island, 
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an encapsulation layer is indispensable [42, 43]. Previous mechanical design ignored the 

effects of the encapsulation, hence leading to reduction in the stretchability of the 

stretchable interconnects. The primary issues with a subsequent encapsulation will be 

discussed later in this chapter.  

 

2.2.2 Material 

The stretchable interconnects have been developed by integrating conductors or 

semiconductors on/in an elastic substrate. This section will review the materials those 

are employed as the elastic substrates, the conductors/semiconductors, as well as the 

encapsulated layer. 

  

2.2.2.1 Elastic substrate 

The most popular material as an elastic substrate is polydimethylsiloxane (PDMS) [17, 

26, 32, 44-47], owing to its mechanical biocompatibility with a soft, curvilinear, and 

elastic tissue surface in terms of low Young’s modulus (~1-2MPa) and high 

stretchability (>200%). The other reasons for choosing PDMS include: (1) it is 

electrically insulating: relative permittivity: 2.3-2.8, electrical resistivity: 1.2×10
14

Ω/cm; 

(2) it is thermally stable from -45℃  to 200℃  with a low glass transition temperature of -

125℃  and a linear coefficient of thermal expansion (CTE) of 325µm/m.℃ ; (3) it is 

commercially available and inexpensive; (4) it is suitable for biological applications, 

approved by the Federal Drug Administration. 

  

However, most commercially-available medical grade silicones are difficult to spin-coat 

directly, which is a primary manufacturing process for stretchable interconnects, because 

of its high viscosity. Hence, a non-medical grade PDMS, i.e., Sylgard 184 (from Dow 

Corning), is often used in the current technology.  

 

Polyimide, with Young’s modulus of 2.8GPa, poisson’s ratio of 0.34, and electrical 

resistivity of 1.5×10
17

Ω/cm [44], is another material used as an elastic substrate since it 

has been widely employed in microelectronics due to its mechanical, chemical, and 

thermal properties with a comparatively low CTE of 16ppm/℃  and a high glass 
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transition temperature of 355℃  [48, 49].    

 

Thermoplastic polyurethane (TPU) foil is also used as an elastic substrate since it is 

biocompatible, commercially available in big quantities, and low cost [50]. 

 

2.2.2.2 Conductor and semiconductor 

The most broadly used conductors are metal films, such as gold and copper. Gold film is 

mechanically ductile, chemically inert, and biocompatible [17, 51]. Its Young’s modulus 

is 78GPa, and can be stretched to 1%-1.5% strain [4]. Its resistivity is 5×10
-6

Ω/cm [44]. 

Copper film, with a Young’s modulus of 117GPa, is chosen attributed to its high 

electrical conductivity and relatively low cost [26, 49].   

 

Nanoribbons of high-quality, single-crystal inorganic-based semiconductor materials, 

e.g., SiO2, are selected to develop integrated stretchable circuits, where semiconductors 

are made as the bonding layer because of its electrically insulating character and a very 

strong chemical bonding to the PDMS substrate [32].  

 

2.2.2.3 Encapsulated layer 

To protect the stretchable interconnects from environmental and mechanical attacks, it 

requires an encapsulated layer to be chemically inert, electrically insulating, 

mechanically stretchable, and biologically compatible [4]. 

 

It has been proposed to use the same material, PDMS, for encapsulation of the 

stretchable interconnects, eliminating mechanical mismatch between the elastic 

substrate and encapsulated layer. However, it induces a certain reduction in the 

maximum stretchability of the stretchable interconnects.  

 

Instead of PDMS, some researchers employ photo-patternable silicone (PPS) for 

encapsulation of the PDMS-based stretchable interconnects. The Young’s modulus and 

elongation of PPS is 160MPa and 37.6%, respectively. When a sample with a 10µm-

thick PPS membrane is spin-coated on a 300µm-thick PDMS substrate, the formed 
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PPS/PDMS with a bi-layer structure has a Young’s modulus of 2.7MPa [4, 17].  

 

2.2.3 Fabrication technology 

Despite of its biocompatibility, some other properties of the PDMS substrate have made 

the fabrication technology challengeable. The large difference in CTE between the 

PDMS and the conductor/semiconductor (PDMS: 310ppm/K, gold: 14.2ppm/K, silicon: 

3ppm/K) demands a low-temperature process. Because of the dimensional instability of 

the PDMS, it needs a rigid backing in the fabrication. Most seriously, the PDMS surface, 

due to its low energy, has poor adhesion to thin metal films, leading to short circuits or 

electrical failure with applied strain [4, 44].  

 

Hence, it is greatly challengeable to manufacture stretchable interconnects [25], where 

the parameter controls in the packaging process may significantly affect their electro-

mechanical performance [44]. For instance, a sample with gold films on the PDMS 

substrate, developed by researchers in Princeton University, can be stretched over 80% 

strain before its electrical failure [4], whereas another sample with the same material and 

structure, created by the same manufacturing approach from another research group, can 

only be stretched to 1-2% [45]. What’s more, the irregular processing conditions lead to 

a large dispersion in the electro-mechanical behaviors of the stretchable interconnects 

[28].     

 

Basically, three primary procedures are indispensable to fabricate PDMS-based 

inorganic stretchable interconnects or conductors, that is, “substrate preparation”, 

“conductor/semiconductor integration”, including shape formation and adhesion to the 

substrate, and “full encapsulation”.  

 

2.2.3.1 Substrate preparation 

Due to the dimensional instability, a custom holder, often a glass slide in the laboratory, 

is required to fix a (pre-strained or not) PDMS substrate with a chemical coating or 

physical lamination, which should be easily removed from the rigid holder after the 

fabrication [4]. 
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2.2.3.2 Conductor/semiconductor integration 

Metal films or silicon nanoribbons are deposited to the (pre-stretched or not) PDMS 

substrate by e-beam evaporation with a few nanometers of titanium (or chromium) 

adhesion layer, forming a shaped pattern due to the mismatch in their thermal properties 

or the pre-strain of the substrate while bonding to the substrate.  

 

(1) Shape formation 

Micro-cracks are generated when the metal films are deposited onto the PDMS substrate, 

where compressive residual stresses are induced in the films due to the mismatch in the 

thermal expansion coefficients between the metal film and the substrate [52, 53]. Such 

generated micro-cracks are irregular. For instance, ordered cracks can only be observed 

from a PDMS elastomer containing silica in the area with ~48% of the entire surface 

[54]. 

 

The achievements of the net-shaped and horseshoe geometries are different from the 

current shape formation on a PDMS substrate. Net-shaped pattern is created by a 

numerically controlled punching machine [25] and horseshoe geometry is designed by 

UV-radiation [26].  

 

Corresponding to the controlled buckles on the PDMS substrate, the wavy pattern is 

realized by depositing conductors/semiconductors into a pre-stretched PDMS substrate. 

Periodically wavy shape is generated after relaxation of the pre-strain [17]. In the 

manufacturing process, it often induces edge effect, that is, buckled thin films on 

elastomeric substrates are periodically sinusoidal wavy layouts except their edges, 

where the amplitude of the wavy decreases near to be flat [30].  

 

To generate popup patterns, certain regions of the PDMS, with a silica-like surface after 

treated by UV/ozone exposure or by oxygen plasma treatment, will directly bond 

chemically with the thin silicon ribbon. In the other regions without treatment, where the 

weak van der Waals interaction is involved, delaminated buckles will be created, termed 
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as “popup patterns”. The formation method of the non-coplanar mesh (or with 

serpentine patterns) is the same to the generation of the popup pattern. That is, the 

bonding sites on the PDMS surface were selectively activated, producing island areas, 

while the other areas on the PDMS substrate remain inactive, generating bridged 

patterns [10, 55]. 

 

(2) Bonding to the substrate  

The PDMS substrate has a low surface energy. Only weak van der Waals force is far 

enough to strongly bond with the semiconductors/conductors. One advantage in the 

semiconductor based stretchable electronics is the oxidized PDMS can form strong 

chemical bonds to the silicon ribbons [32]. Thus, no adhesive failure occurs at their 

interface.  

 

However, the PDMS surface has poor adhesion to the thin metal films [44]. Despite of 

an adhesion layer of Ti/Cr, fine metal films are likely to delaminate from the PDMS 

substrate either in a chemical environment or a mechanical deformation. Due to the poor 

adhesion, adhesive fracture may be induced, leading to short circuits and possible 

electrical failure [56-59]. 

 

2.2.3.3 Encapsulation 

Current technologies focus on the fabrication of bare stretchable interconnects, 

particularly the shape formation and adhesion to the substrate, with the purpose of 

further improving the stretchability by mechanical optimization in the structures. From 

the practical application view, however, the encapsulation and variation control in the 

manufacturing process are of great importance for the reliability of the stretchable 

interconnects. Thus, a systematical investigation into the encapsulation of the stretchable 

interconnects is urgently required. 

 

2.2.4 Dimension 

2.2.4.1 Thickness: Stretchability & flexibility 

The stretchable interconnect has been achieved through mechanical design by firstly 
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bending the brittle conductors/semiconductors into curved shapes and then bonding 

them on/in the compliant and elastic PDMS substrate. To make rigid 

conductor/semiconductors bendable, it requires very thin metal films or silicon ribbons 

because they are brittle (Young’s moduli: in the older of GPa). Also, the buckling 

formation needs a large difference in the thickness between the metal film/silicon ribbon 

and the PDMS substrate. Otherwise, the substrate and the conductor/semiconductor will 

deform together instead of the buckled film/silicon on a “flat” PDMS substrate. Thus, it 

needs “a thin film and a comparatively thick PDMS substrate” system, like a thin 

epidermis on top of a thick dermis [60]. Although the PDMS substrate is flexible (Young 

modulus: ~1-2MPa), the whole bendability of the stretchable system (, especially with a 

multi-layered structure or a full encapsulation,) will be significantly influenced by the 

thickness of the PDMS. Therefore, it requires a balance in the thickness of the PDMS 

substrate for both high stretchability and good bending capability [61]. 

 

2.2.4.2 Large-area electronics & microelectronics 

Differently from the miniaturization trend toward microelectronics, the stretchable 

capability of the electronics opens exciting opportunities, particularly in the large-area 

electronics [62]. In the initial period, it has been mistakenly judged by the dimensional 

size of the electronic device. Currently, it addresses the area coverage of individual 

devices [63] or sometimes it is termed as “fill factor”, i.e., number of devices per unit 

area [64].  

 

The current island-bridge strategy has a negative effect on “fill factor” in the stretchable 

electronic systems since the area outside the islands is not effectively used [64]. To 

achieve high area capacity, on the one hand, a “self-similar” serpentine geometry is 

introduced, improving the stretchability of the non-active regions [65]; on the other hand, 

laminated multi-layer construction has been proposed. The associated issues with the 

multilayer construction are the increase in its total thickness (as described, the flexibility 

will be reduced with a large thickness), and a suitable spatial offset between the layers. 

An integrated multi-layer stretchable electronic device has been demonstrated, 

consisting of four layers with a total thickness of 1.3mm. But the electro-mechanical 
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performance is not mentioned [3]. Another illustration is a multi-layered high-density 

stretchable microelectrode array [44]. A negative photoresist SU-8 is used in the lift-off 

processing, achieving 10µm-wide gold traces with a pitch as small as 20µm for both 

parallel and serpentine arrangements of wires as long as 3cm. Additionally, a multi-layer 

architecture is implemented for further boosting the integration capacity. The critical 

issue in the high-density stretchable array is its stretchable capability. The stretchability 

of the high-density array is only 1-2% strain; while the stretchability for the same 

pattern with the identical materials without a high-density feature is beyond 80% strain 

before electrical failure. Many possible reasons attribute to the considerable difference, 

particularly the manufacturing technology. What’s more, the production yield is very 

small. Thus, the packaging technology for the high-density stretchable electronic system 

will be more challengeable. 

 

2.2.5 Electro-mechanical performance 

The typical electro-mechanical performance, including the initial electrical resistance, 

relative change of the resistance at a given strain, and fatigue life, of the stretchable 

interconnects with different structures is listed in Table 2.1.  

 

2.2.5.1 General results 

With respect to the conductor/PDMS interconnects, the gold metal film deposited on the 

PDMS substrate with micro-crack pattern could withstand a longitudinal tensile strain 

beyond 80% with a considerable change in its electrical resistance (~1200%). With a 

wavy pattern, the stretchability could be improved to 100% strain with an acceptable 

relative change in resistance (24.7%). The metals embedded in the PDMS substrate with 

horseshoe geometry are able to maintain their electrical resistance (variation: 2.1%) 

when they are stretched to 56% strain.  

     

Regarding the semiconductor/PDMS interconnects, their stretchability has been 

improved from the wavy pattern (10% strain) to popup geometry (60% strain). 

Regarding the island-bridge semiconductor/PDMS system, the stretchable capability is 

also improved from 60% strain for a non-coplanar mesh with air-shaped bridges, to 140% 
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strain for a non-coplanar mesh with serpentine bridges.  

 

2.2.5.2 Discussion 

With mechanical design, stretchable interconnects have been achieved by means of 

curving the thin, brittle conductors/semiconductors on/in a thick, compliant, and elastic 

substrate. The factors contributed to the electro-mechanical properties with different 

structures will be discussed. 

 

(1) Curved shape     

The thin, rigid conductors/semiconductors can be stretched through straightening or de-

bending their curved shapes. The conductor/semiconductor with a higher radius of 

curvature could be more stretchable due to a reduction in the stress concentration [26]. 

Thus, the stretchability could be enhanced with a large initial amplitude and/ or small 

wavelength for a thin film with a wavy or bulked pattern [10, 66], which can be 

accomplished by increasing the pre-strain of the PDMS substrate or by using a substrate 

material capable of higher elongation than PDMS in the manufacturing process [36].  

 

(2) Film width 

Current mechanical design addresses the thickness of the metal film or silicon ribbon for 

a reduction in the flexural rigidities. Actually, the film width is also non-neglectful, even 

important. On the one hand, the initial electrical resistance could be smaller with a wide 

track of the metal film. On the other hand, the stress concentration in certain regions, 

such as the crest and trough of the wave patterns, could be reduced with a fine metal 

film or silicon ribbon. For instance, the strain is reduced from 5.25% to only 0.011% if 

the width of a copper track is reduced from 90µm to 10µm [26]. Also, for the out-of-

plane buckled patterns, such as the serpentine geometry, the stretchability could be 

boosted by a thin ribbon because the deformation modes are not limited into de-bending, 

but also twisting with lateral buckling, to accommodate the external mechanical strain. 

Thus, it is preferable to have multiple fine tracks for high conductivity and stretchability. 

 

(3) Bonding integration 
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The stretchable interconnects are achieved by bonding the metal films/silicon ribbons on 

the PDMS substrate. The bonding integration has a negative effect on the strain 

distribution of the curved films or silicon ribbons. To reduce the bonding effects, popup 

or bridged interconnects have been proposed. However, the bonding adhesion between 

the conductor/semiconductor and the substrate is unavoidable, limiting the freedom of 

the conductor/semiconductor around the bonding regions. To reduce the bonding effect, 

another effective way is to bond the conductor/semiconductor with a more compliant 

substrate. It has been proved that the stress concentration could be reduced by a more 

compliant substrate. Thus, the increase in the stiffness of the substrate will decrease the 

maximum allowable stretchability [26]. 

 

(4) Encapsulation 

From a practical view, the bare stretchable electronics requires a top encapsulated layer 

to be protected from mechanical and environmental attacks [67]. However, the electro-

mechanical behavior of the stretchable interconnects will be changed due to the 

difference in the mechanics. After encapsulation, there is a reduction in the stretchability 

of the stretchable interconnects. For instance, the maximum strain before electrical 

failure reduces from 80% to 17% for the metal film samples with a micro-crack pattern; 

the stretchability decreases from 60% to 51.4% for the silicon ribbon samples with a 

popup structure. In addition, the initial electrical resistance and the normalized 

resistance ((R-R0)/R0) have changed a lot after encapsulation. The initial resistance for a 

wavy metal film sample on the PDMS substrate decreases from 328Ω to 129 Ω after 

encapsulation with the same parameter and process [17]. One possible reason may be 

from the pressure applied to the metal film. Also, as seen from Table 2.1, the relative 

change ratio of the electrical resistance, for the metal film with micro-crack pattern, 

increases from 1200% to 3000% at 80% strain after encapsulation.   

 

The most probable reason for the reduction in the stretchability after encapsulation is the 

bonding integration between the conductor/semiconductor and the encapsulated layer, 

limiting the free movements (such as de-bending and twisting) of the brittle materials. 

Thus, there will be a sharp accumulation in the strain of the metal films or silicon 
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ribbons after encapsulation. To reduce the stress concentration, a softer substrate is 

preferred [43, 68], providing more freedom of motion, thereby retaining the 

stretchability. In particular, the bare silicon ribbons with a non-coplanar mesh design on 

a PDMS substrate (Young’s modulus: 1.8MPa) can be stretched up to 59% strain. After 

encapsulated with the identical PDMS substrate (Young’s modulus: 1.8MPa), the 

stretchability decreases to 49%. However, there is only a slight reduction in the 

stretchability (55% strain) if with a more compliant PDMS substrate (Young’s modulus: 

0.1MPa) [3, 42]. 

 

2.3 Electrical connections between stretchable components 

The current strategy for packaging stretchable electronic systems depends on the 

mechanical and electrical connections between the stretchable interconnects and other 

electronic components. Thus, the performance of a whole electronic system is 

determined by its components and sub-circuits, also by their connections [44].   

 

Imitating the traditional rigid electronic connections, the connected regions are stiffened 

against external mechanical strains. The solutions for stiffening the connected region 

include the fixation of the elastic substrate at the corresponding areas [69, 70], a contact 

pad necking [4], and a hook shape [44]. The most critical issue associated in these 

solutions is the induced strain gradient. As shown in Fig.2.1, it is a typical island-bridge 

structure for stretchable electronic systems. The strain distribution has been simulated 

using finite element method. With an external mechanical strain of 34%, the maximum 

strain for the interconnect bridge is 3.2% around the connected part, and the maximum 

strain for the silicon is 0.16%, occurring near the connected region, too [5, 71].  

   



Chapter 2 

 

27 
 

 

Fig.2.1 A non-coplanar mesh in an island-bridge system [5] 

 

With the induced strain gradient in the connected region, the electro-mechanical 

performance of the stretchable electronic system will be drastically reduced. For a 

stretchable LED array, composed of ten pairs of gold contact pads, in a non-coplanar 

mesh with serpentine patterns, the failure mechanism has been determined by the break 

of the serpentine interconnects near the contact pads [11]. To improve mechanical 

robustness, one way is to considerably decrease the size of the contact pads, reducing 

the maximum strains for the bridges and the islands.   

  

2.4 Summary  

The electronics with flexible and stretchable capabilities could conform to complex 

curvilinear surfaces, thereby opening many potential applications that are impossible for 

conventional rigid and planar electronics, such as flexible displays and bio-integrated 

devices [6], sensory skins for robotics [1], as well as wearable communication devices 

[72, 73]. One exciting and meaningful application is the seamless integration of the 

stretchable electronics on soft, curvilinear and elastic human bodies, for health 

monitoring or sport training, in a thin, lightweight and porous format. For instance, a 

sensitive skin with a large array of sensors connected by stretchable interconnects is 
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intimately wearable on human bodies in motion [74, 75].  

 

To boost the development of intimately wearable electronics, this chapter has conducted 

a systematic investigation into the current progress of the flexible and stretchable 

electronics with respect to the packaging strategy, structure and material, fabrication 

technology, as well as the electro-mechanical performance.  

 

Based on the current strategy, the flexible and stretchable electronic system is 

constructed by standard electronic components connected by stretchable interconnects. 

Thus, inspired by the island-bridge design, this study will package a fabric sensing 

network by electrically connecting the distributed flexible sensors through stretchable 

interconnects. However, the current stretchable electronics bonded on the PDMS 

substrates is not suitable to intimately contact human skins for long-term use, because 

the PDMS substrate causes inflammation and discomfort to human skins [76]. Hence, 

this study will focus on the electronics integrated into textiles instead of the PDMS 

substrates. To satisfy the stretchable requirement, knitted fabric will be employed as the 

elastic substrate.  

 

The stretchable interconnects are achieved by firstly curving the rigid metal films or 

semiconductors and then bonding them on/in elastic PDMS substrates. The stretchability 

has been improved by optimization of the structures. By critically evaluating their 

electro-mechanical behaviors, the challenges in the flexible and stretchable electronics, 

particularly for intimately wearable applications, are: (1) the initial resistance is large 

compared with traditional circuits, such as copper wires. The possible reason may come 

from the requirements in the thin and fine metal films for easily curving them and giving 

them more freedom to deform. To overcome this problem, this study will employ 

multiple fine metal wires with high conductivity, instead of the metal films. (2) The 

relative change of the electrical resistance with applied strain is also considerably large. 

That is, the electrical resistance is not stable with applied strain. Although the current 

stretchable interconnects satisfy the definition of stretchable electronics, i.e., the 

electronics can be stretched with “almost” stable (or acceptable) electrical property, it 
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will induce large noise, even errors if such stretchable interconnects are connected to 

flexible sensors in the fabric sensing network. (3) The fatigue life of the stretchable 

interconnects could not meet the requirements in wearable electronics for a repeated use. 

Hence, with the objective for a highly conductive, stable, and durable stretchable 

interconnect, this study will develop a new structure, instead of bonding, with multiple 

metal wires in the knitted fabrics, allowing more freedom of the metal wire, thereby 

accommodating the mechanical strain with a comparatively low stress concentration in 

the metal wire. Thus, the metal wires can be electrically stable with a huge reduction in 

its stress concentration. Additionally, the fatigue life and washable capability will be 

systematically investigated together with the electro-mechanical behavior for a repeated 

use.   

 

The current fabrication technology involves a lot of unavoidable variations in the 

stretchable interconnects, yielding a very low product ratio. Differently from the 

complex fabrication, the metal wires can be knitted into the substrate together with 

textile yarns in one step. Thus, the fabrication for the knitted interconnects will be 

greatly simplified, thereby reducing the variation.  

 

In the island-bridge design for stretchable electronic system, the connected region 

between the components and interconnects are stiffened, inducing strain gradient. To 

solve this issue, a stretchable, instead of rigid, connection will be developed in this study.  
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CHAPTER 3 SENSOR PACKAGING FROM FABRIC SENSING 

ELEMENT 

 

3.1 Introduction 

This chapter conducts a systematic investigation into the packaging design of a flexible 

sensor from a commercialized fabric sensing element by AdvanPro Limited HK. 

Advanced technologies in flexible sensors, spanning from the initial miniaturization of 

the rigid electronics [1], conductive materials on elastomers [2, 3], textile sensors 

(including fiber [4], yarn [5], as well as fabric bases [6]), to flexible capacitive types [7-

10], have been well established with certain distinctive achievements in the electro-

mechanical behaviors, such as sensitivity to low pressure around 1kPa [11], reliability in 

terms of accuracy (±5%) and repeatability (±5%) [6], as well as fatigue life (beyond 

100,000 cycles) [6]. Most of those sensors were flexible, however, apart from their rigid 

electrodes, created by (a) embedding copper electrodes in conductive polymers on a 

PDMS substrate [9, 12], (b) soldering joints plus a glob-top or epoxy encapsulation [13-

17], as well as (c) bonding metal wires (gold [18], copper [19]) on sensing elements [11], 

inducing insufficient comfort and, more seriously, an inferior current transmission to 

outer circuits when they were intimately worn on human bodies [20]. The latter issue in 

electrical contact remained for the other several sensors, although they were completely 

flexible with  soft electrodes, realized by (a) stitching wires into conductive rubbers [3], 

(b) dropping CPC solution or conductive epoxy on contact points [5, 21], and (c) a 

force-fit interconnection [22]. Those poor electrical contacts were attributed to the brittle 

connection for the sensors with rigid electrodes, which could not be deformed (bending, 

stretching, compressing, or twisting), and vibrant contact for those completely flexible 

sensors. Thus, to package a flexible sensor for wearable applications, it requires 

electrodes, preferably soft, with the capability of providing reliable electrical access to 

other electronic components. 

 

In this chapter, a flexible sensor was packaged by integrating multi-plied conductive 
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yarns, as soft electrodes, into a knitted fabric sensing element in a manner compatible 

with conventional textile technologies. It began with a deliberate packaging design with 

respect to materials, structure and fabrication. Subsequently, the electro-mechanical 

performance of the packaged sensor was evaluated, followed by several factors, such as 

environmental, mechanical and fabrication conditions, responsible for its reliability. 

Finally, a theoretical model that correlated the electrical contact resistance (ECR) with 

out-of-plane pressure was proposed to further explain the experimental observation and 

optimize the flexible sensor packaging design. 

 

3.2 Packaging design 

A typical sensor configuration [23], depicted in Fig.3.1, was composed of at least three 

fundamental parts: (1) a sensing element, either conductive or chemical or other types, 

to receive a signal or stimulus and respond to it; (2) electrodes (or leads), transmitting 

electrical currents from the sensing element to other electronic components; (3) an 

encapsulation with the purpose of protecting the former two parts from environmental 

and mechanical damages.  

 

 

Fig.3.1 A typical sensor configuration 

 

The packaging design started with a sensing element from a conductive fabric 

(Softceptor
TM

, from AdvanPro Limited, Hong Kong), as seen in Fig.3.2. The conductive 

fabric was created by printing carbon nano-particle (CNP)/ silicone elastomer (SE)/ 
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dimethyl silicone oil (SO) mixture pastes in series of strips with the width of 5mm on a 

plain knitted fabric in its wale direction [23]. The knitted fabric consisted of 83% Tactel 

yarns (702D) and 17% Lycra yarns (40D). Its weight was 195g/m
2
 with the density of 43 

courses/cm and 22 wales/cm. The CNP/SE/SO composites, with a quasi-spherical 

configuration (diameter:~70nm), were coated on the pre-stretched knitted fabric (pre-

tension: 1.2N), by a screen printing machine with the screen mesh size of 1000 holes per 

square inch for three times. The final weight of the conductive composites coated on the 

fabric (area: 177mm×126mm) was 1.32 (±0.03) g.  One typical sensing element with an 

initial resistance of 10.29 (±0.03) kΩ for the sensitive area of 5mm×15mm, was capable 

of being compressed up to 2.5MPa pressure, and (being) stretched in its wale direction 

up to 60% strain with more than 100,000 cycles.  

 

 

Fig.3.2 One sensing element from a conductive fabric 

 

3.2.1 Requirements 

The objective of the flexible sensor packaging was to integrate two soft electrodes 

parallel with a certain distance into the fabric sensing element with necessary 

encapsulation, achieving a reliable electrical contact in the integrated region, thereby 

transferring electrical currents to outer circuits. The “reliability” in this chapter was 

defined as “a stable electrical contact resistance between the electrode and the sensing 

element” when the packaged sensor was put into wearable applications, where it 
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demanded the sensor to be mechanically deformable and environmentally resistive. 

Thus, it involved the following requirements for the flexible sensor packaging design:  

1. The induced ECR must be low and constant (~<10%) compared with the resistance of 

the sensing element (~6kΩ with a sensitive area of 5mm×10mm); 

2. The electrical response to the out-of-plane pressure and in-plane strain should not be 

changed after the sensing element was packaged. In other words, it required the electro-

mechanical behavior of the electrical contact to be ignorable with applied pressure (up 

to 2.5MPa) and strain (up to 60%); 

3. The packaged sensor should be environmentally resistive, avoiding possible oxidation 

and corrosion; 

4. It would be meaningful if the packaging technology was compatible with mass 

production preferably at the level of textile manufacturing stage. 

 

3.2.2 Packaging design 

Electrical contact could be established by geometrical or mechanical contact between 

two members. Thus, to achieve a stable electrical contact, it was of great significance to 

make an exactly geometrical match between the sensing element and its electrodes. 

Therefore, the surface geometry of the fabric sensing element was firstly derived by 

employing a three-dimensional geometrical model of a plain knitted loop. Then, a multi-

plied conductive yarn was determined as the soft electrode with respect to its geometry, 

conductivity, flexibility as well as durability. An indispensable encapsulation was finally 

developed to protect both the sensing element and the soft electrodes from mechanical 

and chemical attacks.  

 

3.2.2.1 Surface geometry of the fabric sensing element 

As described, the sensing element was created by printing conductive composites on the 

front side of a weft plain knitted fabric. Thus, the surface geometry of the sensing 

element was estimated through the effects of applied pressure (from the conductive 

composites) on the height profiles of the knitted substrate.  

 

Referring to Pierce’s model [24, 25], broadly used for the tightly knitted fabrics, the 
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construction for a quarter part of the three-dimensional loop was divided into a curved 

portion and a straight one. The generic point of its yarn axis was thus expressed by a 

piecewise function, i.e., 

(1) for the curved segment ( 0 1.5 ( )s d     ) 

sin[{2 cos 1.5 cos( /1.5 )} / ]

1.5 sin( /1.5 )

cos[{2 cos 1.5 cos( /1.5 )} / ]

x R d d s d R

y d s d

z R d d s d R





   


 
  

          (3.1) 

(2) for the straight segment (1.5 ( ) s 1.5 ( ) 2 sin( )d d d           ) 

sin{[2 cos 1.5 cos { 1.5 ( )}sin ] / R}

1.5 sin { 1.5 ( )}cos

cos{[2 cos 1.5 cos {s 1.5d( )}sin ] / }

x R d d s d

y d s d

z R d d R

    

   

    

      


    
     

           (3.2) 

, where 1.2464  (rad), 0.5236   (rad), 4.172R d  and d was yarn diameter. 

Accordingly, the three-dimensional configuration of the yarn axis in a single loop was 

calculated, as plotted in Fig.3.3. The schematic diagram for the geometry of the knitted 

fabric with several loops, say, six courses and three wales, was then simulated through 

adding the yarn diameter (d) into its axis, with the assumption of the yarn as a smooth 

and incompressible single filament. As illustrated in Fig.3.4, the projections of the 

geometry on x-y (a), x-z (b), and y-z (c) planes indicate the front side of the knitted 

fabric was not flat with different height (z) profiles in its course (x) and wale (y) 

directions. Further observed from Fig.3.5, the height profile (z) of the knitted fabric in 

its course (x) wise was approximated by the configuration of its yarn axis, i.e., 

cos[arcsin( / )]z R x R            (3.3) 

, which was a sine wave function with the period of a half wale spacing of the knitted 

fabric. Alike, the height profile (z) in the wale (y) direction was estimated by, 

cos{[2 cos 1.5 cos [(1.5 sin ) / cos ]sin ] / R}z R d d d y                  (3.4) 

It was also a sine wave function, whose period represented one course spacing of the 

knitted fabric.   
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Fig.3.3 Three-dimensional configuration of a knitted loop based on Peirce’s model 
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(a) x-y plane 

 

 

(b) x-z plane 

 

 

(c) y-z plane 

Fig.3.4 Projections of the knitted loops on different planes 
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(a) x-z plane 

 

 

(b) y-z plane 

Fig.3.5 Height profiles and their corresponding pressure distributions in the course and 

wale directions 

 

With such assumed sine wave-like height profiles, the surface geometry of the fabric 

sensing element was then predicted by discussing the influence of the coated conductive 

composites on the knitted substrate. Expectably, the knitted fabric would be compressed 

by the pressure from the weight of the conductive composites. Considerable work has 
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been reported on the fabric thickness-pressure relationship, either by an exponential [26] 

or a hyperbolic function [27]. Differently from them, the investigation into the surface 

character of the knitted fabric was more significant than its thickness, because the 

conductive composites had a tendency towards the trough of the sine waves due to the 

produced shearing force when they slumped into the knitted fabric, inducing non-

uniform compression. With the knowledge of dense conductive composites 

accumulating at the bottom, it was possibly reasonable to suppose that the pressure 

distribution had an inverse relation in magnitude to the height profiles with the largest at 

the trough and the smallest at the crest.  Thus, the pressure distributions in the course 

and wale directions were expressed by 

1
( )

( )

1
( )

(y)

p x
z x

p y
z


 






          (3.5) 

 

To infer the effect of such distributed pressure on the height profiles, van Wyk’s work on 

the compression properties of fiber mass was employed for reference [28]. The loop 

yarns were limited to bending in the compression process, its volume (v)-pressure (P) 

relation was expressed by 

1/3( )v P            (3.6) 

Referring to such volume-pressure relation, the height-pressure relation of the knitted 

fabric coated by conductive composites was proposed by 

1/3

1/3

( ) 1 1 ( )

( ) 1 1 ( )

z x P

z y P





   


   
          (3.7) 

Linking Equations 3.5 and 3.7, the height profiles of the fabric sensing element was 

derived, i.e.,  

1/3

1

1/3

1

( ) k ( )

( ) k ( )

m m

m m

z x z x

z y z y





 


 

          (3.8) 

, where m represented the printing times; k was assumed to be constant with a value of 1. 

As observed from Fig.3.6, the conductive composites could flatten the sine wave-like 

knitted fabric with sufficient printing times. The used fabric sensing element, as 
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described, was coated by conductive composites for three times. One unit cell of its 

surface geometry is presented in Fig.3.7. Despite of uniform appearance, it was not flat 

if investigated on a small enough scale with an amplification factor of 20.  

 

 

(a) x-z plane 
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(b) y-z plane 

Fig.3.6 Height profiles of the knitted fabric coated by conductive composites 
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(b) ×20 

Fig.3.7 Surface geometry of the fabric sensing element 

 

3.2.2.2 Electrode 

To geometrically contact the fabric sensing element in its course wise, perpendicular to 

the stretching direction, thereby achieving a stable and low value of ECR, it demanded 

an electrode (or lead) with an identical surface contour. Hence, a three plied nylon yarn 

coated by silver particles (, named, silver coated nylon yarn or “SCNY” for short, from 

Xiamen Unibest Import and Export Co., Ltd, China), owing to its wave-like surface 

geometry [29, 30], was chosen as the electrode. As illustrated in Fig.3.8, the SCNY 

electrode could conform to the fabric sensing element either by adjusting its parameters, 

such as yarn diameter d and the depth of the outermost filament Δz, or by applying 

adequate pressure since the SCNY was soft enough to be deformed.   

 

Besides the geometric conformability to the fabric sensing element, some other reasons 
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for selecting the SCNY as the soft electrode were summarized as follows： 

(1) The SCNY plies were created by twisting multi-filaments [31] coated by silver 

particles with high electrical conductivity [32] (Fig.3.9 (b)). Such twisted SCNY 

electrode showed a purely resistive character with a comparably low resistance 

(~3.4Ω/cm), enabling its use as a soft electrode [33].  

(2) Instead of transferring rigidity and brittleness to the fabric sensing element [31], 

multi-plied SCNY was inherently flexible (Young’s modulus: 0.531GPa) and durable 

(tensile stress: 159.2MPa with 30% strain), satisfying the mechanical requirements of 

the sewing technology, which was used to sew the electrode into the fabric sensing 

element. 

(3) Unlike many other metals, silver oxide was conductive, making the SCNY electrode 

environmentally resistive to some extent.  

 

 

(a) Geometrical match 

 

 

(b) Multi-filaments coated by silver particles 

Fig.3.8 A three-plied SCNY as the soft electrode 

 

3.2.2.3 Encapsulation 

It was far away to achieve a reliable electrical connection if only with Van der Waals 

force [1]. First, sufficient pressure was required from either mechanical or chemical 
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strength, maintaining an intimate contact between the electrode and the sensing element. 

Secondly, a certain volume of insulating materials was indispensable, protecting the 

packaged sensor against mechanical stress and external (chemical) attack. Hence, further 

encapsulation was necessary for the flexible sensor packaging. Fig.3.9 schematically 

shows a multi-layered sensor configuration with a complete encapsulation. The numbers 

from 1 to 6 (in all the figures of Chapter 3) represent “1-knitted substrate”, “2-

conductive composites”, “3-SCNY electrode”, “4-elastic top layer”, “5-non-conductive 

thread”, as well as “6-non-stretchable bottom layer”. 

 

The encapsulation began with a “non-conductive thread”. Together with the SCNY 

electrode, it was sewn into the fabric sensing element, with the function of applying 

mechanical strength, thereby fastening the integrated region. 

 

An insulated “elastic top layer” was then covered on the conductive side, providing 

environmental protection for the packaged sensor, meanwhile without affecting the 

stretchability of the sensing element.  

 

An insulated “non-stretchable bottom layer” was finally bonded around the integrated 

region on the back side of the knitted substrate, offering mechanical stability for the 

electrical contact [34, 35] by means of reducing possible strain in the integration region 

when the packaged sensor was stretched by an external force. Additionally, the distance 

between two bottom layers could determine the effective size (ES) of the sensing 

element. 

 

Therefore, the encapsulated sensor was chemical resistive by covering an elastic top 

layer on its sensitive area where stretchability was necessary and mechanical robust 

through bonding a non-stretchable bottom layer around its integrated region where 

mechanical stability was required [36].  
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(a) Course direction 

 

 

(b) Wale direction 

Fig.3.9 Encapsulation for the packaged sensor, where “1-knitted substrate”, “2-

conductive composites”, “3-SCNY electrode”, “4-elastic top layer”, “5-non-conductive 

thread”, as well as “6-non-stretchable bottom layer” 

 

3.3 Fabrication 

3.3.1 Process flow 

The flexible sensor was packaged with several steps in an ordered sequence, as listed in 

Fig.3.10. It started by a sewing procedure, where the SCNY electrode and a non-

conductive thread interlocked on the conductive side, establishing a geometric match 

between the sensing element and the electrode through mechanical pressure provided by 

the non-conductive thread (a). Next, conductive composites, same to those on the 

sensing element, were injected into the micro pores, achieving an intimate contact 

between the sensing element and the electrode (b). Then, a thin elastic layer was covered 

on the top surface, protecting the packaged sensor from chemical attack while 

maintaining the stretchability of the sensing element (c). To reduce mechanical strain of 
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the electrical contact, a non-stretchable layer was finally bonded at the bottom around 

the integrated region (d).  

 

 

(a) The soft electrode and non-conductive thread were sewn into the sensing element. 

 

 

(b) Conductive composites were injected into the gaps. 

 

 

(c) An insulated elastic layer was covered on the top surface. 

 

 

(d) A non-stretchable bottom layer was bonded around the integrated region. 

Fig.3.10 Process flow for the flexible sensor packaging 

 

3.3.2 Sewing 

The SCNY electrode (100D×3), with a non-conductive thread (spun polyester: 162D), 

was sewn into the fabric sensing element. The primary parameters are listed in Table 3.1.  

 

Table 3.1 Parameters used in the sewing process 

Parameters Specifications 
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Threads SCNY as bobbin thread; spun polyester as needle thread 

Needle Needle type: ball-point; size: 9; diameter: 0.65mm 

Stitch Interlock 301 

Stitch length 0.8mm 

 

Since it was inessential to conform to the extensibility of the knitted fabric in the 

integrated region (fixed by a non-stretchable bottom layer), an out-of-balanced interlock 

301 stitch (Fig.3.11a), instead of overlock seam, was selected, inducing little stretch on 

the knitted fabric. In contrast to a well-balanced lockstitch (Fig.3.11b), where the needle 

and bobbin threads interlocked at the mid-depth of the fabric, two advantages 

distinguished the out-of-balanced stitch. First, the SCNY electrode lay straight along the 

conductive side of the sensing element with the non-conductive thread visible on the 

same side, avoiding possible capacitance in the gaps between the fabric sensing element 

and the electrode if with a well-balanced stitch, thus establishing an Ohmic electrical 

contact. Secondly, the total length used for the electrode in the out-of-balanced stitch 

(lout) was smaller than that in the well-balanced stitch (lbal), as expressed 

out sen bal bal senl l l k l     

, where lsen was the width of the sensing element in its course direction; kbal was the 

length used for every fabric with unit length, i.e.,   

1.571 0.07854S 0.0124 1balk T D tex     

, where S was the stitch density per two centimeters; T was the thickness of the fabric; 

and Tex was the diameter indication [37]. Thus, the out-of-balanced interlock 301 stitch 

was capable of creating a low value of ECR owing to the shorter length involved in the 

connection.  
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(a) Out-of-balanced 

 

 

(b) Well-balanced 

Fig.3.11 Interlock 301 stitch with different tension control 

 

Fig.3.12 presents the machine settings in the sewing process. The SCNY electrode was 

wrapped around the bobbin, where the mechanical strength was less required than the 

needle thread. After adjusting the tension discs (so that the electrode could lie straight on 

the conductive side) and specifying the stitch length as 0.8mm, place one piece of 

conductive fabric, containing several parallel stripes of sensing elements (width: 5mm), 

on the sewing table, with non-conductive side up (a). When the machine was started, 

conductive seams would be formed on the fabric sensing element (b).  

 

 

(a) Machine settings 
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(b) Seam formation 

Fig.3.12 Sewing process in the flexible sensor packaging 

 

3.3.3 Injecting 

In the sewing process, the SCNY electrode was mechanically fastened to the fabric 

sensing element by the non-conductive thread with a stitch length of 0.8 mm. To achieve 

a compactly geometrical match, avoiding possible capacitance due to the micro-gaps 

within one stitch, it was of great importance to fill additional conductive composites, 

identical to those of the fabric sensing element, in such micro-gaps. Fig.3.13 

schematically showed the conductive composites were injected into the connected 

region by an injector with a precise control, which was compatible with any liquid 

injecting technique.   

 



Chapter 3 

 

56 
 

 

Fig.3.13 Additional conductive composites were injected into the micro-pores 

 

3.3.4 Coating 

As designed, a stretchable insulated top layer was proposed to encapsulate the flexible 

sensor, protecting it from environmental and mechanical attacks, such as water, dust, as 

well as abrasion damage. To satisfy both the chemical and mechanical requirements, 

silicone elastomer (“SE” for short, ELASTOSIL
®

 LR3070 A and B, from Wacker 

Chemie AG, Germany) was selected. First, it was chemical non-reactive, stable, 

waterproof, and temperature-resistive (~300℃); secondly, most importantly, it exhibited 

identical performance to the fabric sensing element with the availability of mechanically 

flexible and stretchable characteristics. Although their stress-strain curves did not 

perfectly coincide with each other, since SE was able to be stretched due to its molecular 

structure instead of loop shape change like the fabric sensing element, it was acceptable 

that their mechanical properties were in a good agreement within 60% strain, which was 

the working range of the packaged sensor, as plotted in Fig.3.14.  
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Fig.3.14 Stress-strain curves of the fabric sensing element and SE 

 

Fig.3.15 presents the fabrication process, where a very thin SE layer was printed on the 

top surface from one electrode part to the other through a metal blade, followed by 

vulcanization at ~60℃  for 2 hours [38]. As designed, the connected region was slightly 

over the height of the sensitive area attributed to the larger diameter of the SCNY 

electrode (100D×3).   
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Fig.3.15 A thin SE layer was printed on the conductive side of the sensor 

 

3.3.5 Bonding 

To fix the integrated part, a thin layer of woven fabric (from Kin Hing Hang Textile Ltd., 

Hong Kong), owing to its comparatively low stretchability (40% << 400%) with a 

considerably large stress (Fig.3.16), was bonded around the back side of the non-

sensitive region. In the fabrication process, two pieces of woven fabrics (area: 

5mm×5mm) were firstly cut by a laser system (MARCATEX), and then bonded to the 

fabric sensing element, with a distance of 5mm, by a thermoplastic polyurethane film 

(thickness: 0.01mm) on a pneumatic transfer machine (HON KEUNG HEAT 

TRANSFER). Finally, a packaged flexible sensor (sensitive area: 5mm×5mm), with two 

soft electrodes (distance: 8mm) plus certain encapsulation, was developed, as illustrated 

in Fig.3.17. 
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Fig.3.16 Stress-strain curves of the fabric sensing element and woven fabric 

 

 

Fig.3.17 A thin woven fabric was bonded around the backside of the connection 

 

3.4 Characterization 

3.4.1 Morphology 

Optical microscopic observation was performed on Leica M165C (DFC 290HD, Leica 

Microsystems Ltd., Hong Kong).  
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SEM observation and EDX analysis were conducted on a scanning electron microscope 

(JEOL Model JSM-6490 & Oxford INCA Energy 250, JEOL Ltd., Japan). The 

specimens were prepared by freeze-fracturing in liquid nitrogen and followed by a gold 

coating.  

 

Surface roughness was investigated in a 3D optical measurement system (Alicona IFM 

G4, Brook-Anco Corporate, America). 

   

3.4.2 Electrical resistance measurement 

The static resistance of the fabric sensing element was measured by the E-fabric tester, 

developed in our laboratory with reference to ASTM D4496-04. As described in 

Fig.3.18, two copper bar electrodes were placed perpendicularly to the direction of the 

conductive stripes with a space of 10mm and the resistance was recorded. A 

predetermined weight of 40g was put on the electrodes to reduce the variation of ECR 

between electrodes and the fabric sensing element. The tests were carried out at 20℃  

and a relative humidity of 65% after the samples were conditioned at the same 

environment for 72 hours. 
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Fig. 3.18 Static resistance measurement by e-fabric tester 

 

The electrical resistance of the packaged sensor and the SCNY electrode was measured 

by a digital multi-meter (Keithley 2010, Keithley Instruments Inc. USA) using the 2-

wire method for resistance lower than 10
8
Ω. 

 

3.4.3 Electro-mechanical measurement 

The electro-mechanical behavior of the packaged sensor and the fabric sensing element 

was investigated with Universal Material Tester (Instron 5944). Compressive (a) and 

(cyclic) tensile (b) measurements were carried out at 20℃ and a relative humidity of 65% 

(Fig.3.19). The compressive speed was 10000N/min. The gauge length was set as 10mm 

for the tensile strain measurement and cross-head speed was 60mm/min if not further 

specified. When the sample was compressed or stretched, the electrical resistance, load, 

and deformation were recorded simultaneously. 

 

 

(a) Compressive measurement 
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(b) Tensile measurement 

Fig.3.19 Electro-mechanical measurements 

 

3.4.4 Thermal electrical measurement 

The temperature effect on the SCNY electrode was conducted. The sample was fixed on 

the clamps of a strain frame by two ends, and tested in a climate chamber with a fixed 

humidity of 65%. The resistance was measured between the low and high temperature 

(0℃to 60℃) with step of 20℃, and at each step the temperature was kept 2 hours for 

balancing. Resistance of the sample was continuously recorded by Agilent data 

acquisition system (34970A Data Acquisition Switch Unit) during the whole experiment 

and resistance of the sample at the last 20 minutes of each temperature was used for 

calculation. 

 

The experimental setup for evaluating humidity effect on the SCNY electrode was the 

same as that used in the temperature experiment. The sample was tested in a climate 

chamber with a fixed temperature of 20℃ and a relative humidity of 90% for 20 days.  

 

3.5 Results and discussion 

3.5.1 Dimension 

With the selected materials and designed structure, a flexible sensor was packaged. As 

presented in Fig.3.20, the flexible sensor had two electrodes in its course direction with 

a distance of 8mm, and a sensitive area of 5mm×5mm realized by bonding two pieces of 

woven fabrics on its back side. The thickness of the packaged sensor was 0.842 (±0.024) 



Chapter 3 

 

63 
 

mm in the sensitive area and 0.847 (±0.067) mm around the connected region, owing to 

the larger diameter of the SCNY electrode (100D×3), as expected. The thickness of 

every single layer in the sensor is listed in Table 3.2. Both knitted and woven fabrics 

became remarkably thinner after being packaged, demonstrating textile yarns and 

structures were compressed due to applied pressure in the packaging design [28].  

 

 

(a) Conductive side with SE encapsulation 

 

 

(b) Back side with woven encapsulation 

Fig.3.20 A packaged flexible sensor 

 

Table 3.2 Thickness of every single layer in the packaged sensor (unit: mm) 

Elements SE Conductive composites 
Knitted fabric Woven fabric 

Before Packaged Before Packaged 

Thickness 0.258 0.060 0.562 0.477 0.044 0.039 

STDEV ±0.063 ±0.017 ±0.046 ±0.066 ±0.002 ±0.017 

 



Chapter 3 

 

64 
 

3.5.2 Morphology 

Fig.3.21 shows the cross-sectional SEM images of the integrated region in the course (a) 

and wale (b) directions of the knitted fabric. The multilayered flexible sensor, consisting 

of a top SE layer, SCNY electrode, fabric sensing element, as well as the bottom woven 

layer, was compact, agreeing well with our proposed design.  

 

 

(a) Course direction 

 

 

(b) Wale direction 

Fig.3.21 SEM images of the integrated region 

 

Fig.3.22 presents the SEM pictures for the knitted fabric, coinciding with the 

assumption from Peirce’s model, where micro-order concave-convex units were 

apparent on its front side. However, the primary parameters for the height profiles in the 
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course and wale directions were slightly different from previous calculation, as listed in 

Table 3.3. The calculated unit size for the micro concave-convex was smaller than the 

observed one in either the course or wale direction, because the diameter of the Lycra 

yarn (40D) was ignored in the assumption. The calculated maximum depth was also 

smaller than the observed one in the course or wale direction, partially due to the neglect 

in the influence of the elastic yarn on the thickness of the knitted fabric, and importantly 

because of the surface irregularity with multi-filaments (Tactel: 702D/68filaments; 

Lycra: 40D/5filaments).  

 

      

(a) Front side                                       (b) Back side 

 

 

(c) Wale direction 
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(d) Course direction 

Fig.3.22 SEM images of the plain knitted fabric 

 

The SEM image of the fabric sensing element is shown in Fig.3.22. The top surface of 

the fabric sensing element was constructed by a series of three-dimensional grooves 

with quasi-square configurations, verifying that its surface geometry was not flat, 

although the CNP/SE/SO mixture pastes were uniformly printed on the cockled knitted 

fabric for three times. The parameters for the height profiles are listed in Table 3.3. 

Regarding the unit size, there were reductions in both course (-26µm) and wale (-41µm) 

directions from its knitted substrate, which was probably due to the mismatch in their 

thermal expansion properties. Regarding the maximum depth, it went through a 

considerable drop in the course (-56µm) direction, but a slight increment in the wale 

(+6µm) direction after coating conductive composites. More surprisingly, the maximum 

depth in the course wise was equal to that in the wale wise, suggesting the potential 

function of the conductive composites in flattening the surface of the knitted fabric in a 

two dimensional form. Such observation also indicated the limitation in the previous 

one-dimensional prediction. 
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(a) Front side                                             (b) Back side 

 

 

(c) Wale direction 

 

 

(d) Course direction 

Fig.3.23 SEM images of the fabric sensing element 
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Table 3.3 Parameters of the height profiles in the assumed and observed geometries 

Height profiles 
Unit size (µm) Max. depth (µm) 

Course Wale Course Wale 

Predicted 
Knitted fabric 233 227 75 8 

Sensing element 233 227 4 0.3 

Observed 
Knitted fabric 245 270 111 49 

Sensing element 219 229 55 55 

 

Fig.3.24 presents the SEM pictures of the three-plied SCNY electrode, proving its 

surface geometry was wave-like (a), capable of geometrically matching with the height 

profiles of the sensing element with adequate pressure. Its cross-sectional image (b) in 

the packaged sensor demonstrated the multi filaments contacted intimately with each 

other by applied pressure. The woven fabric bonded around the integrated area is 

presented in Fig.3.25. 

 

 

(a) Axial direction 
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(b) Cross-sectional 

Fig.3.24 SEM images of the SCNY electrode 

 

 

Fig.3.25 SEM images of the woven fabric 

 

3.5.3 Electrical contact resistance (ECR) 

When the SCNY electrodes geometrically and mechanically contacted the fabric sensing 

element, electrical contact was established at their interface [39]. Thus, the electrical 

contact was heavily dependent on the geometrical and mechanical contact of the two 

conductive members. The observation in the morphology demonstrated the irregularity 

of the two conductive parts, due to their multi-filament structure. Thus, despite of a 
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geometrical match, mechanical contacts or electrical contacts only occurred on their 

asperities because of their surface roughness. Therefore, the area of mechanical contact 

in the packaged sensor was only a small fraction of the apparent contact area (or 

geometrical contact area). As depicted in Fig.3.26, there were three types of contacts in 

the integrated region. They were (1) silver-carbon contact, termed “a-spot”, producing 

constriction resistance by the constricted current flow; (2) thin film covered spots, where 

sufficiently thin films (20Å or less) were easily penetrated by the electron current 

through tunnel effect, resulting in film resistance; (3) thick film covered areas, such as 

visible tarnish films (oxides, sulphides, and etc.). As a rule, such areas were particularly 

non-conductive. Hence, the ECR Rc was the sum of the resistances of parallel paths of 

constriction and film resistances [37], expressed by 

(1) (1) ( ) ( )

1

1 1 1 1
+ ... +

c

con fi con n fi n

R

R R R R



 

          (3.9) 

, where 
con(1)R and

con( )nR was constriction resistance; 
fi(1)R and 

fi(n)R was film resistance. 

In contrast to the film resistance, constriction resistance was more important [40]. Thus, 

for simplification, only constriction resistance was considered as the ECR.  
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Fig.3.26 Micro-contacts in the packaged sensor 

 

From a measurement view, the ECR was calculated by  

c s se scnyR R R R             (3.10) 

, because the electrical resistance of the packaged sensor sR  came from the bulk 

resistance of the sensing element seR , the SCNY electrode
scnyR , and the ECR cR . The 

resistance was 6.68 (±0.71) kΩ for a packaged sensor (sensitive area: 5 10mm mm ) and 

3.4Ω/cm for the SCNY electrode (100D×3), measured from Keithley 2010. The 

resistance of the sensing element, measured by the e-fabric tester, was 5.98 (±0.58) kΩ 

with the area of 5 10mm mm . Thus, the ECR was ~350Ω for each integrated region.  

 

3.5.4 Electro-mechanical performance 

The electro-mechanical behavior of the packaged sensor was verified by other group 

members [6]. As listed in Table 3.4, the packaged sensor could measure out-of-plane 
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pressure (up to 2.5MPa) and in-plane strain (up to 60%) in a repeated deformation 

(beyond 100,000 cycles) by means of the relative change in its electrical resistance, 

hinting its potential in wearable applications, where an average extension ranged from 3% 

to 55% [41]. In this section, more attention was paid to the packaging effects on the 

electro-mechanical behavior of the sensing element with applied out-of-plane pressure 

and in-plane strain. 

 

Table 3.4 Performance specifications of the packaged sensor [6] 

Performance Specifications 

Pressure measurement range 0-2.5MPa 

Strain measurement range 0-60% 

Linearity ±5% 

Repeatability ±5% 

Hysteresis ±5% 

Gauge factor 1-100 

Working temperature 0-60℃ 

Fatigue resistance >100,000 cycles 

Temperature compensation range 0-60℃ 

Relaxation ±5%/30min 

Zero-drift with time ±5%/h 

 

3.5.4.1 Electrical response to out-of-plane pressure 

Fig.3.27 presents one typical electro-mechanical behavior of the packaged sensor as a 

function of applied out-of-plane pressure. With respect to the resistance-pressure 

relation, the electrical response to the out-of-plane pressure did not change from the 

sensing element to the packaged sensor (a). Regarding the relative change of resistance-

pressure relation, however, the two curves representing electro-mechanical properties of 

the sensing element and the sensor, respectively, were separated from each other (b). 

The relative change of the resistance dropped by 2% at 2.5MPa pressure after the 

sensing element was packaged, i.e., 
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se se0 s s0 se se0 se se0 c0

0 0 0 0 0 0 0

R
( )=0.34-0.32=0.02c

se s se se c se c

R R R R R R R R R

R R R R R R R

    
   

 
 

, where Rse and Rs were the resistances of the sensing element and the packaged sensor, 

respectively; Rse0, Rs0 and Rc0 were their corresponding initial resistances. 

 

The reduction in relative change of resistance with pressure was attributed to the 

induced ECR after integrating the electrodes into the sensing element. The initial ECR 

of the sample was ~0.37kΩ, dropping to a minimum value (~0.04kΩ) at ~0.15MPa 

pressure. After that, the ECR attained stability.  

 

 

(a) Resistance-pressure relation 
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(b) Relative change of resistance-pressure relation 

Fig.3.27 Electrical response to the out-of-plane pressure 

 

The phenomenon that “the ECR decreases with applied pressure, followed by achieving 

stability after a critical value” were attributed to the change of the total mechanical 

contact area in the junction of the SCNY electrode and the sensing element. As analyzed, 

the electrical current passed from the sensing element to the electrode through their 

interface, where mechanical contact existed due to sufficient pressure. As illustrated in 

Fig.3.28, at low pressure, the number and density of the a-spots were much smaller. The 

electrical current was hampered by various films or oxides covering on their surfaces (a). 

As pressure increased, surface films on each interface were fractured, generating new a-

spots, hence leading to an increase in the effective contact area (b). Therefore, the ECR 

dropped with applied pressure. When the effective contact area was maximized by 

applied pressure with a critical value (~0.15MPa), the ECR reached stable (~0.04kΩ).  
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(a) Low pressure 

 

 

(b)High pressure 

Fig.3.28 Mechanical contact areas as a function of pressure 

 

 The relative change of the ECR at 2.5MPa pressure was expressed by 

c 0

0

0.04 0.37
0.89

0.37

c

c

R R

R

 
             (3.11) 

It was considerable, but negligible if replacing the initial ECR (Rc0) by initial resistance 

of the sensor (Rs0) in the denominator of the above equation, i.e., 

c 0

0

(R ) 0.04 0.37
0.022 0.89

14.75

c

s

R

R

 
              (3.12) 

The equation 3.12 was more meaningful to evaluate the influence of the electrical 
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contact on the packaged sensor, demonstrating the current flexible sensor packaging was 

satisfactory.  

 

3.5.4.2 Electrical response to in-plane strain 

Fig.3.29 plots one representative electro-mechanical behavior of the packaged sensor 

with applied in-plane strain in its wale direction. The resistance-strain relation made a 

slight change after the sensing element was packaged, owing to the induced ECR (a). 

With respect to relative change of resistance-strain relation, however, the two curves 

describing electro-mechanical properties of the sensing element and the sensor, 

respectively, matched exactly with each other (b). The relative change of resistance at 60% 

strain was 

0 0 0 0

0 0 0 0 0 0

1.2se se s s se se c c

se s se c se c

R R R R R R R R

R R R R R R

   
   

 
 

The constant relative change of the electrical resistance with strain was attributed to the 

negligible electrical response of the electrical contact as a function of applied strain. The 

electrical contact raised its ECR to 1.2kΩ at 60% strain from an initial value of 0.65kΩ. 

The relative change of the ECR at 60% strain, with replacing the initial ECR (Rc0) by the 

initial resistance of the sensor (Rs0) in the denominator, was  

0

0

1.2 0.65
0.021

26.21

c c

s

R R

R

 
   

Thus, the electro-mechanical behavior of the sensing element was not affected by both 

the electrode and encapsulation up to 60% strain.  

 

Further observation in the ECR-strain relation suggested that the electrical contact could 

maintain its ECR at 0.65kΩ within 40% strain. After that, the ECR rose with applied 

strain. Such phenomenon that “the ECR remains stable with applied strain, followed by 

an increase after a critical value” could derive two conclusions. First, the connected 

region was fixed by the non-elastic layer composed of woven fabric when the sensor 

was stretched within 40% strain. Accordingly, the total effective contact area at the 

interface was constant, leading to stable ECR. Beyond 40% strain, the connected area 

was vibrant due to the increment of the strain gradient between the woven fabric and the 
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sensing element. Therefore, the contact members may separate from each other after 40% 

strain, decreasing the number and density of a-spots, thereby raising its ECR. 

 

 

(a) Resistance-strain relation 
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(b) Relative change of resistance-strain relation 

Fig.3.29 Electrical response to in-plane strain 

 

3.5.5 Reliability 

Our goal for packaging of the flexible sensor was to establish a reliable electrical 

connection from the sensing element to other electronic components. Several governing 

factors for the reliability of the packaged sensor were discussed, from the aspects of 

environmental, mechanical as well as fabrication conditions.  

 

3.5.5.1 Environmental condition 

It was known that the electrical resistance of the fabric sensing element had a variation 

of 2% when the relative humidity changed from 20 to 90%, and a variation of 5% when 

the temperature changed from 0 to 60℃  [23]. This section thus concentrated on the 

effects of humidity and temperature on the SCNY electrode in the integrated region.   

 

A. Effect of humidity 

The electrical property of the SCNY electrode was investigated under 60℃  temperature 
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and 90% humidity for 20 days. As plotted in Fig.3.30, the SCNY electrode increased its 

electrical resistance from ~6Ω to ~6.5Ω by 8.33% after 20 days, which was caused by 

the oxidation and tarnishing of the silver particles. 

 

 

Fig.3.30 Resistance of the SCNY as a function of time under 60℃  temperature and 90% 

humidity 

 

Fig.3.31 presents the EDX analysis of the original and oxidized SCNY electrode, 

proving some silver particles were oxidized to silver oxides, i.e., 

2 Ag +1/2 O2 = Ag2O 

With the oxidization, the oxidized film grew thick, resulting in more thin film covered 

spots, (where tunneling resistance dominated), thereby increasing the electrical 

resistance. However, the thin film often decreased at room temperature. Thus, the SCNY 

electrode was still conductive after being oxidized, compared with other metals.  
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(a) Original SCNY electrode 

 

 

(b) Oxidized SCNY electrode 

Fig.3.31 EDX analysis for the orignial and oxidized SCNY electrodes 

 

In contrast to oxidation, tarnishing of the silver surface was more serious, damaging the 

conductivity of the SCNY electrode. Silver was easy to react with sulfur (or sulfur 
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compound) to form silver sulfide, i.e.,  

Ag + H2S= AgS + H2 

, and the growth of the tarnished film was strongly dependent on the humidity. As 

illustrated in Fig.3.32, with silver tarnishing, more thick films were produced, 

hampering the transmission of the electrical current through their interface, thereby 

sharply decreasing the conductivity of the SCNY electrode. Hence, it was necessary to 

make the integrated region waterproof, preventing the tarnishing of the SCNY electrode. 

In the sensor packaging design, a thin layer of SE was printed on the conductive side, 

protecting the SCNY electrode and fabric sensing element from environmental corrosion. 

 

     

              (a) Initial                                                 (b) Seriously tarnished 

Fig.3.32 Silver tarnishing with time at a relative humidity of 90% 

 

B. Effect of temperature  

The temperature dependence of the electrical resistance of the sensing element, SCNY 

electrode and the packaged sensor was plotted in Fig.3.33. The SCNY electrode 

increased its resistance with a variation of 6% in the range of the temperature from 0 to 

60℃.The temperature dependence of the resistance of the sensing element and the 

packaged sensor was 5% in the range of the temperature from 0 to 60℃, suggesting the 

sensor packaging, especially the involvement of the SCNY electrode, did not affect the 

temperature dependence of the fabric sensing element.  
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Fig.3.33 Temperature dependence of the packaged sensor 

 

3.5.5.2 Mechanical condition 

With the goal of putting the flexible sensor into wearable applications, where large and 

repeated deformation was needed. The electro-mechanical property with 60% strain for 

one cycle was proved reliable in previous section. This section conducts an investigation 

into the cyclic tensile performance of the flexible sensor. After a 100000-cyclic tensile 

test, the SCNY electrode was removed from the packaged sensor and observed under 

SEM. Several mechanical cracks were found on the SCNY electrode, as seen in Fig.3.34. 

Further EDX analysis demonstrated loss of the silver particles in certain cracked area, 

shown in Fig.3.35. Such phenomenon hinted the existence of micro-motion at the 

interface of the contacting members, which was subject to small oscillatory or sliding 

movement when the packaged sensor was cyclically stretched. Thus, it is of great 

significance to further reduce the local strain of the integrated part.  
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Fig.3.34 Mechanical crack on the SCNY electrode 

 

 

(a) Without crack area 
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(b) With crack area 

Fig.3.35 EDX analysis for the mechanical crack on the SCNY electrode 

 

3.5.5.3 Fabrication condition 

The fabrication for the flexible sensor involved four processes, where “sewing” was the 

most dangerous, making mechanical damage to the fabric sensing element due to the 

penetration to the conductive composites, as illustrated in Fig.3.36a. The mechanical 

cracks with different stitch length (Fig.3.36) demonstrated the fact that “more serious 

damage would be induced with smaller stitch length, although it was preferable to 

choose smaller stitch length, enhancing the mechanical contact between two conductive 

members”.  
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(a) Mechanical crack                                         (b) SL=0.4mm 

 

               

(c) SL=0.8mm                                            (d) SL=1.2mm 

Fig.3.36 Mechanical damage to the sensing element with different stitch length (SL) 

 

3.6 Electrical contact resistance (ECR)-pressure relation 

The compressive measurement verified the flexible sensor packaging design was 

acceptable with a variation of 2.2% in its ECR-pressure relation. Importantly, it was 

observed that “the ECR decreases with applied pressure, followed by achieving stability 

after a critical value”. This section built up an ECR-pressure relation based on Holm 

principle and contact mechanism, for further explanation about the observation and 

optimization of the flexible sensor packaging design. 

 

As analyzed, electrical contact was established through mechanical contacts of the 

asperities in the interface of the SCNY electrode and the fabric sensing element [42-44]. 
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Thus, to establish ECR-pressure relation, the surface roughness of the contact members 

was firstly investigated. Then, the total expected load and contact resistance were 

derived based on contact mechanism.  

 

3.6.1 Surface roughness 

The surface texture of the fabric sensing element and the SCNY electrode was 

investigated. As plotted in Fig.3.37, the fabric sensing element was constructed by a 

series of grooves alike its SEM images. More specifically, the peaks in its course 

direction occurred on the walls of its grooves with unit size of ~220µm. The maximum 

height from peak to valley was ~22µm. Fig.3.38 plots the surface texture of the SCNY 

electrode. Despite of many asperities, its surface was smoother, with the maximum 

height from peak to valley of ~2µm, in contrast to the fabric sensing element. Thus, it 

was acceptable to consider the SCNY electrode as a nominated flat plane with a smooth 

surface, for simplification.  

 

 

(a) 3D optical image 
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(b) Surface roughness 

Fig.3.37 Surface texture of the fabric sensing element in its course direction 

 

 

(a) 3D optical image 
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(b) Surface roughness 

Fig.3.38 Surface texture of the SCNY electrode 

 

The surface roughness of the fabric sensing element in its course direction was 

expressed by “centre line average Ra, standard deviation σ, and height distribution curve” 

[39]. Ra was the arithmetic mean height of the absolute departures of the roughness 

profile from the mean height line over sample length L, calculated by 

0
1

1 1
(y) =1.4079

nL

a i

i

R z dy z m
L n




             (3.13) 

The root mean square (RMS) or standard deviation of the distribution σ, with respect to 

the mean line, was expressed by 

2 2

0
1

1 1
( ( )) =2.3148 m

nL

i

i

z y dy z
L n

 


             (3.14) 

The centre line average, root mean square, and other important parameters for the 

surface roughness of the fabric sensing element in its course direction are summarized in 

Table 3.5.  
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Table 3.5 Surface roughness parameters of the sensing element in its course direction 

Parameters Description Value (µm) 

Ra Average roughness of profile 1.4079 

σ Root-Mean-Square roughness of profile 2.3148 

Rt Maximum peak to valley height of roughness profile 21.594 

Rz Mean peak to valley height of roughness profile 7.1402 

Rp Maximum peak height of roughness profile 10.706 

Rv Maximum valley height of roughness profile 10.888 

 

Based on the centre line average Ra and its standard deviation σ, the height distribution 

curve of the fabric sensing element is plotted in Fig.3.39, following Gaussian 

distribution, i.e., 

2

2

1
( ) exp( )

22

z
z

 
            (3.15) 

, where ( )z  represents the probability that the height of a particular point on the profile 

lies between z and z+dz. 

 

 

Fig.3.39 Height distribution curve of the fabric sensing element in its course direction 

 

3.6.2 Contact mechanism 

As described, the ECR consisted of primary constriction resistance and secondary film 

resistance. Therefore, only consider a-spots (carbon-silver micro-contacts), which 
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produced the constriction resistance. Assume the carbon and silver nano-particles were 

spherical, which was true for the carbon nano-particle with a spherical radius of 35nm, 

and was unclear for the silver nano-particles.  

 

The behavior of an individual a-spot was firstly investigated based on Hertz theory [45, 

46]. As shown in Fig.3.40, the carbon sphere (c-sphere) with Young’s modulus of E1, 

Poisson’s ratio of v1, and radius of β1 initially contacted with silver sphere (s-sphere) 

with Young’s modulus of E2, Poisson’s ratio of v2, and radius of β2 without any external 

force (a). As they were squeezed together by an external force F, their summits 

penetrated into each other, producing a circular contact region (b). The radius β0 of the 

circular contact region was 
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The penetration w of the s-sphere and c-sphere was  
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Since the surface roughness of the SCNY electrode was ignored, the area of the circular 

contact region was simplified, i.e., 

2

0 0 1a w             (3.19) 

The radius of the circular contact region was 

1/2 1/2
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The squeezing force was calculated by 
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                     (a) Initial contact                                  (b) Penetrated contact 

Fig.3.40 Elastic contact in a single a-spot 

 

When the SCNY electrode contacted with the fabric sensing element, a large number of 

a-spots emerged in the interface [47, 48]. Fig.3.41 schematically presents the multi-

contacts between the flat SCNY electrode and the nominally flat surface covered by 

spherical asperities with a same radius of β1. Referring to GW model, they were initially 

separated by a distance of dmax (=Rp) without external force. When the two surfaces 

came together with a distance of d, mechanical contacts were established at the 

asperities whose heights were originally greater than d. Thus, the probability of making 

contact at any given asperity, of height z, was 

( ) ( )
d

p z d z dz


             (3.22) 

, where ϕ (z), derived in Equation 3.15, was the probability that the height of a particular 

point on the profile lies between z and z+dz. Suppose there were N asperities in the 

sample with length L. The expected number of a-spots was   

( ) ( )
d

n Np z d N z dz


              (3.23) 

Because the penetration for every single a-spot was 

w z d            (3.24) 

The expected total radius of contact was derived by 
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1/2 1/2 1/2 1/2

sum 1 1( ) N (z)( )
d

z d n z d dz   


              (3.25) 

, based on Equation 3.20 and 3.24. The expected total area of contact was then 

calculated by 
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, based on Equation 3.19.  Finally, the expected total load was 
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, based on Equation 3.21 and 3.24. The average pressure was 
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(a) Initial contact without external force 
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(b) Mechanical contact with external force 

Fig.3.41 Multiple contacts in the integrated region 

 

3.6.3 Induced ECR with multiple contacts 

With the assumption of direct current passage, Holm has derived the constriction 

resistance based on analytical solution to the Laplace equation. The constriction 

resistance for a single a-spot could be calculated by 

1 2 0R ( ) / 4co                (3.30) 

, where 1 and 2 was resistivity of the contacting members, respectively [49]. Thus, the 

total expected ECR was derived by 
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, based on Equation 3.25. It was simplified to be 
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, where p was constant, i.e.,  
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3.6.4 ECR-pressure relation 

By numerical integration (with an assumption of p=q=1000), the ECR-average pressure 

relation was established as plotted in Fig.3.42. The theoretical result coincided with the 

experimental observation that there was a drastic reduction in the ECR before a critical 

external pressure, followed by a stable value. The critical pressure was corresponding to 

the separated distance d between the two contact members, which could be determined 

by the surface roughness of the fabric sensing element. Therefore, surface roughness of 

the contact members was also important to the stability of the ECR with applied 

pressure.   

 

 

Fig.3.42 ECR-pressure and separated distance-pressure relations 

 

3.7 Conclusion 

A flexible sensor with two soft electrodes and necessary encapsulations was packaged. 

Based on surface geometry of the fabric sensing element, a three plied SCNY was 

chosen as the electrode with respect to its geometry, electrical, and mechanical 

performance. The investigation into the electro-mechanical behavior and governing 
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factors for the reliability demonstrated the packaging design was satisfactory. The ECR-

pressure relation was finally established, indicating surface roughness was also 

important for the flexible sensor packaging, which should be considered. 
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CHAPTER 4 DESIGN, FABRICATION & CHARACTERIZATION 

OF STRETCHABLE KNITTED INTERCONNECTS 

 

4.1 Introduction 

This chapter conducts a systematic investigation into flexible and stretchable 

interconnects, created by integrating conductive wires into a knitted substrate. To make 

electrical interconnects stretchable, one approach relies on the development of new 

materials [1, 2], such as (1) graphene assemblies [3]: graphene particles [4] or well 

controlled graphene [5] in/on a polydimethylsiloxane (PDMS) substrate, (2) carbon 

nanotube composites: SWNT elastic conductor [6], MWNT/Ag composites in a 

polystyrene-polyisoprene-polystyrene matrix [7], and over-twisting carbon nanotube 

ropes [8], (3) organic elastomer-like conductor based on polyaniline (PANI) conducting 

polymer [9], and (4) PEDOT:PSS/PDMS composite conductor [10]. Those novel 

material-based elastic conductors, except MWNT/Ag composites (Resistance: ~Ω /cm), 

are not conductive enough (, resistances are in the order of kΩ,) to work as elastic wires 

in integrated circuits [11]. Additionally, their conductivity often drops by several orders 

with applied strains, even within 10%.  

 

The other approach makes use of the optimized structural configurations of the 

established brittle and rigid inorganic materials [1, 12]. Examples include (1) (liquid) 

metal films or particles (e.g. eutectic gallium indium [13], gold [14-16] or silver [11, 17, 

and 18]) in/on elastomeric membranes or fibers, (2) planar tortuous wires on elastomeric 

substrates [19], such as net-shaped structure [4, 20], and horseshoe patterns on a 

polyurethane substrate [21, 22]), (3) controlled 3D coil (helical) spring of silicon 

nanowires (diameter: ~30nm) in a PDMS substrate (thickness: ~2mm) [12], as well as (4) 

a series of out-of-planar controlled wrinkles [23], such as fully bonded wavy shape [24-

28], non coplanar “arc-shaped” mesh [29-32] and serpentine pattern [33-35], of an 

ultrathin stiff single crystalline silicon on compliant elastomeric substrates [36, 37]. 

Such inorganic composites with precisely controlled buckles, created either by the 
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mismatch in their thermal expansion coefficients [38-40] or pre-stretching and releasing 

strain of the substrates [41], yield stretchability by means of changing their wavelength 

and amplitude [42, 43]. However, well controlled formation of the wrinkles, similarly to 

those on human skins [44], requires a considerable difference in Young’s modulus and 

thickness between the stiff element (like dermis) and the compliant substrate (like 

epidermis) [44-46]. For an ultrathin single crystalline semiconductor (thickness: ~20-

50nm, Young’s modulus: ~130GPa), it needs at least a 1-mm-thick PDMS substrate with 

Young’s modulus of ~2MPa [47]. Therefore, the substrate and further encapsulated layer 

have to be much thicker than the stiff element [48], limiting flexibility [33] of such 

stretchable interconnects (since the bendability is influenced strongly by the thickness) 

[49]. In addition, local delamination of the stiff element from the compliant substrate [1, 

50], caused by a high concentration of stresses in the crest and the trough [51], results in 

cohesive and adhesive fracture, leading to short circuits and limiting the stretchability 

[21, 52]. 

 

Thus, despite the rapid progress and considerable achievements in the technologies for 

stretchable interconnects, the intrinsically low conductivity and the fluctuant (, mainly 

towards rising,) electrical resistance while being stretched are two major hurdles to 

intact electrical integrity of the stretchable interconnects. Importantly, more compelling 

challenge is to integrate the attributes of flexibility and stretchability to cover soft, 

curvilinear, and real-time movable human bodies, where human skin has an extensibility 

from 3% to 55% due to different gestures and actions, such as sitting, standing, walking, 

even jumping and running [53, 54].  

 

To create highly conductive and stretchable interconnects with electrical integrity, and 

make it intimately contact with soft, curvilinear, and movable human bodies, this 

chapter provides an alternative structural configuration by integrating fine conductive 

wires into a knitted structure in a manner with three-dimensional loop shapes. It starts 

with careful selections of elastic substrate, structural configuration, as well as 

conductive and non-conductive materials. Then, knitted interconnect is developed by co-

knitting the conductive wires and textile yarns on commercial knitting machines. After 
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fabrication, the electro-mechanical properties of such stretchable interconnects are 

investigated and optimized by several related parameters. Finally, the physics behind the 

knitted interconnect is fully explored through mechanical analysis and numerical 

simulation. 

 

4.2 Stretchable interconnect design 

4.2.1 Requirement 

Like stretchable electronics, realized by “island-interconnect” combination [51, 55], the 

fabric sensing network will be developed by physically and electrically linking at least 

several distributed fabric sensors in a manner by electrical interconnects on a certain 

substrate. 

 

To make fabric sensing network directly contacting curvilinear and extensible human 

skins, without degrading electro-mechanical function of the sensors, it involves 

following requirements for flexible and stretchable interconnects: 

1. The electrical resistance should be negligible (<1%) compared to that of the fabric 

sensor (~5-10kΩ with the size of 5×10mm
2
); 

2. The Young’s modulus should be no larger than those of fabric sensors and human 

skins (~<1MPa); 

3. Considering extensibility of the human skin (usually within 55%) and working range 

of the fabric sensor (~60% strain), the interconnects should be stretched much beyond 

60% strain; 

4. It should be light weight, thin, and breathable for a long-time full integration with the 

human skin; 

5. It should be cyclically stretched with more than 100,000 times at 60% strain, 

corresponding to typical fatigue life of the fabric sensor; 

6. The fabric sensing network is designed to be worn on human bodies. Hence, it further 

demands the stretchable interconnect, with much larger coverage than the individual 

sensors, to be washable for repeated uses.   
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4.2.2 Stretchable interconnect design 

4.2.2.1 Knitted substrate 

Textiles, including woven, knitting and nonwoven, are thin (~<1mm), lightweight 

(~grams per square meter), flexible (Young’s modulus: <1MPa), as well as porous (or 

breathable), attracting numerous attentions as substrates for wearable electronics on 

human bodies. To date, conductive wires have been incorporated into woven fabrics as 

textile circuits [56, 57]; metal films have also been deposited on nonwoven substrates 

for stretchable interconnects [58]. However, the maximum mechanical elongation for 

both woven and nonwoven circuits is limited within 20-30% strain due to their intrinsic 

geometrical configurations [57, 58]. As illustrated in Fig.4.1, a plain woven fabric is 

produced by interlacing warp (along the length) and weft yarns (along the width of the 

fabric) at right angles to each other [59]; a nonwoven fabric is made from long fibers, 

bonded together by chemical, mechanical, heat or solvent treatment [60].  

 

Unlike woven and nonwoven textiles, knitted fabric is formed by interlacing yarn in a 

series of connected loops, where the column and row directions of the loop are referred 

to as wale and course, respectively [59]. Thus, the knitted fabric, especially weft knitting, 

in comparison to woven and nonwoven textiles, is much more elastic (usually beyond 

100% strain) owing to its three-dimensional loop configuration. Hence, the efforts to 

develop knitted interconnects may open doors to new applications in areas where woven 

and nonwoven electronic devices are not effective, such as intimately wearable 

electronics or next-to-skin health monitoring network or system. 
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Fig.4.1 Tensile properties of the textile structures 

 

Except for woven and nonwoven, electronics has been built on the PDMS substrate, 

yielding stretchability from several percents to beyond 100% strain (, as reviewed in 

Chapter 2). Instead of the PDMS base, the knitted fabric is employed as the substrate for 

distributed fabric sensors and electrical interconnects by considering the following 

aspects： 

1. The knitted fabrics (with elastic yarns), like the PDMS elastomer, could be stretched 

beyond 300% strain owing to their three-dimensional loop configurations and the way in 

which neighboring loops fit together [61].  

2. A key feature of the knitted fabric is its low elastic modulus (~0.4MPa) [33], near to 

those of the PDMS elastomer (~1MPa) [39] and the human skin (<1MPa).  

3. One unique distinction from the PDMS substrate is the knitted fabric is porous, which 

is a vital concern for the comfort of the product next to stratum corneum, the most 

superficial layer of the skin [62]. In the apparel-skin system, there exists a microclimate 

as exchange of heat and flow [63]. Thus, breathability is a basic requirement for elastic 

substrates to directly contact the human skin [62].  

 

In summary, the electronics integrated into knitted fabrics is ideal for next-to-skin 
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wearable applications, since it possesses high extensibility under low loading conditions 

(elongation: >300% strain, Young’s modulus: <1MPa), which allows it to fit snugly (, 

compared with the woven and nonwoven electronics,) and it is permeable, without the 

risk of irritating the human skin (, in contrast to the rubber-/plastic-based electronics) 

[64].  

    

Besides the conformability to the human body, it brings several other advantages, with 

interconnects integrated into the knitted fabric, i.e.: 

4. The knitted interconnects will be created by integrating conductive wires into the 

knitted structure. Thus, the conductive wires will be interlaced, without bonding 

integration, in a manner with the textile yarns. Such interlaced integration yields more 

freedom for the conductive wires with the three-dimensional loop configurations, 

accommodating a very large elongation by means of reduction in the stress 

concentration, thereby improving the stretchability and avoiding the adhesive and 

cohesive fracture.  

5. Another attractive character for the porous knitted interconnect is the capability of 

patterning electronic components on the same or different or both sides. There is no 

need to punch holes for “vias” [65] due to the intrinsic pores, which enable the 

conductive wires or the electrodes to pass over and under the knitted fabric, thereby 

allowing for more freedom in the placement of the electronic components.  

6. The technique for integrating the conductive wires into the knitted structure is well 

compatible with the established knitting technology. Hence, the knitted interconnects are 

scalable to large areas in a reliable and cost-effective manner.  

 

Hence, the combination of a high order of extensibility, a relatively low elastic modulus 

[66] and good breathability [67], together with its light weight, low cost and relative 

ease of fabrication, enables the electronics into the knitted fabric to fully contact the soft, 

curvilinear and stretchable human skin.  

 

4.2.2.2 Materials 

Fig.4.2 shows a schematic drawing of the knitted interconnect, created by integrating a 
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conductive wire into the knitted structure, in which the conductive wire is interlaced 

with those non-conductive yarns in the form of three-dimensional looped configurations.  

 

 

Fig.4.2 Schematic diagram of the knitted interconnect 

 

A. Non-conductive yarn 

Regarding a knitting process itself, any type of knitting yarns [68], including 100% 

natural (e.g. cotton, wool, and silk), natural fibers blended chemical (e.g., 35%Cotton/65% 

Polyester), as well as synthetic yarns (e.g. nylon and polyester), can be used as the non-

conductive yarns interlacing with the conductive wire in the knitted interconnect. For 

the purpose of not affecting the electro-mechanical performance of the conductive wire, 

however, the non-conductive yarns were selected by concerning their physical (objective, 

electrical, and thermal), mechanical, and environmental characteristics [69].  

 

Based on those considerations, synthetic filaments, especially polyester, nylon and 

spandex, are more suitable as the non-conductive yarns for the knitted interconnect. As 

summarized in Table 4.1, several prominent reasons for choosing those filaments are: 

1. Smoothness of the polyester and nylon filaments enables less friction when they are 

interlaced with the conductive wire, giving more freedom for the conductive wire to 

move, thereby accommodating to a very large tensile strain of the knitted interconnect. 
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2. The polyester and nylon filaments are available at low cost, and have been broadly 

used in flexible electronics [70] due to their excellent mechanical, thermal and chemical 

properties. They are resistive to most solvents such as water and sweat, resistant to high 

temperature, and highly isolative, without influencing the electrical behavior of the 

conductive wire. 

3. The spandex filament, super elastic (up to 400% strain [71]) attributed to the hard and 

soft segments in its molecular structure [68], is incorporated under tension into the loop 

structure, making the fabric more stretchable in both course and wale directions, hence 

imparting better form fitting properties [68, 71].  

   

Table 4.1 Physical properties of the non-conductive yarns in the knitted interconnect 

Properties  Polyester Nylon  Spandex 

Density (g/cm
3
) 1.38 1.15 1.15-1.32 

Elastic modulus (MPa) 2800-3100 2100-3400  

Poisson’s ratio 0.38 0.4 0.862 

Elongation (%) 50-150  400-700 

Tensile strength (MPa) 55-75 75  

Thermal conductivity (W/(m.k)) 0.15-0.24 0.25  

Melting point (℃) 250-300 190-350 250 

Linear expansion coefficient (/k) 7×10
-5

 4×10
-5

  

Electrical conductivity (S/m) Insulate 10
-12 

Insulate 

Dielectric constant 3.2 3.5  

Water absorption (%) 0.16 5-6 0.8-1.2 

 

B. Conductive wire 

At present, there are three principal types of commercial conductive wires: pure metal 

wires, metal-core with film-skin conductors, as well as polymeric yarns coated with 

conductive particles [72]. Their conductivity drops with the improvement of mechanical 

properties such as flexibility, elongation as well as fatigue life. For the same diameter (in 

the order of ~µm), the pure metal wires are highly conductive (in the order of ~µΩ/cm) 

within 1% strain limitation; the metal-core with film-skin conductors are conductive in 
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the order of milli-Ω/cm and extensible up to strain with several percents; the polymeric 

conductive yarns are less conductive in the order of µΩ/cm but highly flexible (Young’s 

modulus: ~MPa) and stretchable (up to strain with several tens of percents). 

 

The stretchable interconnect would incorporate the conductive wire, together with non-

conductive yarns in the manner of loop configurations into the knitted fabric. Regarding 

the requirements in Section 4.2.1, it needs the conductive wire with satisfying 

conductivity. Additionally, the knitted technology, where tension, compression, or 

friction may co-exist, requires the conductive wire to be mechanical flexible and durable 

enough to afford such various external forces in the manufacturing process. Thus, 

concerning the requirements in both conductivity and compatibility with the knitted 

fabrication [69], although the free-standing pure metal wires are most conductive [51], 

the metal-core and film-skin conductors and the polymeric yarns covered by conductive 

particles, owing to the combination of acceptable conductivity, mechanical flexibility 

and durability, were employed as the conductive wires for the knitted interconnect.  

 

Specifically, one conductive wire is the multi-filament nylon yarn coated by silver 

particles (diameter: ~200μm), named “silver coated nylon yarn” (“SCNY” for short, 

from Xiamen Unibest Import and Export Co., Ltd, China). As illustrated in Table 4.2, 

SCNY, inherently flexible (Young’s modulus: ~531MPa) and extensible up to 20-30% 

strain with a certain tenacity to be compatible with the knitting process, is conductive 

(resistance: ~3.4Ω/cm) for electrically linking the distributed fabric sensors (resistance: 

~5-10kΩ) on the knitted substrate.  

 

The other conductive wire is super fine enameled copper wire (diameter: 20-80μm) 

coated by polyurethane films with several-μm thickness (, “ECW” for short, from 

Shanghai Gold Ever Super Fine Enameled Wire Co., Ltd, China). As presented in Table 

4.2, ECW, intrinsically highly conductive (resistance: ~0.55Ω/cm with 20-μm diameter), 

yields an elongation up to 7-8% owing to the even coating of the polyurethane films; 

more importantly, magnitude of the diameter is in the order of μm, endowing 

intrinsically brittle ECW flexible (rigidity: ~3.34×10
-11

) to be bent into three-
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dimensional looped configuration [53, 73].  

 

Table 4.2 Specifications of the conductive wires 

Sample 
Diameter 

(μm) 

Resistivity 

(Ω/cm) 

Strain 

(%) 

Poisson’s 

ratio 

Young’s 

modulus (GPa) 

SCNY 200 3.4 ~30 ~0.3 0.531 

ECW 20 0.55 ~7.5 0.32 4.25 

 

4.3 Fabrication 

4.3.1 Knitted structure 

Plain pattern is chosen for the knitted substrate of the stretchable interconnects due to 

the following reasons by comparing with the other primary structures (rib, interlock, and 

purl) of the weft knitted fabrics: 

1. The application we are considering is that of a conductive wire (especially super fine 

rigid metal wire) with a knitted loop configuration. Thus, it is legitimate to select the 

simplest plain knitted structure as typical in the general sense for all knitted fabrics [74]. 

The construction of more complicated fabrics can be regarded as combinations and 

extensions of the simple loop form [74].  

2. Normally 1×1 rib can be stretched twice (60-100%) than the plain knitted structure in 

width direction (30-50%) [68], while same stretchability in length direction (10-20%); 

1×1 purl can be elongated twice (20-40%) than the plain knitted structure in the length 

direction (10-20%), but same elongation in the width direction (30-50%). We are going 

to make stretchable interconnects with extensibility that is not confined to either length 

or width direction. In contrast to large difference in extensibility between width and 

length wises for the rib and purl fabrics, the plain knitted fabric is near to “isotropic” 

with respect to stretchability.  

3. Fabric thickness is one of the most important factors determining comfort [75]. The 

rib, purl, as well as interlock fabrics are much thicker (at least four times of the yarn 

diameter) than the plain knitted fabric (~twice of the yarn diameter). Hence, the plain 

knitted fabric is more suitable as the elastic substrate fully covering the naked human 
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skin with comfort (as the inner garments) [68].  

 

4.3.2 Fabrication process 

As shown in Fig.4.3, the conductive wires, together with non-conductive yarns, such as 

nylon, spandex, and polyester filaments, were integrated into the plain knitted structure 

either by hand pin knitting (a) [76] or machine knitting (b) [76], ranging from a tubular 

stocking machine (Fig.4.4a) to a computerized flatbed knitting machine (Fig.4.4b). 

 

Unlike woven circuit route with limitation into weft and warp directions, it was more 

feasible to “knit” stretchable interconnects with a more complex arbitrary route by 

intarsia (Fig.4.3c) or jacquard patterns [76], such as an array (a), matrix (b), network (c), 

even any configuration like “Hello Kitty” (d), as depicted in Fig.4.5.    

 

 

Fig.4.3 Loop formation: (a) hand pin knitting [76]; (b) machine knitting [76], and 
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intarsia pattern (c) of the ECW (d) and SCNY (e) interconnects 

 

 

(a) Tubular stocking machine 

 

 

(b) Computerized flatbed knitting machine 

Fig.4.4 Knitting machines for fabrication of the knitted interconnect 

 



Chapter 4 

 

111 
 

    

                             (a) Array                                                     (b) Matrix 

 

           

                           (c) Network                         (d) Jacquard pattern with “Hello Kitty” 

Fig.4.5 Different electrical routes of the knitted interconnects 

   

4.3.3 Sample preparation 

Two kinds of samples, i.e., SCNY- and ECW- knitted interconnects, were fabricated and 

investigated.  

 

SCNY- knitted interconnect was composed of SCNY (diameter: 200μm) (in one course), 

and non-conductive multi-filaments (in other courses). There is no spandex filament in 

the SCNY knitted interconnect, avoiding short circuits between adjacent loops.  

 

ECW knitted interconnect consisted of ECW (diameters: 20-80μm), polyester, as well as 

spandex filaments (in one course), and polyester and spandex filaments (in other 

courses).   
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4.4 Characterization 

4.4.1 Morphology 

Optical microscopy and scanning electron microscopy (SEM) observations were 

conducted. Optical microscopy observation was performed on Leica M165C (DFC 

290HD, Leica Microsystems Ltd.). SEM observation was performed on a field emission 

scanning electron microscope (JEOL JSM-6335F, JEOL Ltd., Japan). The specimens 

were conductive wires and the knitted interconnects.  

 

4.4.2 Electrical resistance measurement 

The electrical resistance was measured by a digital multi-meter (Keithley 2010, Keithley 

Instruments Inc. USA) interfaced with a personal computer using the two-wire method. 

 

4.4.3 Electro-mechanical measurement 

4.4.3.1 Uni-directional tensile test 

The knitted interconnects were stretched in the course (“0-degree”), wale (“90-degree”), 

as well as “45-degree” directions, respectively. As shown in Fig.4.6, the sample (with 

the size of 50mm×25mm) was fixed to top and bottom clamps of an Instron Universal 

Material Tester, and two ends of the conductive wires were connected to the digital 

multimeter (Keithley 2010) interfaced with a personal computer. The D.C. electrical 

current was supplied by a current generator, and the electrical resistance was recorded 

when the sample was uni-directionally stretched. The load was applied to the sample 

with constant crosshead speeds, i.e., 300mm/min for stretching test and 500mm/min for 

cyclically fatigue experiments. 
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Fig.4.6 Uni-directional tensile test 

 

4.4.3.2 Three-dimensional punching test 

To investigate three-dimensional stretchable performance, a novel tensile test, referred a 

ball-burst test method for textile fabrics, was proposed. The ball-burst attachment 

consists of a clamping mechanism to hold the test specimen and a steel ball attached to 

the movable member of the tensile tester. The polished steel ball has a diameter of 

25.400±0.005mm and is spherical within 0.005mm; the ring clamp has an internal 

diameter of 44.450±0.025mm. As depicted in Fig.4.7, a specimen of the knitted 

interconnects was securely fastened in the ring clamp without tension. The course of the 

conductive wire was in the middle part of the specimen. The two electrodes were 

connected to a digital multimeter interfaced with a personal computer. The electrical 

resistance was recorded when the sample was three-dimensionally punched by the 

Instron Universal Material Tester with the ball-burst attachment. The ball was pushed 

into the sample at the speed of 300mm/min. The electrical resistance was recorded at 

intervals of 100ms. 

 

Durability of the knitted interconnect in the three-dimensional cyclic punching test was 

investigated, too. The ball was pushed into the sample with a constant speed of 

500mm/min. 

 



Chapter 4 

 

114 
 

 

Fig.4.7 Experimental setup for the three-dimensional punching test 

 

4.4.4 Washing measurement 

The washing test was conducted on a vertical-axis washing machine (Whirlpool, USA) 

referring to the standard AATCC 135: Dimensional changes of fabrics after home 

laundering [77]. The knitted FCBs (length: ~15cm) together with  ballast (total load: 

1.8kg), with a commercial non-ionic detergent (Castle super concentrate with double 

lemon fragrance, 66g), was washed at ~40℃ with “Normal” (agitation speed: from 179 

to 119 spm, spm=strokes per minute; spin speed: 645 rpm, rpm=revolutions per minute) 

or “Delicates” (agitation speed: 119 spm; spin speed: 430 rpm) cycles and the knitted 

FCBs were then dried under 75℃ with “Automatic Dry” cycle. The whole procedure 

was conducted for 30 consecutive times with four groups: 1) original FCB samples with 

“Normal” cycle; 2) FCB samples in a mesh bag with “Normal” cycle; 3) original FCB 

samples with “Delicates” cycle; 4) FCB samples in a mesh bag with “Delicates” cycle. 

The electrical resistance was monitored after each drying treatment during the cyclic 

washing tests. 
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4.5 Results and discussion 

4.5.1 SCNY- knitted interconnect 

4.5.1.1 Morphology 

The microscopic photograph of the SCNY- knitted interconnect is presented in Fig.4.8. 

The SCNY (diameter: ~200µm), composed of 24×2 filaments, with a hooked or looped 

configuration, was interlaced with polyester multi-filaments in the knitted substrate. It is 

noted that the neighboring loops of the SCNY are initially separate from each other.  

 

        

                               (a)                                                                   (b)  

Fig.4.8 SCNY- knitted interconnect: a stretched sample covered a little finger (a) and 

SEM image of a relaxed sample (b) 

 

4.5.1.2 Electrical resistance 

The static electrical resistance of the SCNY with 200-µm diameter was investigated 

within 24 hours before and after incorporation into the loose (without spandex filaments) 

knitted fabric (Fig.4.9). The electrical resistance ranged from ~27Ω to ~29Ω, with a 

variation of ~7%, for the free-standing SCNY with the length of 10cm. The electrical 

resistance was in the range from ~134Ω to ~145Ω, with a variation of ~7%, for the 

SCNY- knitted interconnect. The relationship in the electrical resistance of the SCNY 

before and after integration into the knitted structure was established by 

1
( )SCNY knitted length bending contactR R R R

N
               (1) 

, where 
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, where H is material hardness, n is number of contact points, P is contact pressure.  

 

 

Fig.4.9 Static electrical resistance of the SCNY before and after integration into the 

knitted fabric 

 

4.5.1.3 Uni-directional tensile test 

The SCNY- knitted interconnect was stretched in the “0-degree”, “45-degree”, and “90-

degree” directions, respectively. The typical results are plotted in Fig.4.10. The SCNY- 

knitted interconnect increased its resistance by 1.14% at 100% strain along “0-degree” 

direction, exhibiting a stable electrical property with high stretchability in its course 

stretching direction. The electrical resistance of the SCNY- knitted interconnect, 

however, dropped by ～27.14% and ~36.58% at 50% strain in the “45-degree” and “90-
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degree” directional tensile tests, respectively.  

 

 

Fig.4.10 Uni-directional tensile behavior of the SCNY- knitted interconnect 

 

The electro-mechanical behavior in different unidirectional tensile tests could be 

explained by mechanical principles of the knitted structure. As described in Fig.4.11, the 

loops of the SCNY, initially separate from each other (Fig.4.8), change their 

configurations through sliding and transferring between loop legs, to accommodate 

applied tensile strain in the course direction (a), preserving a constant loop length with 

electrical integrity. The electro-mechanical behavior of the free-standing SCNY that the 

electrical resistance rose by 2.57% from 0% to 1% strain, presented in Fig.4.12, further 

demonstrates the SCNY in the knitted interconnect maintains electrically and 

mechanically intact, without elongation (<<1%), when the knitted interconnect is 

stretched to 100% strain in the course direction. 

 

Alike, the loop length remained unchanged with 50% strain in both 45-degree and 90-

degree directional stretching processes. Adjacent loops, however, contacted each other, 
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attributed to poisson’s ratio of the knitted structure (0.35-0.4), inducing jamming 

condition of the neighboring loops (Fig.4.11b), and hence causing possible short circuit. 

Thus, the SCNY- knitted interconnect underwent a considerable reduction in its 

electrical resistance when it was stretched in both 45-degree and 90-degree directions.  

 

      

(a)                                                           (b) 

Fig.4.11 Loop shapes of the SCNY- knitted interconnect with 40% strain in the course (a) 

and wale (b) directions 

 

 

Fig.4.12 Electro-mechanical behavior of the free-standing SCNY 
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Further observation in the cyclic stretching processes, with 100% strain in 0-degree 

direction and 50% strain in 45-degree and 90-degree directions, respectively, proved that 

the SCNY- knitted interconnect behaved more like a sensor, repeatedly sensitive, with a 

constant relative change in electrical resistance, to mechanical deformations in the 45-

degree and 90-degree directions. Surprisingly, the SCNY- knitted interconnect was also 

repeatedly sensitive, although a small (1.3%) relative change ratio in electrical 

resistance, with applied strain in the course (0-degree) direction (Fig.4.13), hinting that 

the decreasing conductivity may not come from inherently electro-mechanical property 

of the SCNY itself. In fact, possible loop jamming conditions existed in the initial state. 

The electrical resistance rose due to separation of the contacted loops. Therefore, it 

requires an “insulated” conductive wire in the knitted fabric, where loop jamming 

condition exists, for knitted stretchable interconnects. 

 

 

Fig.4.13 Cyclically uni-directional stretching behavior of the SCNY interconnect 
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4.5.2 ECW- knitted interconnect 

4.5.2.1 Morphology 

Fig.4.14 shows the microscopic and SEM images of the ECW- knitted interconnect. The 

elastic substrate is a plain knitted fabric composed of polyamide and elastic spandex 

filaments. The conductive wire in one course is the ECW (diameter: ~20μm), which is 

interlaced with the elastic knitted substrate. It is noted that, in the course (rows of loops) 

of the ECW, both polyamide and spandex filament exist. Since the tensile strength of the 

ECW was less than 0.1N with a core diameter of 20μm, polyamide and under-fed 

spandex filaments were incorporated into the same course for a reliable manufacturing 

operation. 

 

SEM micrograph in Fig. 4.15 shows the free-standing ECW with 20μm core diameter. 

The surface of the wire is smooth although there are certain tiny impurities due to 

imperfect manufacturing conditions, and the ECW remains intact after being integrated 

into the knitted structure.  

 

   

                                (a)                                                                   (b)  

Fig.4.14 ECW- knitted interconnect: (a) a stretched sample wrapped around a little 

finger and (b) SEM image of a relaxed sample 
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Fig.4.15 SEM image of the free-standing ECW (core diameter: ~20μm) 

 

4.5.2.2 Electrical resistance 

The electrical resistance of the ECW with 20μm core diameter is observed within 24 

hours before and after integration into tight knitted fabrics (composed of spandex 

filaments) (Fig.4.16). The resistance is in the range from ~5.15Ω to ~5.20Ω, with a 

variation of ~0.96%, for the free-standing ECW with the length of 10cm. The electrical 

resistance is in the range from ~33.6Ω to 33.9Ω, with a variation of ~0.88%, for the 

ECW- knitted interconnect with the length of 10cm. The relationship of the electrical 

resistance before and after integration can also be expressed by 

1
( )ECW knitted length bendingR R R

N
              (3) 

, where  

2 2 2

1(1 2 )bending lengthR R y k             (4) 
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Fig.4.16 Resistance of the ECW before and after integration into knitted fabric 

 

4.5.2.3 Electro-mechanical behavior 

The following section presents electro-mechanical behavior of the ECW- knitted 

interconnect with respect to (1) “uni-directional tensile test”, for comparison to the 

SCNY- knitted interconnect, (2) “three-dimensional punching measurement”, where 

stretching, compressing, as well as rubbing exist, hence investigating intimately 

coverable capability of the knitted interconnect on arbitrary curvilinear and movable 

bodies, as well as (3) an example on human knees. 

 

A. Uni-directional tensile test 

A1. In the course direction 

The ECW- knitted interconnect was firstly stretched to its failure either electrically or 

mechanically in the course directional tensile test. Fig.4.17 presents electrical and 

mechanical behavior of one sample at a function of applied tensile strain. The knitted 

elastic substrate could be stretched up to 250% strain with a peak force of ~70N. The 

electrical resistance of the ECW- knitted interconnect, instead of rising like that of the 
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SCNY- knitted interconnect, remained constant at ~43Ω until being stretched beyond an 

average elongation of 150%, which was more than one half of mechanical breaking 

strain of the elastic substrate. Beyond 150% strain, the electrical resistance increases 

almost linearly with average strain, which is similar to the electro-mechanical behavior 

of the free-standing ECW. As shown in Fig.4.18, the resistance increases by ~18.2% 

from 2.75Ω to 3.25Ω just before electrical failure, occurring at 7-8% strain with 0.1N.  

 

 

Fig.4.17 Stretching capability of the ECW- knitted interconnect in the course direction 
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Fig.4.18 Electro-mechanical behavior of the free-standing ECW (core diameter: 20μm) 

 

By using the insulated ECW, instead of the naked SCNY, as the conductive wire, the 

stretchability of the present knitted interconnect is much larger than that of bulked 

electronics on elastomeric substrates and those organic stretchable interconnects, to our 

knowledge, the highest ever reported for stretchable interconnects with electrical 

integrity or constant electrical resistance.  

 

Such considerable achievement attributes to mechanical principle of the knitted structure 

and interlaced integration between the conductive wire and the non-conductive yarns. 

Regarding two-dimensional mechanical behavior of the knitted structure, yarn bending 

or “straightening” is prominent in the initial region of the force-strain curve (<150%), 

where curved yarns tend to de-bent to straight ones [78]. Therefore, the loops slide and 

change their configurations when the knitted interconnect is stretched within 150% 

strain. More importantly, the interlaced integration, instead of an adhesive bonding, 

between the conductive wire and the elastic substrate, gives the conductive wire more 

freedom to move (instead of being fixed) in the elastic substrate, decreasing stress 
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concentration in certain regions, such as crest and trough parts, of the conductive wire in 

the stretching process. 

 

A2. Uni-directional tensile test 

The ECW- knitted interconnect was also stretched multi-directionally, including in-plane 

“0-degree”, “45-degree”, and “90-degree” directions. The electrical resistance of the 

ECW- knitted interconnect, no matter (it was) stretched in which direction, was always 

constant (within 0.2% variation) at 100% strain (Fig.4.19), which has made a 

considerable achievement compared with uni-directional tensile behavior of the SCNY- 

knitted interconnect. To further prove electrical integrity of the ECW- knitted 

interconnect, cyclically stretching tests with 50% strain were conducted, too. The typical 

results in Fig.4.20 demonstrate that the electrical resistance of the ECW- knitted 

interconnect does not change (within 0.1% variation) in cyclically uni-directional tensile 

tests, suggesting that the ECW- knitted interconnect behaves insensitive, unlike the 

SCNY- knitted interconnect, to mechanical strain in “0-degree”, “45-degree”, as well as 

“90-degree” directions. This attributes to the insulated ECW coated by polyurethane 

film, avoiding short circuit in jamming conditions of the knitted structure.  
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Fig.4.19 Uni-directional tensile behavior of the ECW- knitted interconnect 

 

 

Fig.4.20 Cyclically uni-directional tensile behavior of the ECW- knitted interconnect 
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B. Three-dimensional punching test 

Except for in-plane stretching, it involves other deformation modes, such as 

compressing and rubbing, when stretchable interconnects wrap around movable 

curvilinear subjects. Thus, it is vital to conduct three-dimensionally deformable 

investigation into knitted interconnects intimately coverable human bodies with 

arbitrary shapes.  

   

B1. Average membrane strain in the three-dimensional punching test 

As shown in Fig.4.21, the steel ball is pushed into the sample in the three-dimensional 

punching test. In the area where the substrate is out of contact with the ball, as the fabric 

substrate is very thin in thickness compared with its other dimensions, the major 

deformation mode can be considered as membrane stretching. In the area where the 

substrate is in direct contact with the ball, a complex process emerges, including 

bending, shear, lateral compression, friction as well as membrane stretching of the fabric.  

 

To simplify the analysis, an average membrane strain was calculated for the knitted 

interconnect. The total length of the sample in the punching process is divided into two 

separate elements: L and S. As illustrated in Fig.4.22a, right half part of the sample is 

studied as the whole measurement setup is symmetrical. According to principal 

properties of the right triangle, L can be expressed by  

2 2 2L D R Dr             (5) 

, where D presents vertical displacement of the bottom point of the stainless steel ball; R 

and r are radii of the ring clamp and the ball, respectively. S is arc length of the ball. 

When the displacement D is less than the radius r of the ball, the corresponding radian 

θ1 of arc length S can be calculated by  

1 arctan[ /( )] arctan( / )R r D L r              (6) 

When the displacement D of the ball is larger than the radius r of the ball (Fig.4.22b), 

the corresponding radian θ2 will be expressed by 

2 arctan[ /( )] arctan( / )R D r L r               (7) 

The arc length S of the steel ball can be acquired by  
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1/ 2S r           (8) 

Thus the average strain of the sample   during the ball-punch test can be obtained by 

           ( ) / 100%L S R R               (9)                                              

 

 

Fig.4.21 Initial state in the three-dimensional punching test 

 

        

                   (a) D < r                                                     (b) D > r 

Fig.4.22 Different states in the three-dimensional punching test 

 

B2. Stretchability 

In the three-dimensional ball-punch measurement, the ECW- knitted interconnect was 

stretched to its failure either electrically or mechanically. Fig.4.23 presents the electrical 

and mechanical behavior of one sample as a function of applied average strain. The 

knitted elastic substrate could be stretched up to 300% strain with a peak force of 280N 

on movable stainless steel ball. The ECW- knitted interconnect was capable of 

maintaining stable electrical resistance (~9.4Ω) until being stretched beyond an average 

elongation of 150%, which was one half of the mechanical breaking strain of the elastic 

substrate. 



Chapter 4 

 

129 
 

 

 

Fig.4.23 3D punching behavior of the ECW- knitted interconnect 

 

Such satisfactory performance can be attributed to interlaced integration between ECW 

and the elastic substrate, which is realized by the knitted structure. Similar to two-

dimensional mechanical behavior of the knitted fabrics, two obvious geometrical 

phenomena occur when the ECW- knitted interconnect is stretched three-dimensionally 

within 150% strain. Firstly, the geometric shape of every loop will be changed; secondly, 

the segments of yarns including ECW have the freedom to transfer among different 

loops [73, 79]. As presented in Fig.4.24a, the conductor has a uniform loop 

configuration without being stretched. The length of every loop ll can be expressed by  

1 12 (2 ) 2ll r l              (10) 

, where r1 is the radius of up and down circles, l1 is the distance between the up and 

down circles. Hence, the total length of the conductor lc can be obtained approximately 

by 

2/c l sl l l l           (11) 

, where ls is the total length of the knitted substrate, l2 is the distance between two 
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adjacent loops. When it is punched by the ball, a complex process occurs where bending, 

shear, membrane stretching and later compression are present at various segments of the 

loops. The geometry of the loops will change non-uniformly. Fig.4.24b shows the 

geometric shape of rectangular loops in direct contact with the ball when the sample is 

stretched to about 40% average strain. Here, the length of every unit lu1 can be expressed 

by 

1 1 2 2ul d d h             (12) 

However, the loops out of contact with the steel ball have a different geometric change. 

Fig.4.24c illustrates the hexagon-like configuration. Here, the length of every unit lu2 

can be acquired by 

2 2( )ul a b c d              (13) 

Thus, the total length of the conductor wire after being three-dimensionally deformed l
’
c 

can be expressed by   

'

1 2c u ul l l             (14) 

Hence, the average axial strain of the conductor wire c  in the three-dimensional 

punching experiment can be obtained by  

'( ) / 100%c c c cl l l              (15) 

                                            

 

(a)  Geometric shape of loops before the punch test 
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(b) Geometric shape of loops in direct contact with the ball after the punch test 

 

 

(c)  Geometric shape of loops out of contact with the ball after the punch test 

Fig.4.24 Geometrical change of the ECW- interconnect during the punching process 

 

The conductive wire was stretched axially while transfer of loop segments happens. To 

determine equivalent strain of the conductive wire, its loop length was measured before 

and after three-dimensional punch test. The mean axial strain of the conductive wire for 
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elongations is summarized in Table 4.3. This is in agreement with that for a similar 

knitted structure [80], i.e., the maximum fiber strain measured by Raman Microscope 

was less than 1% when the fabric was extended to 30%.  

 

Table 4.3 Mean axial strain of ECW with different elongation of the knitted substrate 

Average substrate elongation 40% 78% 120% 160% 

Average axial strain of wire (%) 0.568 0.683 0.747 0.948 

 

B3. Durability 

Durability of the ECW- knitted interconnect in the three-dimensional cyclic punch test 

was investigated, too. The ball was pushed into the sample with a speed of 500mm/min. 

As illustrated in Fig.4.25, in the 5,000 cycles, with a maximum displacement of 22mm 

(about average 46% strain of the substrate), the minimum and maximum resistance of 

the sample is 44.15Ω and 44.35Ω, respectively. The variation of the resistance is 0.45%.  

 

 

Fig.4.25 Cyclic electro-mechanical test result (maximum: 5,000 cycles and average 

strain: 46%) 
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Evidence from the above experiment suggests that the ECW- knitted interconnect is 

durable with electrical integrity on repeatedly deformed curvilinear shapes. To 

determine fatigue time of the knitted interconnects, three-dimensional cyclic punch test 

was performed on two to four specimens at given nominal displacements (strain) before 

electrical failure. The mean lifetime of the knitted interconnect was obtained.  

 

Fig.4.26 describes average life cycles of the knitted interconnect with average applied 

strain from 40% to 200%. At 40% average strain, the sample with 20μm–diameter 

copper wires survived 5000 punch cycles. To estimate fatigue life of the knitted 

interconnects, the Coffin-Manson law was used. The mean lifetime of the elastic 

interconnects is a function of fiber strain and can be estimated by 

12.115.22( )cN             (16) 

                                                    

 

Fig.4.26 Life cycles of the knitted interconnects with 20μm ECW as a function of 

average strain from 40% to 200% 

 

B4. Parameters for the ECW- knitted interconnects 
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To accommodate movement of the subjects with curvilinear surface, elastic 

interconnects are required to be highly conductive, stretchable, and electrically stable 

with a long fatigue time. The ECW- knitted interconnect described in the previous 

section shows potentials with satisfactory stretchability and durability covering 

deformed curvilinear bodies. To further improve its performance, we examined the 

effects of several parameters on the functions of the knitted interconnect. These 

parameters included the diameter of the ECW, the amount of spandex filament, and the 

gauge of the knitting machine. 

 

B4.1 Diameters 

Knitted interconnects were fabricated using ECWs with various diameters from 20μm to 

80μm. Initial resistance, stretchability and durability in the three-dimensional punch test 

were evaluated using the samples with a length of 25cm. As described in Fig.4.27, the 

initial resistance Ri can be expressed by  

2

i 4 /( )R l d            (17) 

, where l is the loop length of the ECW in the interconnect; d is the diameter of the 

copper wire. Hence, for the same sample length, the knitted interconnects made from the 

coarser copper wires are more conductive. 
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Fig.4.27 Initial resistance of the knitted interconnects with different diameters of ECWs 

 

Previous studies have reported that finer wires were able to be stretched more than 

coarser wires along the axial direction in the unidirectional tensile test [19, 81]. 

However, in the three-dimensional punch tests, the interconnect samples made from 

50μm copper wires have the largest stretchability before electrical failure, as depicted in 

Fig.4.28. This surprising phenomenon became more obvious in the fatigue time 

measurement. Fig.4.29 shows the mean life time of the knitted interconnects made from 

ECWs with various diameters at 78% average strain. The samples with the diameter of 

50μm were most durable under the cyclic three-dimensional punch tests instead of those 

made from finer wires. 
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Fig.4.28 Relative change in resistance of the knitted interconnect with different 

diameters of the ECWs 

 

 

Fig.4.29 Mean life cycles of the knitted interconnects with different diameters of the 

ECWs 
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This unexpected result prompted further investigations. Based on a theoretical analysis 

of the geometric change of the loop configuration during the three-dimensional punch 

test, strain distribution of the copper wire has several components: those due to bending, 

lateral compression, torsion, and axial tension as well as local strain due to mechanical 

compression and friction between the ECW and the stainless steel ball. The strain of the 

ECWs plays a critical part in stretchability and durability of the knitted interconnects. In 

a pure tensile test, without mechanical compression and friction between the copper 

wire and the steel ball, a finer copper wire has a lower bending and torsional rigidity 

thus the corresponding strain components are small (with reference to the electro-

mechanical behavior of the ECWs with different diameters in Fig.4.30). Hence it is 

expected that the finer wire would be more durable. However, in three-dimensional 

punch test, fatigue is firstly caused by the mechanical abrasion due to high level of 

lateral compression and friction between the ECW and the ball. Fig.4.31 illustrates the 

damages of ECW after fatigue test with 78% average strain. It is evident that mechanical 

abrasion between the ball and the substrates occurred within the area in direct contact 

with the stainless steel ball. The wire was subject to localized twist and rubbing. No 

failure occurs in the area where the fabric is not in direct contact with the ball. In other 

words, fatigue is mainly caused by mechanical abrasion due to high levels of 

compression (a) and friction (b) between the ball and the substrates rather than the 

action of cyclic membrane stretching. Hence, the effect of mechanical compression and 

friction override that of fiber diameters leading to different life times of the elastic 

interconnects.  
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Fig.4.30 Electro-mechanical behavior of the ECWs with different diameters 

 

 

(a)  Mechanical compression between the wire and the ball 
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(b)  Mechanical friction between the wire and the ball 

Fig.4.31 Mechanical compression and friction between the metal wire and the ball in the 

three-dimensional cyclic punch test 

 

Allowing large electric currents, multiple ECWs were integrated into the knitted 

substrate. Fig.4.32 illustrates the knitted interconnects made from single/multiple ECWs 

with a diameter of 30μm. The conductor in the elastic substrate was comprised of one or 

two ECWs in two courses, and two ECWs in one course. Table 4.4 gives the 

performance in initial resistance with the length of 25cm and fatigue time at about 78% 

strain. The initial resistance decreases to half by doubling copper wires, which is 

expected. Life cycles of the samples with double ECWs in two courses were twice of 

those with single ECW. However, the conductivity and fatigue time were still far away 

from the knitted interconnects made from single 50μm ECW.  
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(a) Single ECW in one course 

 

 

(b) Double ECWs in two courses 

 

 

(c)  Double ECWs in one course 

Fig.4.32 Knitted interconnects fabricated by multi-ECWs 

 

Table 4.4 Resistance and life time of the samples 
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Samples Resistance (Ω) Mean life time (Cycles) 

Single ECW in one course 24.9 308 

Double ECWs in two courses 12.6 698 

Double ECWs in one course 12.8 472 

 

B4.2 Amount of spandex filament 

Elastic spandex filament is capable of improving elastic property of the knitted 

interconnects. As shown in Fig.4.33, the sample with underfed spandex filament can be 

stretched 100% strain more than that without spandex filament in the three-dimensional 

punch test. Different knitted interconnects were fabricated by adding spandex filaments 

of 40 and 70 denier, respectively. The initial resistance of interconnects with 25cm and 

fatigue time at 78% strain are summarized in Table 4.5. The initial resistance is not 

influenced by amount of the spandex filament, whereas the life cycles increase by 20% 

with 70 denier spandex filament. The ECW was covered by a larger amount of spandex 

filaments, avoiding mechanical compression and friction with the ball. Thus, resistance 

to fatigue was improved with larger amount of the spandex filament. 
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Fig.4.33 Relative change in resistance versus average strain 
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Table 4.5 Resistance and life time with different amount of spandex filaments 

Samples Resistance (Ω) Mean life time (Cycles) 

With 40 denier spandex 24.9 308 

With 70 denier spandex 25.3 370 

 

B4.3 Gauge of knitting machine 

From the experimental results in the previous sections, it is apparent that the effect of 

local mechanical compression and friction on fatigue resistance overrides those due to 

bending and torsional strain of the ECWs in the punch test. To further confirm this 

observation, we designed and conducted another experiment. Identical materials and 

fabric structures were used for two interconnects but the tightness of the fabric varied by 

changing the gauge (no. of needles per unit length) of the knitting machine. Hence the 

fabric substrate with a large gauge number will have more loops per unit length, in other 

words, the deformational strain due to bending and torsion of the ECW is larger in a 

more closely packed fabric. We used 30μm ECWs and co-knitted the elastic 

interconnects by gauge 22 and 25 knitting machine. As shown in Table 4.6, the samples 

made by 25-gauge machine have the expected higher initial resistance due to increase of 

the copper length. The life cycles at 78% strain do not be influenced by variation of the 

deformational strain of the ECW in the knit loops, that is, by variation in the gauge of 

the knitting machine. 

 

Table 4.6 Resistance and life time with different gauge of the knitting machine 

Samples Resistance (Ω) Mean life time (Cycles) 

With gauge 22 20.5 312 

With gauge 25 24.9 308 

 

C. Intimately coverable capability 

To demonstrate intimately coverable capabilities, the ECW- interconnect was worn on a 

human knee joint. As shown in Fig.4.34, the electrical resistance of the ECW- knitted 

interconnect is constant under different gestures, including standing, bending with 
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different angles, as well as walking. Hence, the electrical property of the knitted 

interconnect is totally independent from human activities due to interlaced integration of 

the loop-shaped insulated ECWs in the knitted substrate.  

 

 

Fig.4.34 Knitted interconnect intimately worn on the human knee 

 

4.5.2.4 Washable capability 

A more critical demand for wearable applications is washing capability in repeated 

usage. We washed four groups of FCB specimen (length: ~10cm) in a washing machine 

at 40℃ and then dried at 75℃ for 30 times according to the standard AATCC 135: 

Dimensional changes of fabrics after home laundering [77]. We found that electrical 

failure started to occur at the 10
th

 time for the specimen without protection by a mesh 

bag (thickness: ~0.27mm) in “Normal” cycle (agitation speed: 179spm-119spm; spin 

speed: 645rpm), in which 84% of specimen (total number: 30) have little or no change 

in electrical resistance of 5.5Ω after 30 washing-drying cycles. The resistance retention 

ratio, which was defined as the ratio of number of specimen maintaining electrical 

integrity to total number of specimen in the washing test, rose to 89% when the 
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specimens were put into a protective mesh bag (Fig.4.35). The SEM observation after 

30-time washing cycles reveals that no visible fractures can be found on the specimen 

maintaining electrical integrity, suggesting that the polyurethane coating adheres well to 

the core metal fiber so that presence of water with detergent, mechanical agitation at 

elevated washing and drying temperature make no damage to the metal fibers. The 

electrical failure, on the other hand, was induced by mechanical breakage of the metal 

fibers (Fig.4.36) since the knitted FCBs were subject to strong mechanical actions 

causing deformation including stretching, bending, compression, rubbing in the washing 

process. Hence, the resistance retention ratio is much better with “Delicates” cycle of 

reduced mechanical agitation level (agitation speed: 119spm; spin speed: 430rpm), 

where the entire 60 specimen passed the 30-cycle washing tests without any apparent 

electrical degradation (Fig.4.35).  

 

 

Fig.4.35 Resistance retention ratio in the washing tests 
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Fig.4.36  SEM image of one failed metal fiber in the knitted FCB after 30 times in 

“Normal” washing cycle 

 

4.6 Rigid metal wire in a soft knitted fabric 

The knitted stretchable interconnect was developed by integrating conductive wires, 

such as SCNYs and ECWs, into a knitted fabric, where SCNY, coating silver particles 

around nylon multi-filaments, was flexible, like a textile yarn with Young’s modulus in 

the order of MPa, capable of being bent into a three-dimensional loop configuration. 

ECWs, however, with Young’s modulus in the order of GPa, were rigid compared with 

textile yarns. Hence, it was of necessity to have a comprehensive understanding about 

physics behind the rigid metal wire in a soft knitted fabric.  

 

This section conducted a theoretical framework, in terms of geometrical, electrical, as 

well as mechanical properties, with two objectives. First, the basic requirements, for 

knitting a rigid metal wire into a three-dimensional loop without destroying its intrinsic 

characteristics, were proposed; secondly, strain distribution of the metal wire was 

simulated, and discussed with respect to different parameters, for optimization.  
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4.6.1 3D loop formation of a rigid metal wire 

4.6.1.1 3D loop configuration 

Suppose a textile yarn in the knitted fabric as a thin elastic rod. Define yarn axis as a 

space curve in a rectangular Cartesian coordinate system. The position of a generic point 

on the yarn axis in the natural state was determined by employing Leaf’s model for dry-

relaxed plain knitted fabrics [82, 83], i.e., a two-dimensional knitted fabric is firstly 

created by joining thin elastic rods end to end. The third dimension is then obtained by 

placing the two-dimensional model on a sine wave-like surface of a cylinder, whose 

generators are parallel to the line of courses. Thus, the loop configuration of the yarn 

axis could be expressed by  

{2 ( , ) ( , )}

( )
2

(sin 1)

x b E F

y p

z q

   






  



  


  

          (18） 

, where 0 / 2   , 0 / 2   ,   is constant, i.e., 0.8090  , and ( , )F   , 

( , )E    are incomplete elliptic integrals of the first and second kinds, respectively. The 

equation 

( , )
cos 1

( / 2, )

E w

E w





            (19) 

relates the parameters   and  . And the parameters p, q, b would be completely 

determined by the equations  
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once the loop length l is obtained. Same to  , w  is constant, i.e., 0.5766w  . The loop 

length l can be determined from Munden’s observation for experimental results, that is, 
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C K l
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          (21) 

, where C and W are, respectively, the number of courses and wales per unit length, and 

K1, K2 and K3 are constants. For dry-relaxed fabrics, they are 1 19.0K  , 2 5.0K   and 

3 3.8K  [84].  

 

Based on the above equations, a three-dimensional geometry for a single unit loop (with 

loop length: 3.8mm) in the knitted fabric is presented in Fig.4.37. Obviously, the yarn in 

the knitted structure was bent simultaneously in two planes at an angle to one another, 

producing a degree of curvature and torsion. The curvature k  of the yarn axis was 

determined by 

2 2 2'' '' ''k x y z             (22) 

, where dashes denote differentiation with respect to the arc s, and torsion  of the yarn 

axis was obtained by  

2

' ' '

'' '' ''

''' ''' '''

x y z

x y z

x y z

k
            (23) 

 

Fig.4.38 depicts the corresponding curvature and torsion of the yarn axis, respectively.  
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Fig.4.37 Three-dimensional geometry of a loop configuration 

 

 

Fig.4.38 Curvature and torsion of the yarn axis in the 3D gemetry 

 

4.6.1.1.2 Basic requirement for the rigid metal wire 
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than that of a typical yarn, bendable into a three-dimensional loop configuration, it 

requires the metal wire with the capability of being bent and twisted with a certain 

curvature and torsion.  

 

Regarding bendability and twistability, it demands the metal wire with equivalent 

flexural and torsional rigidities to a typical textile yarn. In the case of a homogenously 

thin elastic rod of circular section, the flexural and torsional rigidities are given by the 

formula 

4

1

4

2

64

32

z

p

M d E
EI

k

M d G
GI








  


 


          (24) 

, where 1M , 2M are bending moment and torsional coupling, respectively, with Young’s 

modulus E, rigidity modulus 
2(1 )

E
G





, the geometrical moment of inertia, Iz and Ip, 

and the diameter of the metal wire d [74]. Hence, the metal wire, if with Young’s 

modulus four orders of magnitude greater than that of a typical yarn, can only be bent 

and twisted into a 3D loop configuration on condition that its diameter is at least one 

order smaller than that of the textile yarn.  

 

4.6.2 Strain distribution of the loop configured metal wire 

The metal wire, as described, is primarily bent and secondarily twisted into a 3D loop 

configuration in the knitted interconnect. For simplification, assume the metal wire is 

subject to an in-plane pure bending, (without twisting) in the loop configuration, i.e., its 

transverse section, which is plane before bending, remains plane during bending; its 

longitudinal elements are subjected only to simple tension or compression, and there is 

no lateral stress [85]. Fig.4.39 schematically presents a typical thin elastic rod subject to 

a pure bending, where the inner surface shortens and is therefore in compression; the 

outer edge stretches and thus is in tension, hence inducing a neutral plane in between 

with no longitudinal deformation.  
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Fig.4.39 A typical elastica subject to a pure bending 

 

Therefore, the strain of the metal wire, subject to a pure bending, in a knitted loop, is 

distributed linearly across the section, being zero at the neutral plane and having 

maximum values at the inner and outer edges, expressed by  

0 0
max

0 0

' ' ( 2 / )
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2 2

m m ma b ab r d r d d
k

r rab

 




  
             (25) 

, where r0 is the radius of the curvature k, and dm is the diameter of the metal wire [85]. 

With the curvature distribution of the loop configuration, the maximum strain 

distribution of the metal wire with certain diameters, along its axial direction, can be 

obtained, as described in Fig.4.40. It derives that (1) the maximum strain occurs at the 

crest and trough of the loop, corresponding to the maximum curvature; (2) both its 

diameter and loop length affect maximum strain of the metal wire in a knitted loop. 

Thus, it is of great importance to determine loop length, before incorporating the metal 

wire with a required diameter, into a knitted loop, without destroying its mechanical 

integrity referring to its corresponding tensile strain.  
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Fig.4.40 Strain distribution of the metal wire along its axial direction in a loop 

configuration 

 

4.6.3 Resistance-strain relation of a loop configured metal wire 

4.6.3.1 Resistance-tensile strain relation 

The resistance of the metal wire with a circular section can be expressed by 

2
=4

m

L L
R

S d
 


           (26) 

, where ρ is the resistivity; L is the length; S is the cross-section area with the diameter 

of dm. When the metal wire is stretched or compressed along its axial direction, the 

resistance change ratio [86] can be calculated by  

dR d dL dS

R L S




             (27) 

Because 2 m

m
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S d
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    , where ε is the strain of the metal 

wire, μ is the Poisson’s ratio, it derives 
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(1 2 )
dR d

R


 


             (28) 

For a pure metal wire, ρ and μ are constant. Thus, the electrical resistance-tensile strain 

relation [86] for the metal wire can be expressed by   

(1 2 )
dR

R
             (29) 

 

4.6.3.2 Resistance-strain in a looped configuration 

Divide the metal wire with a length ΔL and a circular section (diameter: dm) into two 

parts by its neutral plane, as depicted in Fig.4.41. The resistance of the metal wire was 

the sum of the two parts’ resistances in parallel, expressed by 

2

1

1 1

1 2

1
=

1 1

R
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           (30) 

, due to
1 2 2

L
=8

m

R R
d





 .  

 

 

Fig.4.41 A metal wire composed of two parts 

 

When the metal wire is purely bent into a knitted loop with curvature k, average strain of 

the inner and outer parts can be approximated by 

0 0

0 0
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=i i
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y k
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             (31) 

, where yi is a representative distance from the neutral plane. Clearly, the compressed 

strain ε1 in the inner region equals stretched strain ε2 in the outer part in magnitude but 

opposites in direction.  

 

Referring to resistance-tensile strain relation, the resistance of the inner, say, R2, or outer 
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part, say, R1, in a knitted loop can be expressed by 

' (1 2 )i i i iR R R               (32) 

Specifically, 

1 1 1 1 1 1

2 1 1 1 1 1

' (1 2 ) = + R

' (1 2 ) =R

R R R R

R R R R

 

 

    


     
          (33) 

Thus, the resistance of the entire metal wire is 

2 2

1 2 1 1 1 1 1 1

1 2 1 1 1 1 1 1
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' ' ( ) ( )

R R R R R R R R
R
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          (34) 

, where 1 1 1(1 2 )R R     . Hence, when the metal wire is bent into a knitted loop 

configuration from a natural straight state, the relative change of the resistance is 

2 2 2 2 2

1 1

'
(1 2 ) = (1 2 )

R R
y k

R
  


               (35) 

, deriving the conclusion that both loop length and diameter of the metal wire affect the 

mechanical and electrical integrity of the metal wire in a knitted loop configuration.  

 

4.6.4 Strain distribution in a deformed loop configuration 

The metal wire in the knitted interconnect, was interlaced with non-conductive textile 

yarns. To investigate strain distribution of the metal wire when the knitted interconnect 

was stretched in the course or wale direction, a two-dimensional mechanical analysis, 

based on a thin elastic rod theory [87], was first conducted for a free-standing looped 

metal wire. Then, a 3D numerical simulation was made for a looped metal wire 

interlaced with a textile yarn.  

 

4.6.4.1 Two-dimensional mechanical analysis 

A. Assumption 

Consider the metal wire in the knitted interconnect as thin elastic rods with constant 

circular cross-section areas, which are homogenous, frictionless, and inextensible. This 

assumption is reasonable for the pure metal wire, which is rigid, smooth, and uniform in 

every direction. Additionally, suppose the plane section in the natural state, orthogonal 

to the rod axis, remains plane and orthogonal to the rod axis in the deformed state.  



Chapter 4 

 

154 
 

 

B. Initial configuration 

Based on the elastica theory [88], the position vector R of an arbitrary point P of the rod 

axis in the natural state, with respect to a fixed Cartesian coordinate system x-y lying in 

a plane, is expressed by  

{2 ( , ) ( , )} 0.4719 {2 ( ,0.809) ( ,0.809)}

2 cos 0.7635cos

X b E F E F

Y b

     

  

     


  
          (36) 

, where 0 / 2   ,   is constant, i.e., 0.8090  , and ( , )F   , ( , )E    are 

incomplete elliptic integrals of the first and second kinds, respectively. And the 

parameter b is determined by loop length. The initial curvature of the point P in the 

natural configuration is                 

2 2

0 ( '') ( '')k X Y            (37) 

, and the initial arc length dS is 

2 2( ) ( )
dX dY

dS d
d d


 

            (38) 

 

C. Deformed configuration 

The position vector r for a generic point P of the rod axis in the deformed configuration, 

with respect to the same x-y system, is  

x y r i j           (39) 

The curvature of the point P in the deformed configuration is 

2 2( '') ( '')k x y            (40) 

, and the arc length ds in the deformed configuration is 

2 2( ) ( )
dx dy

ds d
d d


 

            (41) 

 

D. Geometrical relation 

The components of the displacement vector, relative to x-y, are assumed as u and v, so 

that the geometrical relation between the initial state and the deformed state is 
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x X u

y Y v

dS ds

  


  
 

          (42) 

 

E. Equilibrium equations 

The finite deformation of the rod in the knitted structure is arbitrary, not necessarily 

small quantities. Thus, the equilibrium equations were established in the deformed state. 

Consider an element of length ds in the deformed configuration. As illustrated in 

Fig.4.42, the small element is loaded with a system of forces and couples. Distributed 

forces qxds and qyds were applied to the element from external loads or interactions with 

the adjacent loop. Concentrated forces (Fx and Fy in horizontal and vertical directions) 

and couples (M) were produced at the two ends of the element, representing the 

influence of the other parts of the rod on the element with the length ds. All forces were 

assumed to be in the plane and couples, as vectors, were vertical to the plane.  

 

 

Fig.4.42 A small element with a system of forces and couples 

 

Thus, the equilibrium equations for the element are as follows: 
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x
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ds ds ds


  




  



   


          (43) 

 

F. Constitutive equation 

The constitutive equation was established based on Kirchhoff relation [88], in which the 

bending moment is proportional to the change of the configuration.  

0( )M EI k k            (44) 

 

G. Results with different boundary conditions 

Two cases with different boundary conditions (, that is, the metal wire was stretched 

along the (1) course and (2) wale directions), were investigated. Due to complicated 

numerical calculation, a Poisson’s principle of the knitted loop, that is, = 0.32v
u

   , 

was used for the geometrical relation between the initial state and the deformed 

configuration. Error was estimated by comparison of their corresponding arc length, 

respectively.  

 

1) Stretched in the course direction 

Suppose the elastic rod was stretched with εx strain in its course direction. The deformed 

configurations with different strain (from 5% to 20%) were estimated based on the 

Poisson’s principle in the geometrical relation, as shown in Fig.4.43. The corresponding 

curvature of the deformed loops was depicted in Fig.4.44. Then, the M-φ relation, 

representating strain distributions along the axial direction, was acquired referring to 

Kirchhoff relation, as illustrated in Fig.4.45. It was observed that the maximum strain 

occurred at the crest of the loop with maximum value of couple in magnitude. Further 

based on the equilibrium equations, the external force required for such deformation, i.e., 

the intensity of the distributed force per unit length qx, was approximated, where the 

vertical force Fy was ignored. As presented in Fig.4.46, an external force, maximum 
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value in magnitude around the crest, was responsible for such deformation with applied 

strain in the course direction.  

 

 

Fig.4.43 Deformed configuration with applied strain in the course direction 
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Fig.4.44 Curvature of the corresponding deformation in the course direction 

 

 

Fig.4.45 Couple M and parameter φ relation with applied strain in the course direction 
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Fig.4.46 Distributed force required along the axis direction in the course direction 

 

2) Stretched in the wale direction 

Suppose the elastic rod was stretched with εy strain in its wale direction. The deformed 

configurations were also obtained based on Poisson’s principle in the geometrical 

relation, as described in Fig.4.47. The corresponding curvature of the deformed loops 

was calculated, as shown in Fig.4.48. Then, the M-φ relation, representating strain 

distributions along the axial direction, was acquired referring to Kirchhoff relation, as 

illustrated in Fig.4.49. It was observed that the maximum strain occurred at the crest of 

the loop with maximum value of couple in magnitude. Further based on the equilibrium 

equations, the external force required for such deformation, i.e., the intensity of the 

distributed force per unit length qy, was approximated, where the vertical force Fx was 

ignored. As presented in Fig.4.50, an external force, maximum value in magnitude 

around the limb of the loop, was responsible for such deformation with applied strain in 

the wale direction. This result seemed doubtful since the maximum strain occurred at the 

crest of a single loop. 
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Fig.4.47 Deformed configuration with applied strain in the wale direction 
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Fig.4.48 Curvature of the corresponding deformation in the wale direction 

 

 

Fig.4.49 Couple M and parameter φ relation with applied strain in the wale direction 
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4.50 Distributed force required along the axis direction in the wale direction 

 

4.6.4.2 3D finite element analysis (FEA) 

The mechanical analysis was proposed based on a two-dimensional loop configuration. 

To improve the accuracy and validate the theoretical analysis, a three-dimensional finite 

element analysis was conducted in the structural mechanics module of ANSYS 13.0, a 

commercial FEA package.  

 

A. Modeling 

The initial geometry for the metal wire in the knitted interconnect was established based 

on Leaf’s model, which ignores the jamming conditions in both course and wale 

directions. One half of a minimum repetitive unit cell consisting of a metal wire 

interlaced with a textile yarn, plotted in Fig.4.51, was used for the simulation due to the 

geometrical symmetry. Major specifications of the finite element model are listed in 

Table 4.8. The element type is Beam188, which is suitable for analyzing the slender 

based on Timoshenko beam theory; the contact model is built up by a 3D line to line 
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contact, applicable to 3-D beam-beam structural contact analysis. Horizontal or vertical 

displacements were added to the unit cell of the knitted interconnect, as schematically 

plotted in Fig.4.51. 

 

                           

                               (a) Course                                                       (b) Wale 

Fig.4.51 Half of one unit cell and its boundary conditions 

 

Table 4.8 Specifications of the finite element model 

Material Element 
Ex 

(MPa) 
µ 

Lloop 

(mm) 

Diameter 

(mm) 
Contact Mesh 

Metal Beam188 1.15e5 0.32 3.8 0.02 Targe170 100 

Yarn Beam188 2.8e3 0.37 3.8 0.2 Conta176 100 

 

B. Strain distribution 

Fig.4.52 shows strain distribution of a free-standing loop configured metal wire with 

applied strain (20%) in the course (a) and wale (b) directions. The geometrical and 

material parameters are listed in Table 4.8. According to the principle of Saint-Vernant, 
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strain distributed around the fixed boundary ends (in Fig.4.51) was ignored for high 

precision. Strain of the free-standing looped metal wire was distributed linearly across 

the section, being zero at the neutral plane and having maximum values at the inner and 

outer edges, which demonstrated that the previous assumption, i.e., the looped metal 

wire was subject to a pure bending, was correct. The maximum strain along the axial 

direction occurred at the crest and trough regions when the looped wire was stretched 

along the course direction; while the maximum strain was induced near the limb of the 

loop when it is stretched in the wale direction. Such results agreed well with that 

obtained from the mechanical analysis in the course direction, while different from that 

in the wale direction. 

 

                      

                         (a) Course                                                             (b) Wale 

Fig.4.52 Strain distribution for a free-standing loop metal wire at 20% strain 

 

Fig.4.53 illustrates strain distribution of the looped metal wire interlaced with a textile 

yarn. Their geometrical and material parameters are listed in Table 4.8. The strain 

distribution of the metal wire interlaced with a textile yarn was in good agreement with 
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that of the free-standing looped metal wire. However, the enormous strain was induced 

on corresponding regions of the textile yarn.  

 

          

                                 (a) Course                                                     (b) Wale 

Fig.4.53 Strain distribution for a looped metal wire interlaced with a textile yarn 

 

The maximum strain of the both free-standing and interlaced metal wire, with applied 

strain in the course and wale directions, was depicted in Fig.4.54, respectively. Some 

conclusions were made from the observation. First, there was an increase in the local 

strain, starting from a certain elongation (12%) in the course direction, as well as in the 

wale direction from 21% strain, for the metal wire from a free-standing looped state to 

an interlaced integration with a textile yarn. Such induced stress concentration came 

from the interaction with the textile yarn, such as friction and normal reaction. Secondly, 

the local strain of the metal wire was constant, within 12% strain in the course direction 

and 21% strain in the wale direction, from a free-standing configuration to an interlaced 

state. Such phenomenon may be attributed to the limitation of the Leaf’s model, which 

neglected the loop jamming conditions in the knitted structure. More importantly, it 

suggested that it would be preferable with a loose structure, reducing the stress 
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concentration of the metal wire in the knitted fabric.  

       

 

(a) Course direction 

 

 

(b) Wale direction 
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Fig.4.54 Maximum strain of the free-standing and interlaced metal wires with applied 

strain in the both course and wale directions 

 

C. Parameter effect 

Despite of certain limitation in the Leaf’s geometrical model within small strains, it was 

still helpful for us to understand some advanced knowledge when a rigid wire was 

interlaced with a soft yarn. Additionally, also most importantly, the simulation in the 

course direction may guide us to optimize the knitted stretchable interconnect by means 

of reducing stress concentration of the metal wire, and hence maintaining electrical and 

mechanical integrity. Thus, three parameters, consisting of loop length, diameter, as well 

as elastic modulus, were discussed.  

 

Fig.4.55 presents the influence of the loop length on the maximum strain of the metal 

wire interlaced with a textile yarn. In the simulation, both the metal wire and the textile 

yarn had a diameter of 50µm. Two unit cells for the 3D loop configuration were built up 

with loop length of 3.8mm and 3mm, respectively. The material parameters are same 

with those listed in Table 4.8. Observed from the results, the stress concentration may be 

reduced by means of increasing its loop length, which could be realized before 

fabrication. However, the initial strain of the metal wire, as described previously, would 

increase with larger loop length. Thus, loop length should be increased on the condition 

of preserving its mechanical and electrical integrity in the initial state.    
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Fig.4.55 Maximum strain in the course and wale directions with different loop length 

 

The effect of the diameter ratio between the metal wire and the textile yarn was also 

investigated. For the metal wire with 20µm diameter, simulation was conducted with a 

textile yarn whose diameters were from 200µm to 10µm, with a diameter ratio from 0.1 

to 2. For the metal wire with 100µm diameter, simulation was made with the textile yarn 

whose diameters were in the range from 100µm to 30µm, with a diameter ratio from 1 

to 3.3. The results were plotted in Fig.4.56. Observed from the maximum strain with 30% 

elongation in the course direction and 24% extension in the wale wise, it derived that the 

maximum strain of the metal wire could be reduced by lowering the diameter of the 

textile yarn either in the course or wale direction.  
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(a) Course with 30% elongation 

 

 

(b) Wale with 24% elongation 

Fig.4.56 Maximum strain of the metal wire in the course and wale directions 

 

The maximum strain of the metal wire was simulated, too, with different moduli of the 

interlaced textile yarn. The Young’s modulus of the metal wire was 115GPa, and the 

textile yarn had different moduli from 0.115MPa to 11500GPa. Fig.4.57 shows the 

results at 20% strain in the course direction and at 24% strain in the wale direction, 

respectively. The stress concentration could be reduced by lowering Young’s modulus of 
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the interlaced textile yarn. Thus, it would be preferable choosing a textile yarn with at 

least 3 or 4 orders less of Young’s modulus in magnitude than a rigid metal wire.  

 

 

(a) Course with 20% strain 
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(b) Wale with 24% strain 

Fig.4.57 Maximum strain with elongations in the course and wale directions 

 

D. Experimental verification 

In order to validate the simulation, the simulated results were compared with at least 15 

experimental samples through the observation on their geometric shapes with different 

strain (Fig.4.58). The experimental sample was created by knitting the copper wire and 

polyester filaments into the knitted fabric. Due to the non-uniform property of the 

knitted loops, there existed a variation among different loops of the metal wire. However, 

it suggested that numerical simulation was accepted and useful for further optimization 

of the knitted stretchable interconnect in terms of stress concentration of the metal wire. 
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(a) Course 

 

 

(b) Wale 

Fig.4.58 Configuration comparison with the experimental observation 

 

4.7 Conclusion 

In summary, the knitted interconnects, created by integrating conductive wires into 

knitted fabrics, are highly flexible and stretchable due to the loop configurations of the 

conductive wires as well as the interlaced integration with the compliant and elastic 

substrate. The extreme flexibility, stretchability with electrical integrity, bio-compatible 

micro-structure with human skins, make them promising for intimately wearable 

applications. 
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CHAPTER 5 HELICAL CONNECTION BETWEEN SENSOR 

ELECTRODES AND KNITTED INTERCONNECTS 

 

5.1 Introduction 

With the purpose of packaging fabric sensing network for flexible and stretchable 

applications, previous chapters have described the packaging of a single fabric strain 

sensor (in Chapter 3), and the fabrication of knitted stretchable interconnects (in Chapter 

4), as well as electrically and mechanically connecting distributed sensors in the sensing 

network. To create an intimate and stable connection from the sensor electrode to the 

knitted interconnect, this chapter concentrates a systematic investigation into a helical 

stretchable connection. In previous studies, most of electrical connections in flexible and 

stretchable electronic systems were established by conductive adhesives [1-3], such as 

silver-filled epoxy [4] or silicone adhesive and SWCNT conductive rubber paste [5], 

except for several solder joints [4, 6-8], together with subsequent encapsulation, 

consisting of glob-top cover [4, 9], epoxy resin [1, 3], as well as PDMS rubber [5] and 

so on. Such electrical connections make rigid electronics to be flexible but not 

stretchable, hence compromising electrical performance of stretchable electronics [10]. 

To stabilize the electrical connection in the stretchable systems, one method aims to 

stiffen the stretchable substrate around the components, protecting the electrical 

connection between the components and the stretchable interconnect against stretching, 

but sacrificing the stretchability of the whole area of the substrate [11]. 

 

Instead of stiffening the connection area, this chapter presents a helical structure for 

electrical connection between the sensor electrodes and the knitted interconnects, 

without reducing the stretchability of the whole stretchable system. Initially, the helical 

configuration for electrical connection is determined. After fabrication, the electro-

mechanical behavior of the stretchable electrical connections is investigated in detail. 

Finally, geometrical change in stretching is observed. 
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5.2 Design 

5.2.1 Requirement 

As described in Chapter 4, the fabric sensing network is going to be made by linking 

distributed fabric sensors in a manner by knitted stretchable interconnects. To 

electrically connect the sensor electrodes to the knitted interconnects, with a certain 

stretchability and mechanical durability, it involves following requirements: 

1. The electrical contact resistance should be negligible (<1%) compared to that of the 

fabric sensor (~5-10kΩ); 

2. Young’s modulus of the whole fabric network should not be larger than the human 

skins (~<1MPa), and not be affected by the connection between the sensor electrode and 

the knitted interconnect; 

3. Considering extensibility of the human skin (usually within 55% strain) and working 

range of the fabric strain sensor (60% strain), the fabric sensing network should be 

stretched much beyond 60% strain after electrical connection; 

4. It should be cyclically stretched more than 100,000 times at 40% strain, satisfying 

typical fatigue life of the fabric strain sensor; 

5. The fabric sensing network is designed to make an intimate contact with naked 

human skins. Thus, it requires the stretchable interconnect, including the connection 

parts, with much larger areas than the single strain sensors, washable for repeated use. 

 

5.2.2 Design 

Like stretchable interconnects in which the design of an appropriate shape for the 

conductive wire is fundamental [11], an optimal geometrical configuration is required 

for electrical connection from the sensor electrodes to the knitted interconnects, as 

shown in Fig.5.1, allowing stretchability of the whole substrate coverage.  
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Fig.5.1 Electrical connection from the sensor electrodes to the knitted interconnects 

 

5.2.2.1 Helix 

Helices have been widely observed in the filamentary and molecular structures of nature 

[12], such as the tendril of climbing plants and DNA double helices. Circular helix, as 

depicted in Fig.5.2, was chosen as the geometrical shape of the electrical connection. An 

arbitrary point along the circular helix can be expressed by a parametric equation:    

( ) cos( )

( ) sin( )

( )

x t a t

y t a t

z t bt





 

          (5.1) 

, where a is the in-plane radius, t is the radial angle ranging from 0 to 2π for one unit 

cell and 2πb is the pitch between two adjacent helical unit cells. The arc length of a unit 

cell is given by  
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              (5.2) 

The curvature along the spiral is constant, given by 
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, and its torsion is 

2 2

b

a b
          (5.4) 

 

When the circle helix is stretched, the total length does not change by reducing the in-

plane radius a and increasing the pitch 2πb between two adjacent helical units, as shown 

in Fig.5.2b. Thus, circular helical structure was chosen as the electrical connection from 

the sensor electrodes to the knitted interconnects. 
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(a) Initial 

 

 

(b) Stretched 

Fig.5.2 Helical connection between two conductive wires 

 

5.2.2.2 Encapsulation 

Besides a favorable geometrical choice for electrical connection between the sensor 

electrodes and the knitted interconnect, a fully encapsulated layer is necessary to 

enhance mechanical robustness [13] and prevent the whole device degradation as well as 

electrical shorting from the surrounding environments [14].  

 

To make full use of the helical structure, whose deformation will not be controlled by 

the encapsulated layer, a soft (instead of rigid [11]) and elastomeric PDMS (Young’s 

modulus: 0.3-0.4MPa, similar to that of the fabric [14, 15]) will be chosen as the 

encapsulated layer. Also, to further reduce the strain gradient from the knitted substrate 

to the encapsulated layer, a semi-spherical shape is proposed, as shown in Fig.5.3.   
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Fig.5.3 Helical electrical connection with a semi-spherical encapsulated layer 

 

5.2.3 Materials 

5.3.2.1 Conductive materials 

ECW (with the diameter of ~50-80μm) and SCNY (100D×3), as described in Chapter 4, 

were chosen as the conductive wire in the knitted interconnect and the sensor electrode, 

respectively. To achieve an intimate contact between the sensor electrode and the knitted 

interconnect, a conductive adhesive containing Ag filler particles dispersed in a silicone-

based binder (Silductor 6310, from United Adhesives, Inc.) was used. As summarized in 

Table 5.1, its volume resistivity is <5×10
-4 

Ω/cm, and it can be stretched up to 160% 

strain.  

 

Table 5.1 Basic properties of Silductor 6310 

Viscosity (cp.s) 41000 

Density (g/cm
3
) 4.9 

Hardness (Shore A) 45 
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Tensile strength (MPa) 3.1 

Elongation (%) 160 

Volume resistivity (Ω-cm) <5×10
-4

 

Coefficient of thermal expansion (ppm/℃) <100 

Thermal conductivity (W/m-K) >4 

Adhesion (Psi) >150 

Tg (℃ ) -120 

Temperature range (℃ ) -50 to 230 

Curing at 125℃  ~60 Min 

 

5.3.2.2 Non-conductive materials 

Silicone elastomer SE (ELASTOSIL LR3070 A and B, Wacker Chemi AG, Germany) 

was employed to achieve the encapsulated layer due to its mechanical property shown in 

Fig.3.11 (in Chapter 3). The very low Young’s modulus is helpful for whole stretchable 

system to retain the stretchability [16] and to reduce the strain gradient from the knitted 

substrate to the encapsulated layer. 

 

5.3 Fabrication 

5.3.1 Sample preparation 

The helical electrical connection was achieved by periodically circular helical 

configurations. To make a complete understanding and a systematic investigation into 

the helical electrical connection, three kinds of samples with helical shapes were created. 

Fig.5.4 gives a schematic presentation of the samples with a circular helical geometry. 

The first one is a single helical conductive wire, consisting of ECW and SCNY, 

respectively, embedded into PDMS substrate (a); the second is a two-strand helical 

conductive wire, including ECW-ECW, SCNY-SCNY, ECW-SCNY, in the PDMS 

substrate (b); the last one is the helical connection, composed of ECW-ECW and ECW-

SCNY, connected to the knitted interconnect (c).  
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(a) Single conductive wire in the PDMS substrate with a helical geometry 

 

 

(b) Helical connection in the PDMS substrate 

 

 

(c) Helical connection to the knitted interconnect 

Fig.5.4 Samples with helical configurations 

 

For comparative study with conventional electrical connections, two other types of 

samples were also created by bonding and soldering methods with subsequent 

encapsulation, as shown in Fig.5.5. 
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(a) Bonding method 

 

 

(b) Soldering method 

Fig.5.5 Conventional electrical connections in flexible electronics 

 

5.3.2 Fabrication process 

5.3.2.1 Single helical conductive wire in the PDMS substrate 

Fig.5.6 presents the process flow for the fabrication of the single helical conductive wire 

in the PDMS substrate. Take the conductive wire SCNY as an example (a). Firstly, the 

SCNY (100D×3) was insulated by SE (ELASTOSIL LR6200 A and B, Wacker Chemie 

AG, Germany) (b). Then, the insulated SCNY was wrapped around a stainless steel 

needle with the diameter of 1mm, forming a circular helix in the oven for about 30min 

(c). After that, the helical and insulated SCNY was embedded into a liquid PDMS 

substrate, and then was cured under ~70
o
C for 2h (d). It is noted that the conductive wire 

ECW does not need to be insulated by SE, since it has been insulated by a layer of 

polyurethane film, which is temperature resistive, but removable under a high 

temperature beyond 400
o
C. 
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(a) A naked conductive wire 

 

 

(b) An insulated conductive wire 

 

 

(c) A helical conductive wire 

 

 

(d) A helical conductive wire in the PDMS substrate 

Fig.5.6 Fabrication procedures for a single conductive wire in the PDMS substrate 

 

5.3.2.2 Helical connection in the PDMS substrate 

Fig.5.7 illustrates the fabrication processes for the helical connection in the PDMS 

substrate. Firstly, two conductive wires (such as ECW-ECW, ECW-SCNY, and SCNY-

SCNY) were twisted together (a); next, conductive adhesive Silductor 6310 was coated 

around the twisted conductive wire (b), followed by the SE insulation (c); then, the 
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insulated and twisted conductive wires were wrapped with the stainless steel needle 

(with the diameter of ~1mm), creating helical connection (d). Finally, the helical 

connection was embedded into the PDMS substrate (e).  

 

 

(a) Twisted conductive wires 

 

 

(b) Conductive paste coated around the conductive wires 

 

 

(c) Insulated conductive wires 

 

 

(d) Helical connection 

 

 

(e) Helical connection in the PDMS substrate 

Fig.5.7 Fabrication process for helical connection in the PDMS substrate 
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5.3.2.3 Helical connection to knitted interconnect 

As depicted in Fig.5.8, the detailed procedures for the helical connection to the knitted 

interconnect are as follows: 

1. The insulated layer Polyurethane film was removed from one end of the ECW in the 

knitted interconnect; 

2. Another naked ECW or SCNY were twisted with the naked end of the ECW in the 

knitted interconnect (a); 

3. Silicone-based electrically conductive adhesive Silductor 6310 was injected into the 

twisted conductive wires (b); 

4. After being insulated by SE (c), wrap the conductive wire around the stainless steel 

needle (with the diameter of ~1mm) to make a circular helix (d); 

5. A semi-spherical encapsulation was made by a mould. 

  

 

(a) Twisted conductive wires 

 

 

(b) Conductive adhesives coated around the twisted conductive wires 

 

 

(c) Insulated protection 
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(d) Helical connection 

 

 

(e) Helical connection to the knitted interconnect with a semi-spherical encapsulation 

Fig.5.8 Process flow for helical connection to knitted interconnect 

 

5.3.2.4 Bonding connection to knitted interconnect 

This kind of sample was made by “knotting and encapsulation” method. As described in 

Fig.5.9, since ECW is very thin (50μm), weak as well as brittle, SCNY was knotted 

around the ECW gently and carefully (a). Then, conductive adhesive was added to 

ensure an intimate contact between SCNY and ECW in the knitted interconnect (b). 

Finally, a semi-spherical encapsulation was created by SE (c). 

 

 

(a) SCNY was knotted to ECW in the knitted interconnect 
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(b) Conductive paste was added onto the knotting area 

 

 

(c) Semi-spherical encapsulation 

Fig.5.9 Bonding connection to the knitted interconnect 

 

5.3.2.5 Soldering connection to the knitted interconnect 

As illustrated in Fig.5.10, this kind of connection was created by “soldering, knotting, as 

well as encapsulation” method. Firstly, the cylindrical part (length: ~2mm, diameter: 

~0.5mm) of an interposer, made by silver plated copper wire, was soldered into the 

ECW in the knitted interconnect (a). Secondly, SCNY was knotted into the ring-shape 

part (diameter: ~1mm) of the interposer (b). Then, the conductive adhesive was injected 

into the connected area (c), followed by a semi-spherical encapsulation (d).  

 

 

(a) An interposer was soldered to ECW in the knitted interconnect 
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(b) SCNY was knotted to the circular part of the interposer 

 

 

(c) Conductive adhesive was added into the connected area 

 

 

(d) Semi-spherical encapsulation 

Fig.5.10 Soldering connection to the knitted interconnect 
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5.4 Characterization 

5.4.1 Morphology 

Optical microscopy and scanning electron microscopy (SEM) observations were 

conducted. Optical microscopy observation was performed on Leica M165C (DFC 

290HD, Leica Microsystems Ltd.). SEM observation was performed on a field emission 

scanning electron microscope (JEOL JSM-6335F, JEOL Ltd., Japan). The specimens are 

conductive wires and the stretchable interconnects.  

 

5.4.2 Electrical resistance measurement 

The electrical resistance was measured by a digital multi-meter (Keithley 2010, Keithley 

Instruments Inc. USA) using the 2-wire method. 

 

5.4.3 Electro-mechanical measurement 

5.4.3.1 Tensile test 

As shown in Fig.5.11, the sample is fixed to top and bottom clamps, and two electrodes 

are connected to a digital multimeter (Keithley 2010) interfaced with a personal 

computer. The D.C. electrical current is supplied by a current generator, and electrical 

resistance would be measured when the sample is stretched by an Instron Universal 

Material Tester. The load is applied to the samples with a constant crosshead speed of 

100 mm/min. The gauge length is 50 mm. 
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Fig.5.11 Experimental setup for tensile measurement 

 

5.4.3.2 Three-dimensional punching test 

To investigate into three-dimensional stretchable performance of the helical connection, 

a novel tensile test, referred the ball-burst test method for textile fabrics, is proposed. 

The ball-burst attachment consists of a clamping mechanism to hold the test specimen 

and a steel ball attached to the movable member of the tensile tester. The polished steel 

ball has a diameter of 25.400±0.005mm and is spherical within 0.005mm; the ring 

clamp has an internal diameter of 44.450±0.025mm. As depicted in Fig.5.12, a specimen 

is securely fastened in the ring clamp without tension. The electrical connection is in the 

middle part of the specimen. The electrodes of the conductor are connected to a digital 

multimeter interfaced with a personal computer. The electrical resistance is recorded 

when the sample is three-dimensionally punched by an Instron Universal Material Tester 

with the ball-burst attachment. The ball is pushed into the sample at the speed of 300 

mm/min. The electrical resistance is recorded at intervals of 100ms. 

 

Durability of the electrical connection in the three-dimensionally cyclic punching test is 

investigated, too. The ball is pushed into the sample with a speed of 500mm/min. 
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Fig.5.12 Experimental setup for the three-dimensional punching measurement 

 

5.4.4 Washing measurement 

According to the standard AATCC 135 (Dimensional changes of fabrics after home 

laundering) [78], the electrical connection samples were automatically machine washed. 

For every time, 1.8 kg-load samples with 66g phosphate free detergent (Enzyme 

Boosted Castle Super Concentrated with Double Lemon Fragrance) were washed. The 

temperature is ~40℃ in the washing process and ~75℃ in the drying process.  

 

5.5 Results and discussion 

5.5.1 Morphology 

Fig.5.13 illustrates the microscopic picture for the optimized knitted interconnect, which 

was fabricated by co-knitting two ECWs (core diameter：50μm), together with elastic 

yarns “SUN HING KN20/70 DUPONT LYCRA”, into a plain knitted structure using 

Stoll flat knitting machine (gauge factor: 14). It was observed that the two ECWs were 

interlaced with the elastic knitted yarns.  
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Fig.5.13 Microscopic picture of the optimized knitted interconnect 

 

Fig.5.14 shows the microscopic pictures of the single helical ECW conductive wire in 

the PDMS substrate. The diameter is 80μm for the used ECW; the in-plane radius is 

0.56 (±0.01) mm for ECW-helix; the initial angle is 19.36 (±3.38) degrees for ECW-

helix; the pitch is 0.29 (±0.003) mm for ECW-helix.  

 

 

Fig.5.14 Single helical conductive wire in the PDMS substrate 
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Fig.5.15 shows the microscopic pictures of the helical connection in the PDMS substrate. 

The diameter is 80μm for the used ECW; the in-plane radius is 0.64 (±0.14) mm for 

ECW-ECW connection; the initial angle is 17.2 (±2.35) degrees for ECW-ECW 

connection; the pitch is 0.45 (±0.003) mm for ECW-ECW connection. 

 

 

Fig.5.15 2-strand helical connection in the PDMS substrate 

 

Fig.5.16 describes the microscopic pictures of the helical connections to the knitted 

substrate. For (ECW-ECW) Knit connection, the diameter is 50μm for the ECW in the 

knitted interconnect and 80μm for the used ECW; the in-plane radius is 0.6 (±0.002) 

mm; the initial angle is 16.98 (±1.20) degrees; and the pitch is 0.38 (±0.003) mm.  
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Fig.5.16 Helical connections to the knitted substrate 

 

5.5.2 Static electrical resistance 

The unit electrical resistance is 3.4Ω/cm for SCNY with the diameter of 0.2mm, 

0.05Ω/cm for ECW with the core diameter of 20μm, and less than 5×10
-4

 Ohm/cm for 

the conductive adhesive. Thus, the electrical contact resistance Rc can be simply 

considered as the parallel connection of two conductive wires, that is, 

 1 2 min

1 2

1
R = ,

1 1c R R

R R


 

, where R1 and R2 is electrical resistance of the two conductive wires, respectively. Thus, 

the electrical contact resistance is quite small compared with that of the fabric strain 

sensor (~5-10kΩ /cm), which can be negligible. 

  

To measure static electrical resistance, all the samples were made with the conductive 

wires longer than 100mm length for convenience. The electrical resistance was recorded 

within 60min. The results were summarized in Fig.5.17. The electrical resistance was 

almost constant with time (a). The relative change of electrical resistance is within 0.4% 
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for all the samples, including ECW-knitted interconnect, ECW-ECW, ECW-SCNY, 

SCNY-SCNY connections, as well as (ECW-ECW)Knit, (ECW-SCNY)Knit, and (SCNY-

SCNY)Knit connections to the knitted interconnects (b).  

 

 

(a) Electrical resistance 

 

0 10 20 30 40 50 60

8

9

10

35

40

45

50

SCNY-SCNY

ECW-SCNY

ECW-ECW

(SCNY-SCNY)
Knit

(ECW-SCNY)
Knit

(ECW-ECW)
Knit

(ECW)
Knit

 

 
R

e
s
is

ta
n

c
e
 (

O
h

m
)

Time (Min)



Chapter 5 

 

202 
 

 

(b) Relative change of the electrical resistance 

Fig.5.17 Static electrical resistance within 60 minutes 

 

5.5.3 Electro-mechanical performance 

A. Uni-directional tensile behavior 

The optimized ECW knitted interconnect was firstly stretched to its failure either 

electrically or mechanically in the course directional tensile test. Fig.5.18 presents the 

electrical and mechanical behavior of one sample as a function of applied tensile strain. 

The optimized knitted elastic substrate could be stretched up to 600% strain with a peak 

force of ~90N. The electrical resistance of the optimized ECW- knitted interconnect 

remained constant at ~10.32Ω until being stretched beyond an average elongation of 

300%, which was one half of the mechanical breaking strain of the elastic substrate. 

Beyond 300% strain, the electrical resistance increased almost linearly with the average 

strain before electrical failure, occurring at ~420% strain with ~25N.  
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Fig.5.18 Tensile behavior of the optimized knitted interconnect 

 

Such advances in the stretching performance was attributed to the larger amount of 

elastic yarns in the knitted interconnect. The geometrical change of the ECW looped 

configuration was observed under the optical microcopy. As shown in Fig.5.19, the loop 

shape changes with the applied tensile strain from 0% (a), to 50% (b), 100% (c), as well 

as 200% (d) until 300% (e). Also, the loop shape after relaxation from 300% was 

observed (f), suggesting a little difference from the initial shape at 0% strain (a). 

Fig.5.20 further summarizes the looped configuration by the simplified expression 

“wavelength and amplitude” when the ECW loop changes with the applied tensile strain. 

The wavelength increases with applied strain, while the amplitude decreases. When the 

ECW loop relaxed back to 0% strain, the wavelength was larger than the initial 

wavelength and the amplitude was smaller due to the hysteresis property of the knitted 

structure.  
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Fig.5.19 Geometrical change of the ECW loop in the tensile process 
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Fig.5.20 Change of the amplitude and period of the ECW loop in the tensile process 

 

Based on the maximum stretchability (beyond 300% strain) of the optimized knitted 

interconnect, the single helical conductive wires in the PDMS substrate were stretched 

up to 300% strain meanwhile the electrical resistance was recorded. The tensile behavior 

of the single helical ECW and SCNY conductive wires in the PDMS substrate was 

presented in Fig.5.21. The electrical resistance of the helical ECW in the PDMS 

substrate was almost constant at ~8.37Ω from 0% strain to 300% strain (a). The relative 

change of the electrical resistance for the helical ECW in the PDMS substrate was near 

to 0% (b). The electrical resistance of the helical SCNY in the PDMS substrate 

increased to ~73.55Ω from ~73.0Ω (a). The relative change of the electrical resistance 

for the helical SCNY in the PDMS substrate was within 1% when it was stretched from 

0% strain to 300% strain. The increment of the electrical resistance of the helical SCNY 

in the PDMS substrate was caused by the coarse insulation for the naked SCNY during 

the fabrication process.    

 



Chapter 5 

 

206 
 

 

(a) Electrical resistance with strain 
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(b) Relative change of electrical resistance with strain 

Fig.5.21 Tensile behavior of single helical conductive wire in the PDMS substrate 

 

To explain the constant electrical resistance of the helical ECW in the PDMS substrate 

when it is stretched from 0% strain to 300% strain, the helical geometries of the ECW in 

the PDMS substrate was observed, as shown in Fig.5.22. Further summary was 

presented in Fig.5.23 by comparing the in-plane radius, pitch, as well as the angle of the 

helical loops in the PDMS substrate. It suggests that the changes of the pitch and the 

angle, instead of the in-plane radius, with the applied strain play an important role in the 

stretching process. 
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Fig.5.22 Helical geometries of the ECW in the PDMS substrate in the tensile process 

 

 

(a) Change of radius and pitch 
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(b) Change of angle 

Fig.5.23 Change of the helical loops in the PDMS substrate in the tensile process 

 

Similarly, the helical connections, composed of ECW-ECW, ECW-SCNY and SCNY-

SCNY, in the PDMS substrates, were stretched up to 300% strain while the electrical 

resistance was recorded. The tensile behavior of the helical connections in the PDMS 

substrates was presented in Fig.5.24. The electrical resistance of all the helical 

connections in the PDMS substrates was almost constant (a). The relative change of the 

electrical resistance was near to 0% for the helical ECW-ECW connection in the PDMS 

substrate, 0.04% for the helical ECW-SCNY connection in the PDMS substrate, as well 

as 0.16% for the helical SCNY-SCNY connection in the PDMS substrate (b). The little 

increment of the electrical resistance of the helical SCNY-SCNY connection in the 

PMDS substrate was thought to be caused by the coarse insulation for the twisted 

SCNY-SCNY wires during the fabrication process.   
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(a) Electrical resistance 

 

 

(b) Relative change of the electrical resistance 
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Fig.5.24 Tensile behavior of the helical connections in the PDMS substrates 

 

The geometrical change of the helical ECW-ECW connection in the PDMS substrate 

was also observed when it was stretched from 0% to 300% strain, as shown in Fig.5.25.  

It was observed that the two ECWs were intimately bonded together when it was 

stretched even up to 300% strain. The change of the in-plane radius (a), pitch (a) as well 

as the angle (b) was summarized in Fig.5.26. 

 

 

 

 

Fig.5.25 Geometry change of the ECW-ECW loops in the PDMS substrate 
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(a) In-plane radius and pitch 

 

 

(b) Change of angle 

Fig.5.26 Change of the helical ECW-ECW loops in the PDMS substrate in the tensile 
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process 

 

It has been demonstrated that the single helical conductive wire and the helical 

connections are capable of being stretched beyond 300% strain with electrical integrity 

in the PDMS substrate. To understand the stretching behavior when the helical wires 

were connected to the knitted interconnect, the helical connections, consisting of ECW-

ECW, ECW-SCNY, and SCNY-SCNY, with the knitted interconnects were stretched up 

to 300% strain meanwhile the electrical resistance was also recorded. The tensile 

behavior of the helical connections to the knitted interconnects is plotted in Fig.5.27. 

The electrical resistance of all the helical connections to the knitted substrates was 

nearly constant (a). The relative change of the electrical resistance was within 0.3% for 

all the helical “ECW-ECW, ECW-SCNY, and SCNY-SCNY” connections to the knitted 

interconnect (b).  

 

 

(a) Electrical resistance 
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(b) Relative change of the electrical resistance 

Fig.5.27 Tensile behavior of the helical connections to the knitted interconnects 

 

Helical connections in both the PDMS substrate and the knitted substrate with semi-

spherical PDMS encapsulation have been demonstrated to be stretchable (beyond 300% 

strain) with electrical integrity in the axial tensile measurements. For comparative study, 

the conventional methods, including bonding and soldering, were also employed to 

connect the SCNY to the knitted interconnect. Their tensile behavior was shown in 

Fig.5.28. The electrical resistance increased from ~83Ω to ~90Ω (a) by ~8.4% (b) when 

the bonding sample was stretched up to 300% strain. Also, the electrical resistance 

fluctuated heavily with applied tensile strain (a). Differently from the bonding approach, 

the electrical resistance of the sample with soldering method was almost constant at 

~86.5Ω (a) with a variation of 0.23% (b) with applied tensile strain.  

 

In summary, the electrical connection with helical structure and soldering method was 

stable when the samples were stretched along their axial directions.  
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(a) Electrical resistance with strain 

 

 

(b) Relative change of electrical resistance with strain 

Fig.5.28 Tensile behavior of bonding and soldering connections to the knitted 
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interconnects 

 

B. Three-dimensional punching behavior 

B1. Punching behavior 

The three-dimensional ball-punch test method for textile fabrics was also adopted to the 

helical connections to the knitted interconnects. In the first three-dimensional ball-punch 

test, the optimized knitted interconnect was stretched to its failure either electrically or 

mechanically. The ball was pushed into the sample at a speed of 300mm/min. The 

electrical resistance was recorded at intervals of 100ms. Fig.5.29 presents the electrical 

and mechanical behavior of one sample as a function of applied average strain. The 

optimized knitted elastic substrate could be stretched up to 350% strain with a peak 

force of ~260N. The optimized knitted interconnect was capable of maintaining stable 

electrical resistance (~9.4Ω) until being stretched beyond an average elongation of 

200%, which was two thirds of the mechanical breaking strain of the elastic substrate.  

 

 

Fig.5.29 Punching behavior of the optimized knitted interconnect 

 



Chapter 5 

 

217 
 

Based on the maximum stretchability (beyond 200% average strain) in the three-

dimensional punching process of the optimized knitted interconnect, the helical 

connections, consisting of ECW-ECW, ECW-SCNY, and SCNY-SCNY, to the knitted 

interconnects, were stretched up to 200% average strain meanwhile the electrical 

resistance was recorded in the three-dimensional punching measurements. The punching 

behavior of the helical connections to the knitted interconnects is shown in Fig.5.30. The 

electrical resistance was also constant for all the helical connections when the samples 

were punched to 200% average strain (a). The relative change of the electrical resistance 

was within 0.16% for all the helical samples (b), suggesting that helical connections 

were promising in the stretchable systems for curvilinear surfaces.  

 

 

(a) Electrical resistance in the punching process 
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(b) Relative change of electrical resistance in the punching process 

Fig.5.30 Punching behavior of the helical connections to the knitted interconnects 

 

Also, the soldering connection sample was three-dimensionally punched to 200% 

average strain. The result is plotted in Fig.5.31. The electrical resistance was almost 

constant at ~86.62Ω (a) with a relative change of 0.14% (b). Therefore, the soldering 

connection is suitable for the stretchable systems to curvilinear bodies, too.  
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Fig.5.31 Punching behavior of the soldering connection to the knitted interconnect 

 

B2. Fatigue life 

Durability of the optimized knitted interconnect, the helical connections, as well as the 

soldering connection in the three-dimensionally cyclic punching test was investigated, 

too. The ball was pushed into the samples with a speed of 500mm/min. Fig.5.32 lists 

average fatigue time of the samples with different average membrane strain of the elastic 

substrates. The average fatigue life for the optimized knitted interconnect was 1787 

cycles at 160% membrane strain; the average fatigue life of the helical ECW-ECW 

connection, representing rigid-rigid connection, was quite near to that of the optimized 

knitted interconnect; the average fatigue life of the helical ECW-SCNY connection, 

representing rigid-flex connection, underwent a little decrease (828 cycles at 160% 

strain) compared with  that of the ECW-ECW (rigid-rigid) connection (1150 cycles at 

160% strain); surprisingly, the fatigue life of the soldering connection (768 cycles at 120% 

strain) decreased a lot compared with those of the helical connections. Thus, the helical 

connection may be more suitable to be used for long time and repeated stretching 

applications. 
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Fig.5.32 Fatigue life of the optimized knitted interconnect and various connections 

 

5.5.4 Wash capability 

According to the standard AATCC 135 (Dimensional changes of fabrics after home 

laundering), total 10 helical connection samples, containing five ECW-ECWs, and five 

ECW-SCNYs were washed for 33 cycles. Fig.5.33 shows the relative change of the 

electrical resistance after every washing cycle. Eight samples (in total ten samples) can 

be washed more than 33 cycles with constant resistance, suggesting that the helical 

connections with the PDMS encapsulation on the knitted interconnects were also 

washable for intimately wearable applications. 

 

Two samples failed in the knitted interconnect because of the mechanical activities in 

the washing test. Hence, the helical connection with the PDMS encapsulation is water 
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and chemical resistant as well as mechanical reliable [11].  

 

 

Fig.5.33 Relative change of electrical resistance in the washing test 

 

5.6 Summary 

This chapter describes a helical connection between the sensor electrodes and the knitted 

interconnect for stretchable applications. The helical structure allows the connection in 

the compliant PDMS and knitted substrate to remain its electrical integrity when the 

connection is stretched or three-dimensional punched. The geometrical change of the 

helical connection has been observed during the stretching process, which is helpful for 

understanding mechanical movement of the connection. Also, compared with the 

conventional connecting method, including bonding and soldering, helical connection is 

more suitable for long time and repeated stretchable applications.   
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CHAPTER 6 PACKAGING OF FABRIC SENSING NETWORK 

 

6.1 Introduction 

Previous chapters describe packaging of single stretchable electronic components, 

including the fabric strain sensor, knitted interconnect, as well as helical connection. 

This chapter integrates such specific components into a fabric sensing network, in which 

distributed strain sensors are physically linked by knitted interconnects in a manner 

through helical connections.  

 

This chapter starts with a general flow chart of packaging fabric sensing networks for 

flexible and stretchable applications. Next, detailed fabrication technology, calibration, 

variation control, as well as electro-mechanical behavior are discussed in packaging a 

fabric sensing network with an “Eight Diagrams” pattern.  

 

6.2 Flow chart 

Fig.6.1 proposes a typical flow chart for packaging fabric sensing network with a certain 

pattern. It begins with a parallel processing, where fabric sensors and knitted 

interconnects are packaged simultaneously. Despite the fact that sensing network 

consists of at least several sensors connected by the interconnects, it is of great 

importance to guarantee the electro-mechanical function of every single sensor and 

interconnect by geometrical or mechanical design, qualified fabrication, as well as 

characterization, which have been systematically investigated in Chapter 3 and Chapter 

4. This chapter emphasizes the packaging of “at least several” fabric sensors and 

interconnect “route”, which will be discussed in following sections. Then, the several 

packaged fabric sensors with required specifications are placed on different locations of 

the knitted substrates integrated with a certain interconnect route. Finally, the sensor 

electrodes are electrically and mechanically connected to the knitted interconnects, 

transmitting electrical signals to outer circuits.  
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Fig.6.1 Flow chart for packaging of fabric sensing network 

 

6.3 Packaging of fabric sensing network with “Eight Diagram” pattern 

Take an example of an “Eight Diagram” pattern, Fig.6.2 illustrates a schematic process 

flow for packaging of fabric sensing network composed of eight distributed sensors on 

the knitted substrate. First, insulated SCNY-based knitted interconnects with a proposed 

route were realized through intarsia pattern by a computerized flat-bed knitting machine 

(a); next, eight fabric strain sensors, with required specifications, such as initial 

electrical resistance and sensitivity, were sewn, in a manner, on the front side of the 

knitted substrate by a sewing machine (b); then, the total 16 sensor electrodes went 

through the “vias” (holes of the knitted substrate) and were connected to the knitted 

interconnects on the back side with a helical geometry and subsequent semi-spherical 

compliant encapsulation (c).   
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(a) Interconnect route was realized by a computerized flat-bed knitting machine 

 

 

(b) Sensors were sewn to different positions on the front side of the knitted substrate 
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(c) Sensor electrodes were connected to the knitted interconnects 

Fig.6.2 Procedures for packaging of fabric sensing network with “Eight Diagrams” 

pattern (1-Knitted substrate; 2-Conductive wire; 3-Sensor; 4-Connection) 

 

6.3.1 Fabric strain sensor 

6.3.1.1 Variation of sensors 

Chapter 3 describes the detailed procedures for packaging a single fabric strain sensor. 

To obtain at least several sensors with same electro-mechanical behaviors (named 

“sensor group”), with respect to electrical resistance and sensitivity, it is necessary to 

understand the variation of the electrical resistance and sensitivity in the sensor group. 

 

At a preliminary study, total 96 fabric strain sensors were packaged from three pieces of 

randomly selected conductive fabrics created by printing technology in our laboratory. 

As shown in Fig.6.3, every piece of conductive fabric was divided into 32 sensing 

elements with a dimension of 8mm×11mm×0.5mm. The electrical resistance was traced 

from fabric sensing elements to packaged strain sensors. As summarized in Fig.6.4, the 

relative standard deviation (RSD) of the electrical resistance was 9.32% for the total 96 

sensing elements, 12.70% after sewing SCNY electrodes (70D×2) into the sensing 

elements with a distance of 11mm between two electrodes, and 15.88% for the final 
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packaged sensor. Sensitivity of the packaged sensor was 27.83% calculated by 0/R R




. 

 

 

Fig.6.3 One piece of conductive fabric composed of 32 sensing elements 
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Fig.6.4 Relative standard deviation in some procedures for the fabric sensors 

 

6.3.1.2 Sensor group 

To reduce variation of the packaged sensors in electrical resistance and sensitivity, the 

conductive fabrics were achieved by a commercialized screen printing machine with 

high accuracy and the SCNY electrodes were sewn into the sensing elements through a 

double-needle sewing machine, improving the accuracy of the distance between two 

electrodes. With optimized procedures, another set of packaged sensors were obtained 

from AdvanPro Limited, Hong Kong. The electrical resistance and sensitivity of the 

total 82 packaged sensors are presented in Fig.6.5. The resistance varied from 3.0kΩ to 

6.1kΩ with an average of 3.76kΩ and RSD of 14.06%. The average sensitivity is 1.78 

with RSD of 11.25%. To acquire the packaged sensor group with small variations in 

electrical resistance and sensitivity, sample 2 was removed off due to its high electrical 

resistance; sample 11 and 55 were removed off owing to their lower sensitivity.  
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Fig.6.5 Electrical resistance and sensitivity of 82 packaged sensors 

 

The remaining 79 samples were divided into two sensor groups by the electrical 

resistance at 4.6kΩ (Fig.6.6). There were 71 sensors in group 1 with an average 

electrical resistance of 3.61kΩ (RSD: 7.74%) and an average sensitivity of 1.79 (RSD: 

7.23%). The other 8 sensors were in group 2 with a mean electrical resistance of 4.84kΩ 

(RSD: 3.70%) and a mean sensitivity of 1.86 (RSD: 8.95%). To package a fabric sensing 

network with an “Eight Diagrams” pattern, 8 packaged sensors were selected either 

from group 1 or group 2 with an identical electro-mechanical behavior with respect to 

electrical resistance and sensitivity. Thus, the sensors in one group could be calibrated 

with the same electro-mechanical property. As shown in Fig.6.7, the flexible sensor in 

one group could be calibrated by a linear relationship with a tensile speed of 60mm/min.   
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(a) Group 1: electrical resistance is below 4.6kΩ 

 

 

(b) Group 2: electrical resistance is above 4.6kΩ 
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Fig.6.6 79 sensors divided into two groups 

 

 

Fig.6.7 One typical electro-mechanical behavior of a sensor group 

 

6.3.2 Knitted stretchable interconnect route 

6.3.2.1 Wire routing 

Based on the location of each fabric sensor on the knitted substrate, a simple routing was 

proposed for the knitted interconnects, properly linking the placed fabric sensors. As 

shown in Fig.6.8, two coarse multi-conductive wires “G1 and G2” were used as ground 

lines for sensors “1, 2, 3” and “5, 6, 7”, respectively. Signal lines “1, 2, 3, 5, 6, 7” were 

connected to the other electrode of those sensors. For sensors “4 and 8”, electrical 

currents were transmitted to outer circuits by two separate signal lines, respectively.  

Such interconnect routes could be realized by an intarsia pattern in the computerized 

flatbed knitting machine with gauge factor of 14 and 2×8 teams of yarn feeders.  
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Fig.6.8 Proposed wire routing for an “eight diagrams” pattern 

 

6.3.2.2 Electro-mechanical behavior of the turning point 

Observed from the schematics of the wire routing pattern in Fig.6.8, signal lines “2 and 

6” turned their directions from horizontal (or course) to vertical (or wale) directions 

without a via or electrical connection like woven interconnects. To investigate the 

deformability of the knitted interconnect near the turning point, a three-dimensional 

ball-punch test method for textile fabrics was adopted, too, as described in Chapter 4. A 

specimen was securely fastened in the ring clamp without tension. The insulated SCNY 

electrode (100D×3), wrapped by non-conductive polyester multifilament, with turning 

point was connected to a digital multimeter interfaced with a personal computer. The 

electrical resistance was recorded simultaneously when the specimen was three-

dimensionally deformed by an Instron Universal Material Tester with the ball-punch 

attachment. Several samples were punched three-dimensionally to 160% average strain 

of the knitted substrate at a speed of 60mm/min. Fig.6.9 shows the punching behavior of 

the insulated SCNY- knitted interconnects with turning points. The resistance increased 
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from ~35.47Ω to 35.65Ω by 0.51% with 160% average membrane strain, suggesting 

electrical resistance at the turning period of the knitted interconnect is also stable with 

applied strain. 

  

 

Fig.6.9 Punching behavior of the insulated SCNY- knitted interconnects at the turning 

points 

 

6.3.3 Sensor placement 

The selected 8 sensors from sensor groups were sewn onto different positions of the 

knitted substrate integrated with an interconnect route. The packaged sensors with the 

conductive side were toward the front side of the knitted substrate. Observed from the 

“Eight Diagrams” pattern in Fig.6.8, the packaged sensors were placed in 0-degree 

(course), 45-degree (or 135-degree), as well as 90-degree (wale) directions.   

 

To investigate the electro-mechanical behavior of the fabric sensor before and after 
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placement on the knitted substrate, tensile experiments were conducted. As shown in 

Fig.6.10, the packaged sensor with an effective size of 10mm×10mm were sewn on the 

knitted substrate with a size of 40mm×40mm in both course and wale directions (a). 

Then, the samples were fixed to the clamps of Instron Material Tester. The gauge length 

was 50mm. The tensile speed was 60mm/min. Fig.6.11 presents one typical result of the 

packaged sensor placed on the knitted substrate in the wale direction (a), same to the 

stretching direction of the fabric sensor and in the course direction (b), perpendicular to 

the stretching direction of the fabric sensor. The curves, representing the electro-

mechanical behavior of the packaged sensor before and after placement, respectively, 

exactly overlapped with each other. Thus, it suggested the electro-mechanical behavior 

of the packaged sensor was not affected by the knitted substrate, which can be explained 

by their mechanical properties shown in Fig.6.12. The stable electrical property was 

attributed to the lower elastic modulus of the knitted substrate (~0.04MPa) in both wale 

and course directions than that of the packaged sensor (0.6MPa).  

 

             

               (a) Schematic diagram                          (b) Experimental setup 

Fig.6.10 Tensile test for fabric sensors before and after being sewn on knitted substrates 
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(a) Same directions 

 

 

(b) Different directions 
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Fig.6.11 Electro-mechanical behavior of the fabric sensor before and after placement 

 

 

Fig.6.12 Mechanical properties of the packaged sensor and the knitted substrate 

 

6.3.4 Helical connection 

The 16 sensor electrodes went through the gaps between the loops and were electrically 

and mechanically connected to the knitted interconnects on the back side of the substrate 

with a helical connection, as described in Chapter 5.  

 

The electro-mechanical behavior of the fabric sensor was also investigated before and 

after helically connected to the knitted interconnect. Fig.6.13 presents a typical result. 

The two curves, representing relative change of the electrical resistance and strain 

relationship of the fabric sensor before and after helical connection, matched each other 

exactly, demonstrating that the electro-mechanical behavior of the fabric sensor was 

stable in the whole packaging process for the fabric sensing network. 
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Fig.6.13 Electro-mechanical behavior of the fabric sensor before and after connection 

 

6.3.5 Connection to outer circuits 

To connect the fabric sensing network to outer circuits, a bonding method was used to 

fix the edge regions with a woven fabric, similar to the flexible sensor packaging in the 

integrated region. The electro-mechanical behavior, in Fig.6.14, shows that the failure 

was from the knitted interconnect near the encapsulated region, not from the adhesive 

fracture. Thus, it was effective to stiffen the edged areas to outer circuits. With this 

principle, the corresponding metal pattern could be generated to connect the traditional 

connectors. One example was demonstrated in Fig.6.15. Two interposers with a bundle 

of wires have been drawn from two ends of the fabric sensing network.  
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(a) Electro-mechanical property 

 

 

(b) Mechanical failure at the interface areas 

Fig.6.14 Connection to outer circuits 
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Fig.6.15 Interposers of the fabric sensing network 

 

6.4 Summary 

This chapter describes a novel packaging technology for a fabric sensing network with 

an exampled “Eight Diagrams” pattern. Eight sensors, selected from a sensor group with 

identical electro-mechanical behaviors, were sewn onto pre-determined positions of the 

knitted substrate. Then, the sensor electrodes were physically linked by the knitted 

interconnects on the other side of the knitted substrate. The electro-mechanical 

behaviors of the fabric sensors were investigated during the packaging processes, 

concluding that the electro-mechanical property of the fabric sensor was stable from the 

single sensor to the fabric sensing network. 
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CHAPTER 7 PROTOTYPES OF FABRIC SENSING NETWORK IN 

IN-SITU BALLISTIC IMPACT MEASUREMENT 

 

7.1 Introduction 

The packaged fabric-based sensitive network is highly flexible, stretchable, drapable in 

a two-curvilinear fashion, as well as durable so that it can be used in the applications 

where large deformation occurs within a fraction of mili-second. To investigate the 

reliability of the fabric sensing network and to further optimize the packaging 

technology in such applications, three versions of different prototypes were designed 

and fabricated, then tested in in-situ ballistic impact measurements. 

 

This chapter starts with a preliminary version of prototypes for the in-situ ballistic 

impact measurement, followed by modified versions with certain advancements in both 

packaging approach and reliability performance, which is defined as “no electrical 

failure in the in-situ ballistic impact measurement” in this chapter. 

 

7.2 1
st
 version 

7.2.1 Sample preparation 

To investigate the feasibility of the fabric sensing network in an in-situ impact 

measurement, two preliminary prototypes were designed, fabricated and investigated. As 

schematically shown in Fig.7.1, two types of fabric sensing network were firstly made 

by physically connecting a group of distributed sensors, in either a square arrangement 

(a) or a four-triangular pattern (b) through different knitted interconnect routes, 

respectively. In those prototypes, the conductive sides for all the sensors (with an 

effective size of 10mm×10mm) were towards the front side of the knitted substrate; the 

initial resistance is 11.83 (±0.53) kΩ. The interconnect routes were realized by 

integrating two ECWs (core diameter: 50µm) into the knitted substrate by an intarsia 

pattern. The sensor electrodes were connected to the ECWs by “soldering and 
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subsequent encapsulation” approach.  

 

Then, two ends of each sensor in the fabric sensing network (size of each end: 

10mm×10mm) were adhered onto a sheet of base material (anti-impact Kevlar or 

UHMWPE) with a pre-tension of 20% in length for the largely deformed impact 

measurement. Fig.7.2 presents the back sides of one prototype integrated into the base 

material, UHMWPE, with a group of four sensors in a square arrangement (a) and 

another prototype integrated into the base material, Kevlar, with a group of twelve 

sensors in a four-triangular pattern (b).  

 

     

(a) A square arrangement                            (b) Four-triangular pattern 

Fig.7.1 Schematic diagram of two types of fabric sensing network 

 

      

          (a) Integrated into UHMWPE                         (b) Integrated into Kevlar 

Fig.7.2 First version of prototypes for the impact measurement 
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7.2.2 Ballistic impact test 

The primary specifications for the ballistic impact test are listed in Table 7.1. The impact 

test was conducted at a mean temperature of ~23℃ . The base material, integrated with 

the fabric sensing network, was firstly plugged into different sheets of the corresponding 

materials. Then, all the sheets were tied on the surface of a foundation, say clay, with 

marked locations of the sensors on the front ply, as shown in Fig.7.3 (a). Next, the 

knitted interconnect route were connected to a data acquisition equipment (DEWE-2600, 

S/N28110201) (b). Finally, a rigid object (diameter: 7.62mm, weight: ~4.7g) was 

impacted into the foundation clay. The impact velocity was 295-305m/s. In the impact 

process, the electrical resistance of the sensors was recorded by the data acquisition 

equipment with a sampling rate of 100kHz. 

 

        

             (a) Kevlar sheets on clay                      (b) Data acquisition equipment 

Fig.7.3 Experimental setup in the impact measurement 

 

Table 7.1 Specifications for the ballistic impact test 

Place 
Ballistic Research Laboratory, School of Power Engineering, 

Nanjing University of Science and Technology 

Materials and 

impact speed 

Plies: UHMWPE/Kevlar; Foundations: clay and gelatin; Gun and 

bullet: Type-77/316/handgun, Type-64/7.62mm/handgun common 
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cartridges; Impact speed: 295-305m/s) 

Procedures 

1. Fix a single ply of UMMWPE/Kevlar integrated with the 

evaluation system into the multi-plies of ballistic material; 

2. Mark the locations of sensors on the front ply; 

3. Set up the foundation material on a table; 

4. Tie the multi-plies of ballistic material onto the surface of 

foundation material with transparent adhesive tape; 

5. Connect wires with the fabric circuit and data acquisition 

equipment; 

6. Establish and debug the high-speed digital video recorder; 

7. Take a bullet shooting, while strains being measured and impact 

process being videoed; 

8. Record the point of bullet impact, investigate the damage of 

ballistic material, and measure the deformation of foundation. 

 

7.2.3 Results and discussion 

After the impact test, average four plies in the front of the base sheets were penetrated at 

the impact points, as illustrated in Fig.7.4a. Also, an indentation cave was produced on 

the clay around the impact point (Fig.7.4b). The diameter was 51 (±9.1)mm; the depth 

was 18 (±6.8)mm, demonstrating the fabric sensing network was largely and three-

dimensionally deformed (such as stretching, bending, as well as compression) in the 

impact measurement.  
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(a)                                                                        (b) 

Fig.7.4 Impact points (a) and indentation cave (b) 

 

7.2.3.1 Electro-mechanical behavior 

Due to large three-dimensional deformation, the measured results of the sensor 

resistance were combinations of in-plane tension and out-of-plane pressure. Fig.7.5 

depicts a representative result for the fabric sensing network integrated into UHMWPE 

material, with a group of four sensors in a square arrangement, which was plugged into 

40 sheets of the base materials, with 36 sheets in the front and 4 sheets at the back. 

When the impact point was near the location of sensor 1, the resistance change ratio was 

the largest for sensor 1, while the signals of the other three sensors made a slower and 

smaller change (a); when the impact point was around sensor 4, the resistance of sensor 

4 increased firstly and dramatically, while the electrical response of the other three 

sensors were inconspicuous (b); similarly, the signal of sensor 3 was considerable with 

the impact point near its position (c). Such results agreed well with the relative location 

of impact points and the sensors. When the base materials were impacted, stress wave 

propagated from the impact point to surrounding regions, and energy was dissipated to 

some extent in the propagation process. Thus, the sensor in the network closer to the 

impact point underwent larger strain with earlier onset of resistance change. In addition, 

it was found that the time period of resistance rising part was about 0.3-0.4ms, which 

was an indication of the impact duration in the UHMWPE materials. 
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(a) Impact point near the location of sensor 1 
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(b) Impact point near the location of sensor 4 

 

 

(c) Impact point near the location of sensor 3 

Fig.7.5 Resistance change ratio of the four-sensor group in the impact measurement 

 

Fig.7.6 shows another typical result for the fabric sensing network integrated into Kevlar 

materials, with a group of twelve sensors in the four-triangular pattern, which was 

plugged into 24 plies of the base materials, with 20 plies in the front and 4 plies at the 

back. Firstly, the phenomenon that “the sensors closer to the impact point undergo larger 

strain with earlier onset of resistance change” was observed. Importantly, some sensors 

near the impact points electrically failed, such as sensor 9 with the impact point at the 

location of sensors “7, 8 and 9” (a), sensor 6 with the impact point at sensors “4, 5, and 

6” (b), as well as sensors 1, 2, 3, and even 7 with the impact point around sensors “1, 2, 

and 3” (c). Such electrical failure occurs when there are fewer plies of the base materials 

and the impact point is closer to the sensor, which correlates to larger deformation and 

greater pressure onto the sensing network. In addition, the time period of resistance 

rising part was about 0.4ms, which was an indication of the impact duration in the 
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Kevlar materials. 

 

 

(a) Impact point near sensors “7, 8, and 9” 
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(b) Impact point near sensors “4, 5, and 6” 
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(c) Impact point near sensors “1, 2, and 3” 

Fig.7.6 Resistance change ratio of the 12-sensor group in the impact measurement 

 

7.2.3.2 Failure analysis 

In the 1
st
 version of prototypes, total 40 sensors were integrated in the fabric sensing 

network prototypes. In the impact measurement, 9 sensors electrically failed in the 

conditions of less plies of the base materials in the front and the impact points near their 

locations. In the fabric sensing network, the 9 sensors were physically linked by 18 two-

ECW- interconnects through 18 “soldering and subsequent encapsulation” connections. 

The transmission of the electrical current was investigated by means of measuring the 

electrical resistance “from outer circuits (A1/2) to one end of ECWs (B1/2)”, “from one 

end of ECWs (B1/2) to the other end of ECWs (C1/2)”, “from the other end of the ECWs 

(C1/2) to one sensor electrode (D1/2)”, as well as “from one sensor electrode (D1) to the 

other sensor electrode” (D2) (or sensor itself), as shown in Fig.7.7. It was found that the 

electrical current discontinued from the ECWs (C1/2) to the sensor electrode (D1/2), 

suggesting the “soldering and subsequent encapsulation” connection failed when the 
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base materials were less and the impact points were near their positions. Thus, it 

concluded that the conventional soldering connection may not suitable in largely 

deformed applications.  

 

 

Fig.7.7 One example sensor in the fabric sensing network 

 

7.3 2
nd

 version 

In the first trial, the fabrication process and overall performance of the fabric sensing 

network were proved to be workable in the ballistic impact measurement. However, 

there still existed several problems: (1) the measured results of sensor resistance were 

combinations of in-plane tension and large out-of-plane pressure; (2) some of the 

soldering connections between sensor electrodes and knitted interconnects failed in the 

conditions of large pressure or strain; (3) The original 20% pre-tension of the sensor was 

released to some extent due to the local wrinkling of the base materials. 

 

In the second version, some corresponding revisions were made. (1) Two layers of fabric 

sensing network were integrated into one base material: the 1
st
 layer, with sensing 

elements, was adhered on the base material with a pre-tension of 20%, measuring the 

combined in-plane tension and out-of-plane pressure; the 2
nd

 layer, with compensation 

elements, contacted with clay, merely measuring the effect of out-of-plane pressure. 

Thus, the effect of out-of-plane pressure on the sensor would be decoupled, by 

elimination of the effect or compensation in the measurement. The detailed method is 

shown in Appendix 2, (conducted by Dr. Zhu Bo and Ms. Wang Yanming). (2) Helical 
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connection without soldering was developed between sensor electrodes and knitted 

interconnects, making the connected area largely stretchable. (3) A rigid embroidery 

frame was employed to maintain the pre-tension of the sensors by localized flattening of 

the base material. 

 

7.3.1 Sample preparation 

The fabric sensing network, composed of sensing elements (5mm×5mm) and 

compensation elements (5mm×10mm), respectively, in the eight-diagram pattern, was 

firstly created. As shown in Fig.7.8, the compensation element, differently from the 

sensing elements, could not be stretched due to an entire layer of woven fabric on the 

back side of the fabric sensor. All the sensor electrodes were helically connected to the 

SCNY electrodes, wrapped by non-conductive polyester filaments, in the interconnect 

route. Next, the 1
st
 layer, consisting of sensing elements, was integrated to the base 

material by adhering two ends (size of one end: 5mm×5mm) of the pre-stretched sensors 

on the base material. Then, the 2
nd

 layer, with compensation elements, was integrated 

into the prototype by adhering one end (size: 5mm×5mm) of the compensation element 

on an insulated elastic film, which was plugged between two layers to prevent possible 

circuit short. As illustrated in Fig.7.9, a four-layer prototype included the base material, 

the 1
st
 layer with sensing elements, the insulated elastic film, as well as the 2

nd
 layer 

with compensation elements. Finally, the four-layer prototype was fixed by an 

embroidery frame with the purpose of maintaining the pre-tension of the sensing 

elements, as shown in Fig.7.10.  
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Fig.7.8 Two layers of fabric sensing network 

 

 

Fig.7.9 Schematic diagram of the four-layer prototype 
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Fig.7.10 Second version of the prototype in the impact measurement 

 

7.3.2 Ballistic impact test 

For all the samples, the single ply of the base material, integrated with two layers of 

fabric sensing networks, was firstly placed behind 28 sheets of base materials. Then, all 

the sheets were fixed on the surface of the clay foundation with the marked locations of 

the elements on the front ply. The measurement was conducted at the same conditions 

with the first trial. 

     

7.3.3 Results and discussion 

7.3.3.1 Electro-mechanical behavior 

The resistance change ratio of the sensors and compensation elements in each sample 

are plotted, respectively, in Fig.7.11. The phenomenon that “the sensors closer to the 

impact point undergo larger strain with earlier onset of resistance change” was observed, 

too, in both two layers of fabric sensing network, which have been explained well in the 

first trial. However, the resistance signal of elements 4 and 8 in both two layers had 

sudden jump or drop during the impact process, which was considered as another kind 

of electrical failure. 
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(a) Resistance change ratio of the sensing elements 

 

 

(b) Resistance change of the compensation elements 
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Fig.7.11 Resistance change ratio of the sensing elements and compensation elements 

 

Fig.7.12 depicts the electrical signals of some sensing elements and compensation 

elements with impact points in the same positions. It was observed that the resistance 

change of the sensing element was larger than that of corresponding compensation 

element. Thus, the effect of out-of-plane pressure on the sensor could be decoupled by 

eliminating the effect in the measurement. Also, the sensing elements went through an 

easier onset of electrical change than compensation elements due to the different 

distance caused by the thickness between the 1
st
 layer and 2

nd
 layer.  

 

 

Fig.7.12 Electrical signals of the sensing elements and compensation elements in the 

same position 

 

7.3.3.2 Failure analysis 

In the 2
nd

 impact measurement, the electrical signals of all the sensors and compensation 

elements did not break as the first trial. Electrical measurement was conducted into 

every element in the fabric network, no electrical break was observed, suggesting helical 
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connection can be largely deformed (including stretching, compression, as well as 

bending).   

 

However, the resistance signal of sensors 4 and 8 in some samples had sudden jump or 

drop, which was consider as another electrical failure. As schematically depicted in 

Fig.7.8, there were overlaps in the positions between the SCNY- interconnects and the 

sensors 4 or 8. Since SCNYs, wrapped by non-conductive polyester filaments, were not 

completely insulated around its surface, large pressure induced in the impact 

measurement penetrated the encapsulated layer of the sensors, making a short circuit 

with the SCNYs.  

 

7.4 3
rd

 version 

In the second impact measurement, there existed two problems. (1) Short circuits 

occurred between the sensor elements and the SCNY- interconnects in the knitted 

substrate. (2) It produced a mismatch in the position of the sensing element and its 

corresponding compensation element due to complicated packaging process, reducing 

accuracy in the measurement, although there was difference in electrical signals between 

the sensing element and compensation element. 

 

Thus, the 3
rd

 version of prototypes was revised. (1) The non-conductive side of the 

sensor was toward the front side of the knitted substrate to avoid short circuit; (2) The 

sensing element and its corresponding compensation element were integrated into the 

same layer of fabric sensing network with an optimized pattern. (3) A pressure sensitive 

film (Pressurex pressure film, from Sensor Products Inc.) was involved for an accurate 

measurement in the indentation boundary. 

 

7.4.1 Sample preparation 

As illustrated in Fig.7.13, a simplified fabric sensing network, consisting of five sensing 

elements (5mm×5mm), measuring the combined in-plane tension and out-of-plane 

pressure, and three compensation elements (5mm×10mm), measuring the effect of out-
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of-plane pressure, was firstly created. Next, the sensing layer was integrated into the 

base material by adhering two ends (size of one end: 5mm×10mm) of the elements on 

the base materials. Then, the pressure sensitive film was adhered on the back side of the 

knitted substrate. Fig.7.14 presents the three-layer prototype. Finally, the 3
rd

 version of 

prototypes was fixed into the embroidery frame, as shown in Fig.7.15.  

 

 

Fig.7.13 Schematic diagram of the revised fabric sensing network 
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7.14 Schematic diagram of the 3
rd

 version of the prototype 

 

 

(a) Front side 
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(b) Back side 

Fig.7.15 The 3
rd

 version of the prototype 

 

7.4.2 Ballistic impact test 

The temperature for the 3
rd

 ballistic impact test is 5-8℃ . The others were same to those 

for the 2
nd

 test.  

 

7.4.3 Results and discussion 

After the impact measurement, a contour profile (in Fig.7.16) was produced on the 

pressure sensitive film, which was helpful to improve the accuracy of the indentation 

boundary on the clay foundation.  
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Fig.7.16 Pressure sensitive film after the impact measurement 

 

There was no electrical failure in the total 40 elements in the 3
rd

 version of prototypes. 

Fig.7.17 plots a typical resistance change ratio of the sensor and compensation elements 

in one sample.  

  

 



   Chapter 7 

 

262 
 

Fig.7.17 Resistance change ratio of the sensor and compensation elements 

 

7.5 Summary 

To investigate the reliability of the fabric sensing network in largely deformed 

applications, three versions of prototypes have been investigated for in-situ ballistic 

impact measurement, where exist complicated three-dimensional deformation modes, 

such as bending, stretching, shearing, as well as compression. The results demonstrate (1) 

possible application of the packaged sensor in the high-speed impact measurement and 

(2) reliability of the stretchable knitted interconnects and helical connections in those 

high speed impact applications.  
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK 

 

8.1 Conclusions 

To enable electronics intimately wearable on curvilinear human bodies with various 

gesture and motion, it requires electronic devices to be breathable, foldable, elastic, 

reliable, and durable. This project has conducted a systematical investigation into the 

packaging of a highly sensitive network with flexible sensors and stretchable 

interconnects integrated on a permeable, elastic, thin, and lightweight knitted substrate. 

The fabric sensing network has been packaged by physically linking distributed fabric 

sensors with stretchable knitted interconnects in a manner through helical connections. 

The individual flexible sensors, knitted interconnects, and helical connections have been 

comprehensively studied with respect to packaging design, fabrication technology, as 

well as electro-mechanical performance. Major achievements and conclusions are 

summarized as follows: 

 

(1) A flexible sensor has been packaged by sewing multi-plied conductive yarns as 

bottom threads into a fabric sensing element, where a geometrical match is established 

and mechanically fastened. To protect the packaged sensor from external (chemical) 

attack and mechanical stress in large and repeated deformations, a thin layer of silicone 

elastomer has been encapsulated on the sensitive area where stretchability is necessary 

and a non-elastic woven fabric has been bonded around the connected regions in which 

mechanical stability is required. The packaged sensor is completely flexible (Young’s 

modulus: 0.68MPa), with the capability of being compressed up to 2.5MPa pressure and 

(being) stretched up to 60% strain with more than 100,000 cycles. The ECR of the 

packaged sensor in its integrated region, with an initial value of ~300Ω, remains 

constant (with a variation of ~2%) when it is compressed by the out-of-plane pressure 

(2.5MPa) and in-plane strain (60%). Reliability of the packaged sensor is also discussed 

from the factors such as environmental, mechanical and fabrication conditions. 
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(2) Knitted interconnects have been developed by integrating fine conductive wires into 

knitted structure with three-dimensional loop configurations. The electro-mechanical 

behavior is investigated and optimized by relevant parameters, such as diameters of the 

conductive wires, amount of elastic filaments, and Young’s modulus of the textile yarns, 

in both experimental and theoretical analysis. The optimized knitted interconnect is 

capable of maintaining electrical integrity until being stretched beyond 300% strain in a 

tensile test and beyond an average elongation of 200% in a three-dimensional punching 

test. The average fatigue life of the optimized knitted interconnect is 1787 cycles at 

160% membrane strain in the three-dimensional punching measurement. It is the best 

result in the stretchability and fatigue life of stretchable electronics, to our knowledge. 

More distinctively, the knitted interconnect is porous and washable. Thus, the extreme 

flexibility (<1MPa), stretchability (>200% in a three-dimensional punching test) with 

electrical integrity (a variation in its resistance: <<1%), bio-compatible micro-structure 

with human skins, make fabric sensing network intimately wearable on soft, curvilinear 

and movable human bodies. 

 

(3) Instead of stiffening the connection, a helical structure plus compliant encapsulation 

enables the connection from the sensor to the knitted interconnect electrically integral 

while being stretched beyond 300% strain or three-dimensionally punched with 200% 

average membrane strain. The geometrical change of the helical connection has been 

optically observed during the stretching process, demonstrating total length of the 

helical connection does not change due to parameter adjustments, such as in-plane 

radius, radius angle, as well as pitch between two adjacent loops. Average fatigue life of 

the helical connection has been investigated and compared with those of knitted 

stretchable interconnect and the conventional soldering connection, suggesting helical 

connection is promising for stretchable electronics in terms of maximum stretchability 

and repeatability. Additionally, the helical connection is washable, too. 

 

(4) The packaging strategy for a fabric sensing network has been proposed. First, 

individual flexible sensors, knitted interconnects, and helical connections are fabricated; 

then, flexible sensor groups with identical electro-mechanical specifications are 
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mechanically and electrically connected by knitted interconnects through helical 

connections. The variation control in the sensor packaging and no variation in the 

knitted interconnects and helical connections will boost the fabric sensing network to 

commercialization. Such simple, reliable and effective combined methodology could 

apply to any type of flexible and stretchable electronic components.  

 

(5) The packaged fabric sensing network, in which distributed sensors are connected by 

knitted interconnect routes through helical connections, is highly sensitive, flexible, 

stretchable, drape-able in two-curvilinear fashion as well as durable so that it can be 

used in the applications where large deformation occurs within a fraction of mini-second. 

To further optimize the packaging technology and to investigate reliability of the fabric 

sensing network in such applications, three versions of prototypes have been designed 

and fabricated, then be tested in in-situ ballistic impact measurements. The results 

demonstrate (1) possible application of the packaged sensor in the high-speed impact 

measurement and (2) reliability of the stretchable knitted interconnects and helical 

connections in those high-speed impact applications.  

 

(6) The fundamental study in “contact mechanism between knitted fabrics and multi-

plied conductive wires” demonstrates both surface geometry and roughness contribute to 

a reliable electrical contact. The other fundamental work about “rigid metal wire in a 

soft knitted fabric” proves that the local strain of the rigid metal wire could be reduced 

by compliant textile yarns with smaller Young’s modulus.     

 

8.2 Future works 

This thesis achieves a significant achievement in “stretchability and fatigue life” of the 

stretchable interconnect with helical connections by further reduction in the local strain 

of the conductive wires through interlaced integration with compliant knitted loops. The 

knitted interconnect with helical connection is flexible, stretchable, durable, porous, and 

washable with encapsulated electronics, making electronic devices intimately wearable 

on soft, elastic, and curved human bodies. Despite of significant advances in intimately 

wearable electronics, there need further investigations in the following aspects: 
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8.2.1 Optimized fabrication of helical connection 

The current helical connection from the flexible sensor to the knitted interconnect is 

large in size (~5mm×5mm) since it is made by hand. Though there is no variation in its 

electrical performance, the large size will reduce the density and capacity of the flexible 

and stretchable electronic system. The intensive labor will also hinder the 

commercialization of the helical connection. Thus, more efforts should be made to high-

density helical connections with an optimized fabrication. 

 

8.2.2 Strain gradient among components in flexible and stretchable electronic 

systems 

The present strategy for stretchable electronic system is combination of flexible and 

rigid components with different electrical and mechanical performance, such as the 

typical island-bridge combination. There are strain gradients between different 

electronic components when the integrated system is stretched. Although most of the 

strain is absorbed by the comparatively stretchable component, the induced strain in the 

rigid component is inevitable, responsible for its electrical response to mechanical strain, 

thereby affecting stretchability and fatigue life of the entire electronic system. Thus, 

further investigation into strain gradient is necessary to improve the whole stretchability 

of the integrated system.  

 

8.2.3 Surface characterization of the fabrics coated by conductive composites 

Printed conductive composites on textile substrates are most popular in present wearable 

electronics. However, it is difficult to electrically connect them to outer circuits since 

conductive composites cannot be soldered. A reliable electrical connection has been 

established by a geometrical and mechanical match between the electrode and the 

conductive fabric, demonstrating surface character of the fabrics coated by conductive 

composites is essential to a reliable electrical contact. Thus, a systematic investigation 

into the influence of the printed composites on textile surface will be meaningful for the 

advancement of electronic textiles. 
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8.2.4 Intimately wearable application on human bodies 

In the work, a prototype has been developed for an in-situ ballistic impact measurement, 

where there exist complicated three-dimensional deformation modes, such as bending, 

stretching, shearing, as well as compression. With the characteristics of the fabric 

sensitive network, which is flexible, porous, largely stretchable, reliable and durable, it 

is capable of opening many other applications, such as health monitoring and sports 

training, where large and repeated deformation is needed.  
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Appendix 1 Performance specifications for stretchable interconnects with different structures 

 

Structure Encapsulation Dimension R (Ω) 

Normalized resistance with 

strain 
Fatigue life with strain 

(R-R0)/R0×100 Strain Cycles 
(R-

R0)/R0×100(%) 
Strain  

Micro-crack pattern 

[4, 24] 

Bare 
Gold: 75nm-thick, 2mm-long, 50µ-wide 

PDMS: 1mm-thick 
121 1200% 80% 250000 300% 20% 

Encapsulated 
PPS: 10µm-thick  3000% 80%    

PDMS: 15µm-thick  400% 17%    

High-density micro-crack [44] Bare  
Gold: 50nm-thick, 2cm-long, 100µm-wide 

PDMS: 70µm-thick 
300 160% 2%  - - - 

Wavy metal pattern 

[17] 
Bare 

Gold: 20nm-thick, 3cm-long, 3mm-width 

PDMS: 1mm-thick, Pre-stretched strain: 25% 
316 24.7% 100%     

Horseshoe  

[46, 56, 28] 
 

Copper: 0.1mm-wide, angle: 45o, radius: 

0.35mm,  

PDMS: 1mm-thick 

5.58 2.1% 56% 2500  10% 

Net shaped [75]  
Gold: 50nm-thick, Unit: 4mm-long, 0.3-

0.5mm-wide 
  25% 2000 67% 20% 

Wavy ribbon 

[32] 
Bare 

GaAs: 270nm-thick, 100µm-wide, SiO2: 

28nm-thick  

Amplitude: 2.56µm, wavelength: 35µm  

  10%    

Popup pattern 

Inactive length: 400µm, active 

length:10µm, 

[10, 36] 

Bare 
GaAs: 0.3µm-thick, 100µm-wide 

PDMS: 4mm-thick 
  60%    

Encapsulated  PDMS   51.4%    

Non-coplanar mesh design  Bare Island: 0.05µm-thick, 236µm-long   59%    
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SiO2: E: 70GPa, v: 0.17 

PI: E: 2.5GPa v: 0.34 

Gold: E: 78GPa, v: 0.44 

PDMS: E: 1.8MPa v: 0.48 

[42, 45] 

PI: 1.2µm-thick,  

Gold: 0.15µm-thick, 460µm-long 

Encapsulated PDMS: E: 0.1MPa-1.8MPa   
55% (0.1MPa) 

49% (1.8MPa) 
   

Non-coplanar mesh with serpentine 

bridge [40] 
Bare Same to Non-coplanar mesh   140%    
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Appendix 2 Evidence for the decoupling approach 

 

Chapter 3 has presented that the packaged flexible sensor can be compressed and 

stretched. To eliminate the effect of the out-of-plane pressure on the sensor, a 

decoupling approach was used. Three samples (sample 2, 4, and 5) were compressed by 

an out-of-plane pressure (up to 2.5MPa) at different stretching strains (from 0% to 60%). 

The relative change of the resistance and pressure relationship is shown in Fig.A2.1. 

Here, the initial resistance was the resistance at initial stage of the applied pressure at 

different stretching strains. Then, the initial resistance was changed to the resistance of 

the sample without stretched or compressed. The obtained relative change of the 

resistance with pressure is plotted in Fig.A2.2. Considering the relative change values of 

the resistance at some critical pressure points with different strain, say, 2.5e5, 5.0e5, 

7.5e5, 1.0e6, 1.5e6, 2.0e6, and 2.5e6 (N/m
2
), each change in the resistance at these 

points could be deducted by the resistance change without being stretched. The deducted 

value was plotted, representing the relationship between relative changes of the 

resistance-strain relation of the sensor samples with different applied pressure.  The 

curves for every sample overlapped together, suggesting that the out-of-plane effect and 

in-plain strain could be decoupled.  
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(a) Sample 2 
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(b) Sample 4 
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(c) Sample 5 

Fig.A2.1 Relative change ratio of the resistance with out-of-plane pressure at different 

strain 
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(a) Sample 2 
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(b) Sample 4 
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(c) Sample 5 

Fig.A2.2 Relative change of resistance corresponding to the initial resistance without 

strain and pressure with applied pressure 
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(a) Sample 2 
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(b) Sample 4 

 



   Appendix 

 

275 
 

0 10 20 30 40 50 60
0

50

100

150

200

250

300

350

400

450
Sample 5

 Stress=0

 Stress=2.5E5

 Stress=5.0E5

 Stress=7.5E5

 Stress=1.0E6

 Stress=1.5E6

 Stress=2.0E6

 Stress=2.5E6

R
e

la
ti

v
e

 c
h

a
n

g
e

 o
f 

re
s

is
ta

n
c

e
(%

)

 

 

 (%)

 

(c) Sample 5 

Fig.A2.3 Relative change of the resistance-strain relation with different pressure 




