
ABSTRACT 

MCKNIGHT, MICHAEL D. Characterization and Optimization of Multi-Modal Sensing Fibers for Fully-

Textile Wearable Health Monitoring. (Under the direction of Dr. Alper Bozkurt). 

 

The large, unutilized surface area of conformal, body worn textiles provide a suitable 

substrate for integration of sensors for long-term, unobtrusive health monitoring. Many of the 

approaches to body-worn sensors for wireless health monitoring involve integration of printed or 

thin film sensors, or highly customized materials and textile substrates to enable sensing. 

Translation of these technologies into textile products has been challenging because they utilize 

specialized production methods, which are not easily incorporated using conventional textile 

production techniques. The production of sensing fibers which use more conventional textile 

materials and processes, combined with demonstrated sensor utility will help make next-

generation sensing textiles pervasive.  

We explore the development of a novel fiber geometry with a dumbbell cross-section to 

achieve multi-parameter sensing of normal pressure (or force), wetness, biopotentials (such as 

ECG/EMG), and strain which can be fabricated using conventional scalable textile production 

methods. When these fibers are integrated into a woven array of sensing fibers, each point where 

the sensing fibers cross over one another becomes a sensing point for spatial resolution of 

pressure and wetness. Additionally, each sensing fiber can be used independently to sense strain 

or biopotentials. All of the fiber sensing modalities investigated here employ impedimetric 

sensing techniques. The impedance response of individual fibers as well as crossover points, 

when subjected to different external forces are investigated experimentally. These fibers were 

produced using three methods including sequential extrusion printing, simultaneous co-

extrusion, and conventional textile melt extrusion. Melt extruded sensing fibers made from nylon 



materials provide a promising approach for scalable, mass production of sensors which closely 

match the size and mechanical behavior of common textile fibers.  

A multi-modal sensor array developed from commercially available materials was 

developed for spatial and temporal sensing of both pressure and wetness and demonstrated as a 

sensing insole for plantar pressure measurements. This approach enables production of low-cost 

sensing textiles which can be calibrated to provide relative pressure and wetness mapping. An 

alternative wetness mapping technique was developed for identifying wet portions of a fabric 

sensor using fewer measurements.  

The fiber arrays presented here are designed to be used in wearable on-body sensing 

applications, where they could enable spatial resolution of external pressures to detect events 

such as touch input and impact trauma. Additionally, the fabric is designed to sense the presence 

and location of small amounts of ionic body fluids such as blood, urine, or sweat. Strain 

measurements using these fibers could enable detection of breathing rates, while biopotential 

sensing fibers could be used to measure heart rate. When combined, the information available 

from a sensing fabric with hundreds or thousands of sensing fibers would enable new techniques 

for data-driven health diagnostics and remote monitoring. 
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CHAPTER 1: Introduction 

 

1.1 Fiber-based Sensing Textiles 

As the demand for long-term wearable health monitoring solutions has expanded in 

recent years, so has the desire to produce textile embedded systems, circuits, and sensors. The 

ubiquity of clothing combined with its low production cost make textiles an ideal platform for 

health monitoring. Textile integration of sensing systems can be approached from different levels 

within the textile hierarchy. The textile hierarchy consists of fabrics, yarns, fibers, and fibrils (in 

decreasing order of size), each of which can be imparted with electrical or chemical properties to 

enable sensing, actuation, and other functionality [1]. Commonly used textile production 

processes have been optimized for large scale production which are capable of producing textile 

fabrics or products that are highly customized for different applications.  

Textile-based integration of sensors and systems is not a novel idea. The development of 

textile based electronic systems using printing techniques and conductive threads/yarns have 

seen extensive applications in recent years [2,3]. Yarns and threads have been developed with 

very high conductivity (resistivities on the order of Ω’s/cm), which are able to be sewn using 

conventional sewing techniques directly from a thread bobbin. Conductive threads/yarns have 

even been incorporated into commercial products geared towards electronics hobbyists and 

education. Such sewn in sensors have been used to produce chemical sensors [4,5], large surface 

area biopotential electrodes [6], sewn in pressure electrodes, and transistors [7]. As a related part 

of this work, we have used conductive yarns and threads to produce an array-based multi-modal 

sensor prototype [8]. Though these solutions are useful demonstrations of sensor types that can 

be built directly into textiles, we aim to produce a new sensor toolkit which can be embedded 

directly into textile fabrics such that the systems it connects to may be customized for different 
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types of sensing without requiring customized sensor integration. Many textile designers may not 

have a priori knowledge of the end-user applications which their electronic clothing could be 

used for, so versatile multi-functional sensing fibers could enable rapid customization of fabric 

functionality. 

As more and more fibers are developed for sensing, energy harvesting [9–11], and 

actuation in textiles [12–14], multi-modal textile sensing is desired to improve sensor density. 

Multi-modal sensing fabrics may consist of multiple single mode sensors embedded into a fabric 

side-by-side, or of individual sensors capable of sensing more than one parameter. When 

integration of single-mode sensors is done, the textile area containing each sensor type is limited. 

Such textile systems are also typically highly customized, such that the available sensing modes 

and locations are fixed once the textile has been produced. Additionally, these systems are often 

limited in sensor density. By using a single sensor capable of multiple sensing modes, the fabric 

functionality can be controlled externally by operating the sensor for the desired mode. This 

approach enables greater sensing density across the surface of the fabric while providing spatial 

sensing information. Array-based textile pressure sensing has been frequently demonstrated as a 

means of providing a sensing surface for conformal high density sensing [15–17] 

The ubiquity of textiles means that many industries beyond healthcare could find utility 

in multi-modal sensing fabrics. Because textiles are generally conformal, they can be adhered to 

objects such as utility pipes to monitor for leaks and blunt impact, to automobile interiors to 

detect passenger weights[18], or embedded within packaging materials to monitor environmental 

exposure of packages. Within the scope of this project, we examine applications of multi-modal 

sensors in wearables and for on-body monitoring, as this is the application area targeted by most 

first generation smart textile systems. On-body monitoring can enable a variety of applications 
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ranging from remote monitoring of soldiers, to monitoring the elderly for incontinence[19] and 

bed sores, to improving comfort of prosthetic sockets. By embedding sensors alongside haptic 

devices for virtual or augmented reality environments, we could create virtual systems that 

respond not only to how a person moves, but to their heart rate and perspiration levels, thus 

producing more realistic simulations for first responder or military training.  

One of the major challenges to producing useful body-worn sensing systems is achieving 

electrical and mechanical integration of the sensors and systems with the surface of the body. 

This interface is particularly important for obtaining useful biopotential measurements from the 

body which require detection of electrical signals with amplitudes on the order of millivolts. The 

quality of the electrical connection between the electrode and the skin is quantified by the 

electrode-skin contact impedance [20,21]. This electrical impedance is often reduced by applying 

a highly conductive gel between the electrode and the skin (wet electrode) or by enlarging 

electrode surface area to ensure persistent skin to electrode contact (dry electrode). The skin’s 

surface is highly porous, curvilinear, elastic and irregular on the microscale, making sensor 

integration at the skin’s surface difficult. Many of the solutions for non-invasive long-term health 

monitors, have aimed to address this problem by constructing devices using materials that 

closely match the skin’s properties. Newly developed porous and elastic materials have been 

explored as sensing substrates which can adhere easily to the skin for days or weeks at a time 

[5,7]. Textiles can partially address this problem because textiles can be tailored to induce 

intimate skin contact at specific locations. 

With the 2017 release of the Levi’s Commuter Jacket, we saw the first major commercial 

wearable product containing embedded sensing fibers as an interface (Google’s Project Jacquard 

fibers). These fibers are limited in functionality as a touch-based input mechanism, but their 
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introduction into the market signals the coming push by technology companies to move sensing 

from the phone or wrist-worn devices directly into the clothes we are wearing. Additional 

commercial products incorporating textile fiber-based pressure sensors have included shoes and 

socks by companies like Sensoria, primarily geared towards athletes and fitness monitoring.  

Fiber-based solutions have been proposed for many different body-worn textile 

applications ranging from heart rate monitoring, to drug delivery [22][23], to on-body energy 

harvesting [11]. Creating sensors from fibers is advantageous because they can be easily 

integrated into textile production through sewing, weaving, or knitting techniques [24]. Fibers 

also often extend to the edge of a textile substrate, which provides a straightforward mechanism 

for connecting the fibers to interconnects and subsequently to external systems for control and 

data collection. Additionally, the most common weaving and knitting methods incorporate fibers 

into an array of rows and columns that traverse the fabric, producing regularly spaced patterns of 

sensors. A major disadvantage of many fiber sensing solutions is that they often require highly 

specialized materials, unconventional fabrication techniques, and only target a single sensing or 

actuation mechanism. The multi-modal sensing fibers proposed here would provide the 

advantages of reduced costs, facile production, and sensor customization, while simultaneously 

enabling multiple sensing modalities, and thus higher sensing density  

Alternative approaches to development of flexible multi-modal sensors have been nearly 

perfected. Flexible polymeric or thin-film sensors have been created which can simultaneously 

detect motion, hydration, and biopotentials, however, translating these concepts into textile 

fabrics is not trivial [7,25]. Such film-based sensors are often inhibited by their ability to provide 

the breathability and comfort that most wearable textiles are designed for. Also, scaling these 
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sensors to cover entire textile surfaces often requires using highly complex and expensive 

fabrication methods similar to those used in semiconductor fabrication.  

In certain applications such as healthcare or structural monitoring, it is desirable to have 

precise and accurate quantitative information from sensors, however, for certain consumer 

applications qualitative information may be suitable. In many instances, information about 

relative pressures, wetness, and strain is sufficient to provide novel insights when data is 

collected over long periods of time. Through this project, we aim to demonstrate both 

quantitative and qualitative sensing capabilities of multi-modal sensing fiber prototypes.  

1.2. Project Motivation/Objectives 

This research primarily explores the design, fabrication, optimization, integration and 

limitations of fully-textile multi-modal sensing systems. First, we evaluate silicone-based fibers 

for multi-modal sensing which can be produced using sequential extrusion printing or benchtop 

co-extrusion techniques. The four targeted sensing modalities explored using these fibers include 

pressure, wetness, biopotentials, and strain. Second, we analyze the impedance sensing 

characteristics of a woven array of these sensors, and its applications for on-body sensing. We 

then present an alternative multi-modal sensing mechanism which utilizes only commercially 

available textile materials to enable array-based multi-modal sensing of pressure and wetness via 

sensing seam-lines. This sensing system is demonstrated as a shoe insole sensor for plantar 

pressure mapping. Finally, we present the initial demonstration of melt extruded nylon sensing 

fibers for highly scalable, manufacturable multi-modal textile sensing. This research explores 

four main hypotheses regarding the fabrication and optimization of multi-modal sensing fibers as 

follows: 
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• Sensing fibers capable of multi-modal sensing of pressure, wetness, and 

biopotentials can be produced by optimizing the cross-section design of a bi-

component fiber. 

• Sensing fabrics made solely from sensing fibers enable spatial and temporal 

sensing of multiple parameters via impedimetric sensing. 

• Sensing textile seam-line arrays can enable array-based mapping of relative 

pressure and wetness. 

• Melt extruded fibers produced using conventional textile fiber production 

techniques enable scalable array-based multi-modal sensing. 

The primary goals of this work in order to validate the hypotheses are as follows: 

• Characterize the electro-mechanical response of sensing fiber cross-over points. 

• Characterize the piezoresistive response of individual sensing fibers. 

• Demonstrate simultaneous array-based normal pressure and strain sensing. 

• Characterize the impedimetric response of sensing fibers and sensing crossover 

points.  

• Determine the effects of sensing fiber cross-sectional geometries and fiber 

material properties on pressure sensing sensitivity, skin contact impedance, and 

wetness detection capabilities. 

• Demonstrate array-based insole pressure mapping using seam-line integration 

techniques. 

• Develop techniques for impedance characterization of melt extruded multi-modal 

sensing fibers. 
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1.3. Multi-modal Fiber Sensor Design 

By developing a fiber with a dumbbell shaped cross section, we hope to demonstrate four 

sensing modalities which can be enabled simultaneously using a single fiber design. As shown in 

Figure 1.1, fibers compressed against the skin could be utilized for biopotential recordings, fiber 

cross-over points could enable normal force (pressure) and wetness detection, and individual 

fibers could act as piezoresistive strain sensors. Because all of these sensor types employ 

impedance-based sensing methods, capacitive sensing from fibers that are also wet will likely not 

be functional, so textile integration methods can be utilized to enable selected fibers for different 

types of sensing. Additionally, the challenges to obtaining intimate skin-electrode contact for 

biopotential recordings could be partially mitigated using textile integration techniques which 

produce tight-fitting body worn textiles. All four of these sensing modes would enable spatial 

resolution of the parameters of interest when integrated into a multi-point sensing fabric as 

shown in Figure 1.2b. 

1.4. Targeted Sensing Mechanisms 

All fiber sensing modalities requiring two or more sensing fibers to enable sensing are 

referred to here as dependent sensing modes. Dependent sensing modes generally have the 

 
 

Figure 1.1: Pictorial representation of multi-modal sensing fiber cross-over point showing 

modalities for on-body wearable sensing. 

 

Conducting segment
Insulating Segment
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advantage that each point where two fibers cross over one another in an array can be used as a 

sensing point, thus enabling spatial sensing information across the surface of any textile 

containing multiple orthogonally oriented sensing fibers. Array-based fiber sensing has been 

demonstrated as an efficient way to enable high-density spatial sensing information from textile 

substrates. Sensing modalities that can be achieved using a single fiber are referred to as 

independent sensing modes. Independent sensing modes are often advantageous because they 

require fewer fibers for embedded textile sensing and can be designed to enable sensing along 

the entire length of the fiber.  

1.4.1 Pressure Sensing 

Pressure sensing using textiles has often been demonstrated using either piezoresistive 

[26] or capacitive techniques [15,27,28]. Pressure sensing within this project is achieved 

primarily via capacitive sensing mechanisms. To function as a capacitive pressure sensor, two 

fibers are required, such that one fiber crosses over the second fiber as shown in Figure 1.2a. In 

the dependent capacitive sensing mode, as one fiber is compressed normally against another 

fiber, the spacing between the two fibers decreases and the corresponding capacitance measured 

between the two fibers increases. In addition to the direct overlap capacitance generated at the 

crossover point, there is expected to be a substantial capacitive contribution from fringe 

capacitance due to the fiber length and the orthogonal orientation of overlapping fibers. The 

contribution of the direct overlap capacitance is expected to be approximated by the parallel plate 

capacitance as, 

𝐶 =
𝑘𝜀0𝐴

𝑑
, 

where, k is the relative permittivity of the material located between the plates, ε0 is the 

permittivity of free space, A is the area of the parallel plate capacitor, and d is the spacing 
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between the plates. The material utilized as the insulating material of the fibers may also 

contribute a significant additional capacitance if the dielectric constant of the material is 

significantly higher than that of air. The silicones and nylons utilized in the fibers for this 

research, have a relative dielectric constant of between 3.0-5.0 at 1 kHz, indicating that they will 

contribute a significant additional capacitance to the overlap capacitance.  

Both the fiber shape and the elastic modulus of the materials contribute to the deflection 

of the fiber under normal forces at the crossover point, meaning that these parameters must be 

optimized in order to get the desired pressure sensitivity. For touch detection/input, forces less 

than 3 N should be reliably detected by the fibers. Fiber-based capacitive pressure sensors have 

been frequently demonstrated and have been shown to have very high sensitivities even in the 

low force regime [29–31]. Most of these fiber-based pressure sensors have a limited force 

sensing regime, though they are highly sensitive within that range, and cannot be used for 

additional modes of sensing because conducting segments are often fully insulated [28].  

1.4.2. Wetness 

Wetness detection using the proposed fibers is also a dependent sensing modality, again 

requiring two fibers oriented either orthogonal to one another and overlapping, or side by side. 

 

 
Figure 1.2: (a) Fiber sensing crossover point (or pixel) for capacitive sensing, in which one 

fiber crosses over another and the two fibers are oriented perpendicular to one another. (b) 

Array of fibers forming multiple cross-over points for scalable sensing. 

 

Force/Pressure 
Applied

Ccrossover

(a) (b)
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To obtain wetness measurements using the fibers designed here requires the conductive segment 

of the fiber to be exposed along the length of the fiber, or at designated points along the fiber to 

enable wetness detection via impedance measurements. The impedance measured between two 

fibers at the point where they cross over one another or between two adjacent perpendicularly 

oriented fibers can be used for wetness measurement. A primary challenge to performing 

wetness measurements with fibers embedded in a textile system is ensuring that even small 

amounts of fluid will be able to penetrate the space between the fibers. If wetness detection is to 

be performed at a fiber cross over point, the shape of the fiber can be tailored to enable passive 

movement of small amounts of fluid along the fibers and into the crossover via capillary action 

and surface tension. The fiber size, geometry, and surface properties of both the insulating and 

conducting segments will determine if fluid can readily penetrate the crossover point for sensing. 

If adjacent fibers are being used for wetness detection, fibrous materials that easily wick fluid 

could potentially be integrated with the fibers such that they are in contact with the conductive 

segments of the fiber to aid fluid movement into the sensing crossover areas. Though wetness 

detection for determining location or presence of fluid is straightforward, detection of fluid 

content, ion concentration, or fluid amount presents more difficult engineering problems. 

 
Figure 1.3: Two-electrode wetness measurement configuration (left) and corresponding 

equivalent circuit model (right). 
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Presence of fluid can be detected using impedance analysis techniques to detect a resistive 

component which will generally be observed in the presence of a conductive fluid. When more 

fluid is present, or when a higher salinity fluid is present, the resistive component is expected to 

indicate a lower resistance contribution between the sensing fibers. If air is present between the 

two conducting segments of a fiber, the measured impedance between the two fibers, measured 

using a 1 kHz signal, is expected to be on the order of MΩ-GΩ, depending on the electrical 

resistivity of the insulating segments which may be in contact with one another. When 

measurable amounts of fluid are present, this impedance should drop by at least 1 order of 

magnitude, but likely by 2+ orders of magnitude when the solution has some ions present.  

1.4.3. Biopotentials 

Biopotential measurements can be acquired using electrodes that are integrated close to 

or directly on the skin or using implanted electrodes. The electrical signals produced by the heart 

create an electrocardiogram (or ECG) signal, while the electrical signals produced by the 

muscles generate electromyogram (or EMG) signals. These signals are produced by rapid 

movement of ions into and out of cells producing a phenomenon known as an action potential. 

ECG signals produced by the heart can be measured at the skin level on the order of 1-5 mV 

using standard Ag/AgCl electrodes, and typically contain frequencies in the 0.05-100 Hz range. 

EMG signals typically exhibit magnitudes of approximately 1-10 mV when recorded with Ag, 

Carbon, or needle electrodes, and contain higher frequencies ranging from 20-2000 Hz [32]. The 

validity of biopotential signals is determined by a variety of factors, including the signal-to-noise 

ratio and the sampling rate. Factors influencing the noise level of a biopotential signal include 

the resistance of the conductive electrode and corresponding connectors, the skin-electrode 

contact impedance [21,33], the proximity of the electrode to the heart or muscle of interest, and 

the electrode surface area [20].  
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Textile-based biopotential electrodes have been demonstrated using multiple techniques 

ranging from screen-printed Ag/AgCl electrodes, to large surface electrodes woven from highly 

conductive yarns. Though these electrodes are functional, they often occupy a large surface area 

within the textile, which consequently cannot be used for other types of sensing. Biopotential 

measurements using fiber electrodes are considered an independent sensing modality. To detect a 

biopotential, a single fiber must be in contact with the skin directly and a reference potential, or 

ground potential, should be provided. The reference potential can be from another electrode 

located elsewhere on the body or can be from another external source. By measuring and 

amplifying the potentials produced at the skin surface, we can obtain temporal signals 

corresponding to electrical actions in the tissue. The skin itself is a highly variable resistor, with 

the dielectric properties changing due to the tissue type [34], skin location, fat/muscle levels, and 

hydration levels. Additionally, the skin produces a capacitance, known as a double layer 

capacitance, due to the layers that are present between the active tissue producing the electrical 

response and the electrode. Depending on the efficiency of contact between the electrode and the 

skin, the electrode itself may either act as a capacitive or a resistive electrode. The biggest 

 
Figure 1.4: Biopotential electrode configuration (left) and corresponding equivalent circuit 

model (right). 
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anticipated challenge when using fiber-based electrodes for biopotential sensing is the limited 

surface area when using a narrow-fiber as an electrode. This may be mitigated by using the entire 

length of the fiber as a biopotential sensor and/or by recording from multiple closely spaced 

fibers simultaneously as a single electrode. 

1.4.4. Strain 

Strain is the measurement of deformation in a material, which can be measured to 

quantify mechanical actions such as stretch, bending, twisting, or compression. Fiber-based 

textile strain sensors have been developed using conductive polymer composites such as 

PU/PEDOT:PSS [35] or by embedding Carbon Nanotubes (CNTs) or Silver nanoparticles in a 

polymeric matrix [36–38]. Piezoresistive yarns consisting entirely of CNTs have been developed 

for in situ structural health monitoring [38]. If piezoresistive materials are implemented into the 

conductive segment of the fiber, the segment will experience a change in the measured end-to-

end fiber resistance under different forces. By incorporating conductive particles, such as carbon 

black or carbon nanotubes into a viscoelastic polymeric matrix, piezoresistive properties can be 

obtained [38]. These composite materials can be tuned to exhibit different types of 

piezoresistivity depending on the level of conductive dopant present. Fiber extension as well as 

normal force application or compression can all cause shifts in the structure of the viscoelastic 

material, which induce a corresponding shift in the fiber resistivity [37]. The effects of strain on 

the carbon polymer network is dependent on both the size and order, or aspect ratio, of the 

embedded carbon particles, as well as their concentration. As a fiber is stretched, the carbon 

particles may either re-orient themselves within the polymer matrix or get extended such that the 

inter-particle distance increases. All of these changes in mechanical orientation and position of 

conductive particles, induce changes in the available conductive pathways throughout a fiber. 
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These changes can generally be measured as a change in resistance along the axial length of the 

fiber due to deformations.  

1.5. Challenges of Fiber-Based Sensing 

Though fiber-based sensors show promise for enabling next-generation electronic 

textiles, there are still major hurdles to overcome for these sensors to be realized in commercial 

applications. The need for fiber-based sensors that produce a stable, repeatable sensor response 

demands precise fabrication methods and highly efficient interconnect methods. Current 

interconnect methods for prototyping and demonstration are often done manually. As greater 

numbers of sensing fibers become integrated into textile systems, there will be a need for 

connectors that can rapidly provide interconnection for hundreds or thousands of fibers in a 

fabric. Additionally, all materials used in sensing fibers must be able to withstand repeated 

mechanical cycling, as well as washing and drying. without significant degradation in sensor 

response and stability. For improved fiber-based sensors, novel materials are needed for 

insulating segments and conducting segments. In order to be used for healthcare applications, 

fiber-based sensors must be benchmarked against highly accurate and precise healthcare sensors 

that are currently used in clinical settings. In their current state, fiber-based sensors are more 

 
Figure 1.5: Piezo-resistive strain sensing mechanisms. Unstrained fiber has some resistance 

(top), and as unilateral strain increases slightly resistance may decrease as carbon-black 

particles move closer together (middle). Further strain can cause increase in resistance as CB 

particles are pulled further apart. 
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likely to find use in applications of remote health/wellness monitoring, where sensors may not 

provide specific diagnoses but can indicate the need for further health evaluations.  
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CHAPTER 2: Multimodal and Multifunctional Fiber Assembly based Sensors 

M. McKnight*, A. Kapoor*, K. Chatterjee, T. Agcayazi, H. Kausche, A. Bozkurt, T. Ghosh, 

Toward Fully-manufacturable, Fiber Assembly based Concurrent Multimodal and 

Multifunctional Sensors for E-textiles. Advanced Materials Technologies (submitted, under 

review). 

*Denotes collaborative first authorship 

 

2.1. Introduction 

Soft-polymer based sensors have recently been incorporated within textile structures to 

enable applications in healthcare, structural monitoring and security systems. The hierarchical 

structure of textiles allows them to be engineered for electrical sensing functionality at different 

levels such as within the fibers, yarns, or fabrics. Because fibers are one of the smaller 

components of textiles and can easily be mass produced using commercial textile production 

systems, they offer a practical and inconspicuous avenue for integration of sensing functionality. 

This chapter presents the development and evaluation of a multi-modal, multi-functional woven 

sensor array comprised of bi-component sensing fibers with insulating and conducting segments 

produced using a custom extrusion printing benchtop setup. The multi-functional capabilities of 

the fiber sensors are demonstrated by measuring tactile, tensile and shear deformations, as well 

as wetness and biopotential. This fiber-based approach enables sensors which demonstrate the 

potential of scalable and facile manufacturability of e-textile fibers using extrusion printing 

techniques to produce sensing fibers which can be incorporated into large-area, scalable sensor 

fabrics.  

2.2. Background Information 

Wearable sensors for monitoring human health can be deployed as body worn systems 

such as electronic skin (e-skin) or electronic textiles (e-textile). While e-skin is likely to become 

important for industrial applications such as on robots and medical devices, e-textiles offer 
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tremendous opportunities in many consumer applications including wearable physiological 

monitoring, comfort, security systems, and in large area deployment of electronic systems. The 

challenge however, is to impart electrical sensing functionalities in textiles while preserving 

desirable textile properties such as softness, comfort, flexibility, texture, etc. that arise from its 

hierarchical structure through the complex interaction of the inherent fiber material properties 

and the characteristic textile structural features at different length scales. Because of this, among 

all the potential methods of incorporating electronic functionalities into textiles, integration of 

textile fibers performing as electrical devices, on their own or when assembled, provides the 

most obvious, unobtrusive, and practical means. Appropriately designed flexible fiber-based 

electronics are fundamentally transformational; they present very attractive possibilities of ease 

of manufacture using standard fiber-extrusion, and roll-to-roll textile processing technologies, 

and enable high spatial sensing density and redundancy within the textile structure.  

The utility of fiber-based electronics has been recognized as a key step for truly mass-

produced e-textiles. Accordingly, the constituents (e.g., fibers or yarns) of textile products have 

been directly fashioned into electrical devices by incorporating appropriate functional design and 

materials. These include "fiber"-shaped photovoltaic devices [39,40], transistors [41–43], logic 

circuits [44,45], sensors [36,46], actuators [47,48], other electronic/optical devices [49–51] in 

addition to "fabric" based devices [52,53]. Impedance measurement techniques which evaluate 

resistance and/or capacitance have been the most common strategies to sense various physical 

stimuli such as applied forces [36,54] and moisture [55,56]. Piezoresistive sensors in the form of 

fibers/yarns and printed layers on fabrics have been proposed for monitoring motion, posture and 

various physiological signals for patient monitoring and rehabilitation [57]. For pressure 

measurements, multicore fibers consisting of layers of soft dielectric and conductive polymers or 
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Figure 2.1: Array-based sensing modalities for textile-integrated sensing (a) Potential 

sensing locations for a long sleeve top. Skin electrodes, see (b), for biopotential 

measurement can be placed on the chest while the chest and wrist areas are suitable for 

pulse/respiration rate monitoting, see (d).  The underarm, see (c), as well areas in the back 

can provide information on bodily fluids. Tactile input panels, see (e), can be placed on the 

inner arm.  (b-f) Texels showing various sensing modalities.  In each case, the potential 

woven structure is shown next to the texel. (g) Percolation behavior of the CPC with the 

cross-sectional shape of the sensory fibers shown in the inset. (h) Schematic representation 

of the fabrication of sensory fibers; (1) etched acrylic substrate, (2) extrusion of insulating 

segments, (3) deposition of CPC. 
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thin metal films [31], sets of orthogonal fibers [15,16] or fabric-like structures with soft dielectric 

and conductive fibers [58] have been employed to form capacitive sensing structures. While 

remarkable progress has been made in e-textiles, practical real-life products in e-textiles remain 

elusive. One of the most difficult challenges has been the development of truly textile/fiber-

compatible materials/devices and practical methods, rather than complex fabrication methods 

that are often impractical and inappropriate for textile products and processes.  

In this work, we demonstrate a transformative technology through the design of a 

multimodal and multifunctional sensor array formed within a woven fabric structure using 

extrusion printed bicomponent fibers. While, the multimodal characteristic of the sensors is 

demonstrated through capacitive and resistive response, their ability to measure tactile, tensile, 

and shear deformations, as well as wetness and biopotential, demonstrate the multifunctional 

characteristics (Figure 2.1). Our fiber-based approach demonstrates the potential for scalable and 

facile manufacturability of practical e-textile products. 

2.3. Printed Fabrication of Bi-component Fibers 

The cross-sectional shape of our bicomponent fibers consists of two circular insulating 

segments bridged by a conducting segment (inset Figure 2.1g). Once woven, each cross-over 

point in the fabric (Figure 2.1b-f), referred to as a sensing texel (textile element), allows for 

capacitive measurements, while resistive measurements can be made along the length of each 

fiber (Figure 2.1c).  Our fibers are fabricated using a sequential extrusion printing method 

(Figure 2.1h). The insulating segments are formed using a commercially available ultraviolet 

(UV) curable poly(dimethylsiloxane) (PDMS) while the conducting segments are extruded from 

a percolative conducting polymer composite (CPC) containing PDMS and carbon black (CB). To 

ensure optimal conductivity for our purpose, we chose to use 9% (wt/wt) CB based on our 
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observation of the percolation behavior [57,59] of the CPC (Figure 2.1g). A four-point probe 

setup using a nanovoltmeter (model 2182A, Keithley, Cleveland, OH) and a current source 

(model 6221, Keithley, Cleveland, OH) was used to measure the electrical resistance of the CPC 

to determine the percolation threshold. This weight percent also provided optimal loading 

without inducing adverse mechanical effects in the strength of the CPC.  

To produce the insulating segment material, the PDMS base and catalyst component 

materials (Silopren UV Electro LSR 225-1, Momentive Performance Materials Inc.) were mixed 

in a weight ratio of 100:2 per manufacturer recommendations with ca. 10% viscosity modifier 

(Xiameter PMX-200 silicone fluid, Dow Corning) using a planetary mixer (Mazerustar KK-50S, 

Kurabo Industries Ltd.) for 60 s. The conductive segments consisted of a heat-curing silicone 

(Sylgard-184, Dow Corning) filled with 9 wt.% carbon black (Ketjenblack EC-300J, Akzo-

Nobel), dispersed in solvent hexane using a planetary mixer. A customized extrusion printer 

setup was used to extrude the insulating and conducting materials onto an etched acrylic mold in 

a sequential extrusion process (Figure 2.2). First, the insulating segments were extruded into the 

two milled channels to form the side segments of the fiber and cured using a UV light upon 

extrusion at a rate of 1 mL/min, while the XY stage moved at a speed of 1 cm/s. Next, the 

 
Figure 2.2: Schematic of extrusion printing method for fiber fabrication. 
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conducting segment material was extruded into the new channel formed by the two cured 

insulating segments at a rate of 2 mL/min, while the XY stage moved at a speed of 2 cm/s. The 

acrylic plate with the samples was then cured in a vacuum oven (Model 280A Fisher Scientific) 

at 100°C for 35 min. Finally, fibers were peeled off of the acrylic base plate for characterization 

and subsequent manual interlacement in a 1 up/1 down plain-woven structure.  

2.4. Electro-mechanical Characterization of Sensing Fibers 

To establish a relationship between the piezoresistive response of the fibers under axial 

strain while in the fabric and their mechanical behavior, we performed cyclic uniaxial tensile 

tests on the fibers using 40% strain amplitude, of which a limited but representative response are 

provided (Figure 2.3a). The strain-resistance relationship of the fiber specimens was measured 

by fitting them with four equally spaced (10 mm probe-spacing) Cu leads (attached by Ag/Ni 

silicone adhesive) and applying cycles of axial tension using a computer-controlled uniaxial 

load-frame set at an extension rate of 30 mm/min, and gauge length of 45 mm. The stress-strain 

behavior of the fibers stabilizes after a few cycles. The response of individual fibers’ electrical 

resistance under mechanical strain was evaluated using a 4-point probe while applying 20 

uniaxial tensile strain cycles. The electrical resistance is plotted as a function of time (Figure 

2.3b) for all 20 cycles and for clarity the corresponding 1st, 10th, and 20th strain cycles are 

shown separately (Figure 2.3c). In this figure, the first cycle exhibits a large, irrecoverable 

change in electrical resistance due primarily to the morphological changes observed earlier in the 

mechanical hysteresis for the 1st cycle stress-strain behavior (Figure 2.3a). In the subsequent 

cycles, however, the fibers show good strain-reversible piezoresistive behavior, implying that the 

CPC morphology is robust with little mechanical/electrical hysteresis. In each cycle, the 

resistance is observed to increase with increasing strain due to dimensional changes as well as 
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physical disruption of the conductive percolating network [57] and recover upon removal of 

strain, particularly beyond cycle 5. The piezoresistive sensitivity or gauge factor for the fibers 

was ca. 2.0. Additionally, when the sensory fiber was held under uniaxial strain for 20 s there 

was no appreciable change in its electrical resistance (inset Figure 2.3c). This indicates the 

 

Figure 2.3: Electro-mechanical characterization of sensing fibers and texels (a) Stress-

strain behavior of a sensory fiber subjected to 30 cycles of 40% strain. 1st, 10th, and 30th cycle 

are shown. (b) Strain-resistance response of the fiber subjected to 20 cycles of 30% strain. (c) 

1st, 10th, and 30th cycles of the strain-resistance response of the fiber shown in (b). The 

resistance of the fiber under 30% strain for 20 seconds is shown in the inset. (d) Stress-strain 

behavior of a texel subjected to 30 cycles of 50% strain in compression. 1st, 10th, and 30th 

cycle are shown. (e) Force-capacitance response of a texel subjected to 20 cycles of 0-4N 

compressive loading. (f) 1st, 10th, and 30th cycles of the force-capacitance response of the 

texel shown in (e). The capacitive response of the texel under 4 N sustained compressive load 

for 20 seconds is shown in the inset. (g-h) Schematic representations of the deformation of a 

texel array subjected to a specific shear angle ϴ. (i) Capacitive response and resulting change 

in the area (calculated) of the overlap region in a texel, subjected to shear. 
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potential of using this fiber as a piezoresistive strain sensor, especially in applications where 

typical axial strain is less than 20%. 

2.5. Electrical/Sensory Response Characterization 

2.5.1. Normal Force Sensing 

While similarly strain-reversible piezoresistive behavior has been previously reported for 

carbonaceous composites [60], our sensory texels can also be used for tactile sensing. Texel 

deformation due to compression should determine its tactile response, therefore the cyclic stress-

strain behavior of individual texels under normal compression was evaluated (Figure 2.3d). The 

response clearly exhibits low mechanical hysteresis following 30 loading/unloading cycles at 

50% strain amplitude. Note that the stress-strain response of the texel under compression is 

primarily related to that of the insulating segments which could be changed to alter its sensory 

response. Tactile sensing capabilities of the texel were evaluated by applying a normal 4N force 

on a single texel, while recording the capacitance using a custom printed circuit board. Once 

again, we present the capacitive response as a function of time (Figure 2.3e) for all 20 cycles and 

the corresponding 1st, 10th, and 20th strain cycles (Figure 2.3f). It is clear that the unique fiber 

cross-section enables highly sensitive measurement (0.25 pf/N) of tactile forces. No significant 

change in its electrical capacitance is observed under static compressive loading of 4N over 1 

minute (inset Figure 2.3f). The change in capacitance is very consistent and reversible over a 

large number of cycles indicating the efficacy of the woven texel as tactile sensor.  

2.5.2 In-Plane Fabric Shear Sensing 
 

The sensing texels can also be used to evaluate in-plane shear strain experienced by a 

fabric. We measured the change in capacitance of a texel under shear strain by applying edge 

forces to our sensory patch (Figure 2.3g) and recording its capacitive response at discrete points 
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of shear strain (angle). The shear strain-capacitance data (Figure 2.3i) indicate strong sensory 

response of the fabric texel as a shear sensor. While this indicates potential use of the fiber in 

textile-based sensing of shear it also underlines the need for fabric designs that are less 

susceptible to shear deformation if tensile and tactile measurements are the primary 

requirements. In practical applications, it may be difficult to discern whether a measured change 

in capacitance is due to in-plane shearing or normal forces, which is why minimization of fabric 

shearing may be desired. 

2.5.3. Simultaneous Detection of Normal and Axial Forces 

Having demonstrated the multimodal capabilities of our sensing texel, it is important to 

explore if the texels are capable of distinguishing between, for example, capacitive response 

originating from in-plane tensile deformation of the fibers in a texel array and that from tactile 

pressure. To examine this, simultaneous capacitance and resistance measurements of a fiber texel 

were carried out in an experimental set-up that allows application of directional in-plane tensile 

strains as well as compression of the texel, independently, (Figure 2.4). The resulting capacitance 

and resistance data (Figure 2.5a) are shown in four side-by-side panels which represent response 

 
Figure 2.4: Experimental setup for simultaneous sensing of normal and strain forces on a 

sensor texel. 
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under no-load (panel 1), only under compression (panel 2), under in-plane tension (panel 3), and 

under simultaneous tension and compression (panel 4). Several key features are evident from 

these results. Notably, the compression only mode causes significant capacitance change with no 

change in resistance. In the case of only applying tension (biaxial), significant resistance change 

is accompanied by minor change in capacitance. Lastly, simultaneous application of compression 

and in-plane tension causes notable change in both resistance and capacitance. The data clearly 

demonstrates the unique potential of our fibers in applications where characterization of complex 

deformation may be necessary to compensate measurements for other sensing modalities. The 

resistance/capacitance data can be analyzed to determine if the texel is experiencing normal 

pressure or in-plane strain, locally.  

2.5.4. Biopotential Sensing  

Neighboring fibers can also be arranged in a woven structure, and connected electrically 

to serve as skin contact electrodes for electrocardiography (ECG), as mentioned earlier (Figure 

2.1b). Although full-scale ECG measurements are conventionally done using 12 leads, we record 

the signal using three electrodes, each made up of three fibers in parallel arranged in the same 

manner as they could be in a woven fabric and placed in locations that match typical chest 

patch/strap recording systems [61,62] (Figure 2.5b). These signals were recorded with a 

commercial evaluation board for ECG sensing (AD8232, Analog Devices) which provides on-

board noise removal and amplification of the 3-electrode biopotential signal. The recorded signal 

shows the expected Q, R, and S waveforms and consistent peak voltage amplitudes for each 

recorded heartbeat.  

2.5.5. Wetness Sensing Capabilities 

Yet another important characteristic of our fiber network is its ability to sense wetness. 

Wetness sensing capabilities were evaluated by performing electrochemical impedance 
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spectroscopy between fibers at a crossover point. Spectroscopy was first performed on a dry 

texel, and subsequently on the same texel wetted with saline (1.2 wt. % by volume NaCl). The 

spectroscopy was repeated at regular time intervals until the texel was visibly dry due to 

evaporation. The 1 kHz impedance of the dry sensing texels was found to be more than 2 orders 

of magnitude larger (>107 Ω) than the impedance of those wetted with saline solution (<104 Ω) 

(Figure 2.5c). The texels detected the presence of a small amount of saline solution (12µL) 

shortly after fluid application, as capillary action eventually pulled the saline to its interior. Once 

the texel was saturated, the impedance level dropped substantially and slowly recovered to the 

 

Figure 2.5: Multi-modal sensing demonstrations. (a) Capacitive () and resistive (along 

bottom fiber: , along top fiber: ) response of a texel under no-load (panel [1]), only 

compression (panel [2]), in-plane tension (panel [3]), and simultaneous tension and 

compression (panel [4]). The arrows point to the corresponding axis. (b) Three-electrode ECG 

measurement set-up and measured signal, using our fibers (similar to that in a woven 

structure). (c) Impedance response of a texel in a wetting-drying cycle using saline. (d) 

Illustrative experimental demonstration of the multi-touch sensing capabilities of a texel 

array. 
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dry sensor level when left to dry at room temperature (20°C, RH 65%) for two hours (Figure 

2.5c).  

2.5.6. Multi-touch Array Sensing Demonstration 

Lastly, the multitouch capability of our sensory patch was evaluated using a tactile array 

consisting of 36 texels woven in a 1-up, 1-down pattern. The capacitive response of the woven 

texels was measured using a custom printed circuit board (PCB), housing the analog to digital 

conversion circuitry. Our circuit is capable of reading from 80 pixels (8 rows and 10 columns) 

for increased spatial resolution. The PCB contains a System on Chip (SoC) (RFD77101, RF 

Digital) to process the capacitance information and communicate via Bluetooth Low Energy 

(BLE) with the data collection laptop. The PCB also houses a 14-channel capacitance-to-digital 

Converter (AD7142, Analog Devices) and two analog switches (ADG788, Analog Devices) to 

multiplex between the rows of texel arrays. During multiplexing, unused rows are grounded 

before and after taking measurements to minimize crosstalk. Maximum data sampling rate for 

our setup was 9 Hz for 36 pixels. Our circuit is capable of reading from 80 pixels (8 rows and 10 

columns) for increased spatial resolution. To produce a fiber array for evaluation, one end of 

each fiber in the woven array was attached to a flexible PCB made of polyimide film using a 

combination of Ag/AgCl conductive epoxy (8331, MG Chemicals,) and silicone adhesive (Sugru 

Mouldable glue) to ensure both adequate electrical connection and mechanical stability. The flex 

PCB was then attached to the custom circuitry using a commercial flexible flat cable (FFC). 

Various weighted letter blocks made of ABS plastic were manually pressed onto various 

locations on the array and the resulting change in texel capacitance values were displayed, 

(Figure 2.5d). The simple demonstration illustrates the multitouch sensitivity and scalability of 

our texel array made from printed sensing fibers. 
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2.6. Conclusion 

We have demonstrated a platform technology in the form of stretchable and conformable 

texel arrays made of our polymeric bicomponent fibers produced via a benchtop extrusion 

printing process at room temperature. These fibers are capable of multiple sensing modalities and 

can be used for monitoring various forces (tactile/tensile/shear), biopotentials, and wetness. 

While an array of these fiber texels can detect the location and magnitude of multiple point 

forces (tactile) as well as wetness, a parallel set of these fibers in a woven structure can be used 

as skin electrodes for ECG. In all cases, the sensors exhibited stable performance using our 

wireless Bluetooth-enabled circuitry, so an array of these fibers could be woven as part of a 

textile fabric for remote sensing of the aforementioned parameters together with their spatial 

resolution. The primary advantages of our approach are in its scalability and its potential to 

manufacture from a wide variety of materials using straightforward, commonly used industrial 

processes. Although we have chosen PDMS for the ease of demonstration, the sensory fibers can 

be manufactured using commercial bicomponent melt extrusion systems and can be easily 

assembled into sensor arrays using commercial roll-to-roll weaving process thus allowing a 

simple, cheap, yet robust sensing platform for high-performance, large-area e-textile sensors. 
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CHAPTER 3: Impedance Analysis and Modeling of Co-extruded Silicone Sensing Fibers 

3.1. Introduction  

Production of functional textile embedded sensors for multi-modal sensing presents 

unique design challenge because of the complex interactions that textiles experience with the 

environment. Textile materials are often subjected to a complex combination of external forces 

such as pressure, strain, shear, twisting, and folding. Even across the surface of a single fabric 

structure, force types and magnitudes can vary significantly. In body-worn sensing textiles, the 

textiles are often designed to conform to the skin, which can vary greatly in rigidity thus altering 

the sensor response. In order to perform sensing using fabric structures, robust, adaptable sensors 

and sensor analysis techniques are needed. The sensing fibers presented in Chapter 2 

demonstrate sensing of pressure, strain, wetness, shear and biopotentials using a single fiber 

cross-section design. These sensing modalities all employ impedimetric sensing functionality to 

enable sensing. Here, we further explore the impedimetric response of such sensing fibers for 

pressure and biopotential sensing in order to understand how the interactions between an array of 

fibers and soft skin surfaces will affect sensing capabilities. Additionally, this chapter explores 

finite element modeling techniques for understanding the complex sensing behavior of fiber 

cross-over points for pressure and wetness sensing.  

3.2. Simultaneous Co-extrusion of Fibers and Associated Challenges 

The silicone multi-modal sensing fibers investigated in this chapter were produced using 

slightly altered fabrication methods and materials, compared to those described in Chapter 2. 

Again, the fibers are fabricated with the goal of producing a dumbbell shaped cross-section 

which can enable multi-modal sensing. In this case, the fibers were produced using simultaneous 

extrusion of all three fiber segments (2 insulating segments, 1 conducting segment), through a 
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3D printed extrusion die; a process henceforth referred to as simultaneous co-extrusion. This 

technique aims to address some of the issues that were observed with the previous sensing fibers 

such as weak conductor-insulator interface and poor control of conducting segment thickness. To 

achieve co-extrusion while enabling a stable interface, the polymer streams of the three 

component materials flow separately through the die, coming into contact with one another only 

1-2 mm away from the die exit, forming the no-wall extrusion zone. Insulating segment material 

comprised of a two-part UV curing silicone (LSR 225-1, Momentive) mixed with 2.5% wt/vol 

Silicone fluid (50 CS viscosity Xiameter PMX-200) to optimize viscosity for co-extrusion. 

Conducting segment material comprised a two-part heat curing silicone (Ecoflex 00-50) 

combined with 7 wt% carbon black (Ketjenblack EC-300J, Akzo-Nobel) which had previously 

been dispersed in solvent hexane using a planetary mixer (Maerustar, Kurabo KK-50S) before 

adding it to the polymer using 8mm diameter steel balls to improve dispersion.   

A detailed discussion of the co-extrusion process that was used to produce these fibers as 

well as process optimization techniques was performed by our collaborators in the NC State 

College of Textiles to be detailed in another work. The fabricated fiber cross section is shown in 

 
Figure 3.1: (a) Fabricated fiber cross-section. (b) Top view of extruded fiber shows some 

bulging along center of conducting segment. (c) Bottom view of fiber shows pitting in the 

conducting segment. 
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3.1a. Some fiber-to-fiber variability as well as variability along the length of each fiber is present 

due to process variations. Indirect heating caused by the proximity of the UV lamp to the 

extrusion fiber outlet produced a small level of skin curing on the side of the conducting segment 

facing the lamp, however, this same heating likely caused rapid evaporation of the hexane 

solvent in the material, potentially leading to the pits in the conducting segment observed in 

Figure 3.1c. These pits are only observed on the side of the conducting segment that is extruded 

nearest to the UV lamp. Since uncured polymer is the extrudate in this setup, die swell of the 

polymer inevitably occurs at the die outlet. Some change in the shape of the fiber also occurs due 

to the relative extrusion speeds of the insulating and conducting segments. The fiber variability is 

considered as a primary contributing factor to some of the variability seen in the experiments 

detailed in this chapter, however, this variability can be compensated using pixel-based 

calibration techniques which are discussed. 

3.3 System Integration of Co-extruded Fibers  

Because these fibers are designed to be incorporated into a woven, textile-like structure, 

most sensor characterization experiments were performed on fiber crossover points in a woven 

fiber array. To do this, the fibers were cut into 12 cm long segments which were subjected to 20 

cycles of pre-straining to 30% axial strain. Though different materials were used than those 

described in Chapter 2, the fiber pre-straining is still necessary to ensure that the fibers will not 

exhibit the hysteretic piezoresistive properties of partially loaded conducting particle/polymer 

materials. Pre-strained fibers were then oriented into six rows and six columns in a 1-up, 1-down 

woven pattern using a 3D printed fixture to ensure equal spacing at the array boundaries. A 

custom printed thin flexible circuit board made from copper-clad Kapton film (Pyralux 

LF8520R, Dupont) was then inserted into the fixture and one end of each fiber was attached to 
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the circuit board using conductive epoxy (MG Chemicals 8331). This circuit board contains two 

FFC (flexible flat cable) connectors which allow the system to be connected to a breakout board 

or wireless sensing system for testing. Once the epoxy was fully cured, an additional layer of 

Kapton tape was applied to mechanically fix the fiber ends in place. UV-curable polymer was 

mixed using the same materials as those used to produce the fiber insulating segments and was 

slowly poured into all edges of the fixture to produce a sample as shown in Figure 3.2 and cured 

manually using the UV lamp.  

3.4. Impedance Analysis of Sensing Cross-over Points 

By performing impedimetric sensing, we can exploit the frequency response of our fibers 

to perform both capacitive and resistive sensing. When oriented in a woven structure, the sensing 

crossover points are designed to act purely as capacitive sensors under the application of low 

levels of normal forces, and to withstand a significant amount of normal force application before 

the exposed conducting segments come into contact with one another at the crossover point. The 

cross-sectional dimensions and elastomeric properties of the fiber segments determine the load at 

 
Figure 3.2: Woven fiber array is connected to flexible PCB and encapsulated around the 

edges using UV curable PDMS (left). Final cured array sample is shown (right). 
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which the conducting segments may contact one another. This same geometry allows us to 

perform impedimetric wetness sensing as described in Chapter 2 by observing the resistance 

between two fibers at a selected crossover point. Simultaneous pressure and wetness sensing thus 

requires monitoring the temporal state of the sensing crossover to determine if a drop in 

resistance is likely caused by the presence of fluid or the application of high normal forces. This 

can be achieved by observing the capacitance measurement at the crossover point in the time 

leading up to any drop in measured resistance. For crossover-based sensing, the parallel 

resistance and capacitance components are utilized to determine the sensor state. Here, we 

investigated the impedance properties of the crossover points in our array of woven co-extruded 

fibers to identify the sensing capabilities of the fiber array. 

3.4.1. Pressure Sensing Characterization  

The custom printed circuit board was connected to an interfacing board via FFC 

connectors for interfacing with test instruments. The interfacing board was used to connect to the 

desired crossover point for measurement using an LCR meter (Keysight E4980A). The array was 

loaded onto the rigid acrylic platform of a custom-built three-axis stage coupled with a Force-

Torque sensor. A custom Labview program was used for controlling the three-axis stage 

movement and for data collection. A customized rounded pressure tip with a diameter of 

approximately 7.1mm, which is nearly equivalent to the corner-to-corner size of each crossover 

point was mounted to the force gauge and aligned to apply normal force on a given crossover 

point. The tip size was selected in order to normalize the force measurement for each crossover 

point, and to ensure that force was only being applied on the crossover point of interest. Each 

crossover point of interest was manually positioned underneath the force applicator tip, and the 

two LCR meter probes (connected in a two-electrode configuration) were connected to the 
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selected row and column respectively. The grounding probes from each BNC cable were shorted 

to the metal base plate of the three-axis stage underneath the acrylic base.  

The Labview program was used to apply 5 cycles of force from 0 to 3 N on each of 18 

selected crossover points, while measuring the parallel resistance and capacitance using the LCR 

meter. Sample row fibers were designated by letters while column fibers were designated by 

numbers, so that each sensing crossover point is labeled with a letter and number (ie. A1, B2). 

The 18 selected crossover points were all selected from 1 half of the 6x6 fiber array. Crossover 

points that exhibited no electrical shorting between the fibers under loads up to 3 N were 

subsequently subjected to 5 cycles of 0 to 5 N of force. Fibers that exhibited no shorting up to 5 

N were subjected to cycles from 0 to 7 N of force. For each of these tests, the AC frequency 

applied by the LCR meter across the two selected fibers was 1 kHz with a signal peak-to-peak 

voltage of 1 V. Of the 18 selected points, the normal force which caused shorting ranged from 

less than 1 N to greater than 7 N indicating significant variation among the crossover points. As 

shown in Figure 3.3, the responses for selected crossover points from different locations within 

the array exhibited very different behavior. 3 of the 18 crossover points exhibited shorting at 

loads less than 1 N while others shorted at higher loads close to 7 N. At least 1 crossover point 

(A1) exhibited no shorting even under a 7 N load.  

The results from three selected points which were tested up to at least 5 N are shown in 

Figure 3.4. These results show the significant variation in response from point to point. The first 

two points shown (A1 and C1) share a column and are both stable as pressure sensors to around 

5 N, however, beyond 5 N point C1 was undergoing conductor contact. The second two points 

shown (C1 and C2) are neighboring pixels which share a row fiber. Both points experienced 

conductor contact, however point C2 experienced contact at a much lower force (around 2 N). 
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The measurement noise that appears in capacitance measurements once the upper and lower fiber 

are in contact, renders accurate force measurement challenging beyond that region. Alternative 

approaches, such as examining impedance at different frequencies may enable us to analyze 

forces even when the fiber conductors are in contact.  

The normalized capacitive response from crossover point A1 was the most stable of all 

points tested, and did not experience conductor shorting even under loads up to 7 N. The 

 
Figure 3.3: Characteristic normalized capacitive and resistive force responses of 9 silicone 

fiber sensing crossover points up to 3 N force. 
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response of this pixel is shown in detail in Figure 3.5. Two sensitivity regimes emerge from this 

capacitive response curve. The low force regime from 0-1N, exhibited a sensitivity of around 

1.45%/N (0.628 pF/N), while the higher force regime from 1-7N exhibited a sensitivity of 

around 0.58%/N (0.262 pF/N). Both the increasing and decreasing force cycles are indicated, 

showing that the sensor exhibited relatively low hysteresis in this force sensing range. 

 

 
Figure 3.4: Normalized capacitive response to force up to 7 N for 3 selected crossover 

points (A1, C1, and C2). The region where fiber contact occurs is indicated. 

 

 
Figure 3.5: Normalized capacitive response to force for pixel which did not exhibit conductor 

contact up to 7 N. Two distinct sensitivity sensing regimes and are indicated. 
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 It is suspected that the variations between crossover points are present because of the 

variation in fiber cross-sections due to hexane evaporation pitting as well as failure of the 

conducting segment to cure completely as it drops from the extrusion exit to the drum. This type 

of process variation is further evidenced because neighboring pixels sharing at least one fiber 

tend to exhibit similar shorting behaviors. For example, all crossover points utilizing the fiber in 

Row 2 exhibited shorting at forces around 2 N or below.  

 Further impedance response testing of selected points was performed using the Gamry 

potentiostat to evaluate the frequency response of the crossover points under varying loads, and 

to see if similar conductor contact behavior was observed. For each selected point, the 

potentiostat was connected to the corresponding row and column for the crossover point via the 

interface board using a standard two electrode system in which the Working/Working Sense 

electrodes comprise one electrode and the Counter/Reference electrodes comprise the second 

electrode. This fiber array was mounted on the acrylic plate under the three-axis stage with force 

gauge, with the floating ground of the potentiostat connected to the metal base plate of the three 

axis stage. Again, each selected crossover point was manually aligned with the custom pressure 

applicator tip. For selected points, a frequency sweep was performed using the Gamry across 

frequencies ranging from 10 Hz to 1 MHz, at a scan rate of 10 frequency pts/decade. The voltage 

level of the signal used for frequency excursion was 100 mV. The scan was first performed with 

the pressure applicator tip located just above the pixel but applying no force (0 N force) on the 

crossover point. The force tip was then incrementally positioned to apply approximately 1 N, 3 

N, 5 N, and up to 7 N for selected pixels. At each corresponding force level, a frequency sweep 
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with the same parameters was repeated.  

The results for three selected pixels (A1, C1 and C2) are shown in Figure 3.6. We 

observe that the results closely follow those from the dynamic force testing using the LCR meter. 

Under normal forces that do not cause conductor shorting, the pixel exhibits linearly decreasing 

impedance across the entire frequency sweep, which is expected from a primarily capacitive 

system. Once the fiber conductors come in to contact with one another, the low frequency 

impedance begins to decrease and becomes constant which is indicative of a more resistive 

system. In Pixel C2, we can see that even once the conductors have come into contact, further 

increasing the load causes the low-frequency impedance to decrease further. This indicates that 

by measuring impedance using a combination of both low and high frequency signals, it may be 

possible to establish a technique capable of resolving the applied normal forces, even when the 

conductive segments are partially in contact with one another. This allows us to extend the force 

sensing range beyond the purely capacitive sensing regime. In this case, the resistivity of the 

fibers (100’s of ohms/cm under no strain) helps enable this response. When only a small portion 

of the conducting segments are in contact, it contributes a higher additional resistance. As larger 

forces are applied, the surface area experiencing conductor contact increases, thus reducing the 

 
Figure 3.6: Frequency response behavior of selected sensing crossover points (A1, C1, C2) 

under different normal force loads. 
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resistive component proportionally. At some larger force level, the addition of more force does 

not cause more surface area to come into contact, thus limiting the upper limit of the force 

sensing range. Additionally, the piezoresistive behavior of the conducting segment may be 

contributing some change in resistance as load is applied, however, this is likely minimal since 

the area along the fiber where load being applied is not significantly large. This technique for 

force resolution in the resistive regime may be inhibited by the piezoresistive behavior of the 

conducting segment as described for strain measurements in Chapter 2. The potential noise from 

variations in strain along one or both selected sensing fibers may lead to variations in low 

frequency impedance measurements. Using these techniques it may be possible to monitor 

impedance at multiple frequencies to extract information that helps determine if change in 

resistance is due to increasing normal loads or additional axial strain on the fibers.  

The impedance response behavior observed using the potentiostat system closely follows 

the results seen in experiments examining the measured parallel capacitance under normal force 

loads. Based on these results, the behavior of the fiber crossover point can be well understood by 

examining the impedance response at a few selected frequencies to first determine if conductor 

contact is occurring and subsequently to approximate the applied force level.  

3.4.2. Contact Resistance Measurement and Implications 

As these fibers are designed for use in textile applications, including wearable textile 

systems, the effectiveness of sensing capabilities in different scenarios must be considered. 

Specifically, for wearable systems, the physical interactions between the textile and skin will 

likely affect the sensor’s responsiveness as a pressure sensor. Additionally, the exposed 

conductor may come into contact with the skin, which is desired for performing biopotential 

measurements such as EMG and ECG, but which causes challenges for performing crossover 
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point pressure sensing. Because our fiber cross-section design utilizes a recessed conducting 

segment, some level of force normal to the surface of the skin and fiber is necessary to induce 

conductor-skin contact for biopotential readings. The soft, pliable nature of skin may make it 

possible to achieve conductor contact with the skin at relatively low normal force levels. Skin-

electrode contact resistance is a measure of the resistance formed at the interface between the 

partially conductive skin and the electrode. Small variations in the surface of the electrode as 

well as the skin can lead to changes in this resistance.  

When attempting to measure biopotential signals, the skin-electrode contact resistance, 

the fiber resistance, and the amplifier input resistance will contribute to the noise level of the 

measured impedance signal [63]. Additionally, the noise is proportional to the area of the 

electrode contacting the skin according to:  

𝑛 ∝  
1

√𝐴
 

Where n is the noise and A is the contact area [64].  

The baseline rigid contact resistance measurement for a given crossover point was found 

by mounting a 1.5 cm by 1.5 cm copper square directly beneath each pixel of interest. We 

evaluated the contact resistance as a function of normal force to determine at what force the 

lower fiber conductor contacts a rigid base. For these tests, the copper electrode acts as one 

electrode and the lower fiber in the selected crossover point acts as the second electrode for 

performing two electrode LCR measurements. Again, the sample was mounted on the acrylic 

base plate of the three-axis stage with the metal base plate underneath connected to the LCR 

meter ground. Measurements were collected using the LCR meter in the parallel resistance-
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capacitance mode (Cp-Rp) using an AC signal frequency of 1 kHz at 1 V, while slowly applying 

normal force using the XYZ stage.  

Ten crossover points were evaluated for their response to normal forces ranging from 0 to 

6 N. The results from selected crossover points (A1, C1 and C2) are shown in Figure 3.7. The 

contact force for the rigid backing test is determined to be the force at which the measured 

parallel resistance drops below 105 Ω, which is approximately 1 order of magnitude higher than 

the full contact resistance. The results shown were characteristic of all but one outlier crossover 

point (F1), which exhibited contact at less than 1 N. For the other nine crossover points the 

average rigid contact force was 4.192 N (± 0.674 N). Variations in contact resistance could be 

due to slight variations in the vertical positioning of crossover points relative to the base plate. 

Some points may have a slight space present between the fibers and the base plate when no load 

is present due to tension from the weaving pattern. As the force is being applied, the parallel 

resistance measurement slowly begins to decrease before leveling out under high forces. Under a 

large application of force, the resistance is expected to approximate the axial resistance of the 

 
Figure 3.7: Dynamic fiber contact-resistance with rigid surface at forces from 0-6 N for 

selected crossover points (A1, C1, C2). Contact threshold is indicated at 105 Ω. 
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fiber from the crossover point to the connected end of the fiber, with an additional resistance 

component due to the contact between the copper pad and the fiber. This results in a high force 

contact resistance on the order of 10 kΩ for all crossover points. In applications where an array 

of sensing fibers is adjacent to a rigid, conductive surface, the pressure sensing range of the  

fibers would be limited to sensing normal forces less than 4 N.  

The contact resistance of the fiber on a rigid substrate has less relevance when 

considering the use of fiber arrays in practical applications. In body-worn applications, when the 

fiber is against pliable skin, the force at which conductor to skin contact occurs is expected to be 

slightly lower, as the skin may conform around the dumbbell shape of the fiber. To evaluate this 

effect, a skin model was developed with electrical and mechanical properties designed to mimic 

those of skin. The skin model was produced using commercial Agar-Agar powder (Sigma 

Aldrich, 05040) to be able to control both the rigidity and electrical conductivity of the substrate. 

A preliminary experiment was performed to tune the agar production method and determine the 

material ratios necessary to produce agar that is mechanically similar to skin. Our goal was to 

achieve agar with a compressive elastic modulus between 25 – 100 kPa [65]  and with a 

conductivity close to 25000-45000 Ω-cm [66]. 

Table 3.1: Fiber conductor contact force on rigid substrates and conformal agar substrates. 

 Contact Threshold 

(Ω) 

Mean Contact Force (N) {n=9} Standard Deviation 

(N) 

Rigid 105 4.192 ±0.674 

1.75% Agar 106 0.178 ±0.054 

2.00% Agar 106 0.240 ±0.071 

2.25% Agar 106 0.2481 ±0.105 
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Three different agar samples were prepared consisting of agar powder wt% of 1.75%, 

2.00% and 2.25%, respectively, based on results from preliminary experimentation performed to 

optimize agar samples (Appendix A). These three samples were used to estimate the skin contact 

force against surfaces with moduli similar to that of skin. In order to estimate the fiber electrode 

to skin contact force, the fiber array was placed on each agar sample, and ten crossover points 

were selected for testing. For each selected crossover point, a copper pad measuring 1.5 cm x 1.5 

cm was placed under the agar layer and oriented directly under the selected crossover point. The 

copper pad was connected to one lead of the LCR meter while the bottom fiber of the selected 

crossover point was connected to the other lead. Because the agar is partially conductive, the 

copper pad enables electrical conduction throughout the bulk of the agar material. The three-axis 

stage was used to apply normal force on each selected crossover point while measuring the 

parallel resistance and capacitance using the LCR meter. Measurements were obtained at an AC 

frequency of 1 kHz with a level voltage of 1 V. A representative example of the results of the 

contact/force tests are shown in Figure 3.8 (Crossover points A1, C2, C3 are shown). Here, the 

 
Figure 3.8: Dynamic fiber contact-resistance with different skin model agars (1.75%, 2.00%, 

and 2.25% agar concentrations) at forces from 0-6 N for selected crossover points (A1, C1, 

C2). Contact threshold is indicated at 10^6 Ω. 
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fiber-skin contact force is evaluated as the force at which the measured contact resistance drops 

below 10^6 Ω. The results for contact force indicate that on skin models with a lower modulus 

(softer samples) the force at which the conductive segment of the fiber contacts the agar is lower 

(Figure 3.9). As the elastic modulus of the substrate increases, the force required for contact to 

occur also increases. For all samples evaluated, the contact force was still very low (< 0.5 N), 

indicating that on a pliable surface, the conductive segment of the fibers comes into contact with 

skin easily. This type of test can be used when designing body worn textiles using these fibers to 

determine what level of compressive force should be inherently applied by the textile to the body 

for sensor functionality. In this case, these fibers may be well suited for biopotential recordings 

where only a low force is needed to obtain a low impedance skin-electrode interface. In cases 

where pressure sensing is desired, the fiber design should ensure that even under higher normal 

forces, the conductive segment will not contact the skin. In addition to aforementioned 

dimensional variations, the fibers evaluated here tend to have the conductor offset to one side of 

 
Figure 3.9: Average contact force at which contact resistance is 106 Ω for different agar skin 

model concentrations (1.75%, 2.00%, 2.25%). 
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the fiber, which in this case was the side facing the skin model substrate. This is a likely cause 

for observing contact occurring even at such low forces.  

3.5. Physical Modeling of Pressure Sensing 

Though experimentally evaluating the behavior of our novel fiber sensor design is critical 

to enabling useful applications of the sensor, the ability to explain the mechanical and 

electromagnetic phenomena which produce the sensor properties is important for optimization 

and customization of sensing fibers. The dumbbell, dogbone, or h-shaped fiber cross sections 

proposed for multi-modal sensing present unique challenges in fiber production. Once these 

manufacturing challenges have been addressed it will be possible to tune the fibers’ sensing 

response simply by altering the cross-section shape and materials. For pressure sensing, the 

measured capacitance change is not easily modeled using first principles techniques as is 

typically done for evaluating dual-plate dielectric capacitor structures, in which the dielectric 

layer between the structures is uniform throughout and the plates typically remain parallel to one 

another. In this case, rather, the mechanical coupling between the insulating and conducting 

segments dictates the mechanical deformation of the fibers under a normal load, and thus the 

capacitive response.  

In order to further understand the behavior of the fiber array cross-over points, a 

simplified version of the crossover point was implemented using finite element analysis software 

to analyze the potential behavior of the fiber crossover points as a pressure sensor. The bi-

component fiber structure employed for multi-modal fibers requires special consideration for 

predicting its response to applied forces because of two primary modes of deformation which can 

occur. The first deformation mode occurs due to compression of the insulating segments, in 

which the entire length of the upper fiber in the crossover point moves, and thus the upper 
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conductor moves closer to the lower conductor. A second deformation mode of the crossover, 

which is the mode primarily investigated in these models, occurs due to the deformation of a 

segment of the upper fiber which is suspended between the two insulating segments of the lower 

fiber at the crossover point. 

In the case where these fibers are integrated in a 1-up, 1-down plain-woven structure as 

shown in Figure 1.2b, the initial position of the upper fiber relative to the lower fiber under no 

applied forces will depend on the fiber weave spacing, as well as any nominal axial strains being 

applied to the fiber. Axial strain along the fibers will also increase the fiber rigidity, thus 

affecting the deflection response. In order to simplify the modeling case study to examine the 

effects of implementing different fiber cross-sections, certain assumptions were made to reduce 

the problem complexity as well as computational time required for modeling. One assumption 

made in the models is that the upper fiber is oriented directly perpendicular to the lower fiber 

along its lengthwise axis. In the real-world, the fiber may be slightly sheared left or right 

depending on the woven configuration. Another assumption that is that the area of the force 

applicator modeled to simulate an applied force on the crossover is matched to the size of the 

cross-over point. A force applicator with a rounded tip is used for these models and is set to have 

a tip diameter which matches the width of the fiber being modeled. Another assumption that is 

made for model simplification is that the fiber ends are fixed such that the upper fiber is 

perpendicular to and exactly in contact with the lower fiber. This is not a realistic scenario for 

woven structures where all fibers cross in and out of the structure’s mid-plane. This assumption, 

however, allows us to attribute all variations in the modeled responses to the changes in 

dimension, without having to consider the effects that dimensional changes may have on the 

angle of curvature of the woven structure.   



47 

 

ANSYS Mechanical APDL was used to produce the fiber pressure response model. 

Because this model evaluates the effect that dimensional changes will have on capacitive 

response, coupling between a mechanical and electromagnetic domain model was required. Each 

of the two domains was modeled using 3D tetrahedral elements consisting of 20 nodes per 

element (SOLID186 for mechanical simulations and SOLID122 for electrostatic simulations) to 

produce geometries with complementary structures such that the nodal results from one domain 

could be directly transferred to the other domain. This model was meshed using ANSYS smart 

meshing algorithms with starting area sizing of 2.5e-4 m and using 3D tetrahedral elements 

consisting of 20-nodes per element. 

A rigid base material located underneath the fiber crossover point is modeled to induce 

mechanical resistance against the fibers as they are compressed by the pressure head. This base is 

modeled as an acrylic material to more closely match the experimental setup being used for 

pressure testing. An example model design showing the fibers, base plate, and pressure 

applicator tip is shown in Figure 3.10a. In the electrostatic domain, the voltage boundary 

condition is applied to the conductor segment of the upper fiber at a value of 1 V. Additionally, 

the voltage boundary condition is applied to the conductor segment of the lower sensing fiber at 

a value of 0 V. Displacement boundary conditions in all three dimensions were applied to the 

nodes at the surfaces of the fiber ends for both the upper and lower fibers. Displacement 

boundary conditions in the X and Y directions were applied to all nodes of the pressure 

applicator tip such that it is restricted to motion in the Z direction only. All nodes attached to the 

modeled acrylic base plate were subjected to displacement boundary conditions restraining 

motion in all three dimensions.  
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Two components for capacitance matrix calculation were created using the cmatrix 

command from the nodal components of the upper conductor and lower conductor, respectively. 

‘Bonded contact’ pairs were established between multiple model components including from the 

bottom conducting segments to the base plate, from the bottom conductor to the base plate, from 

the top insulating segments to the bottom conductor, from the pressure applicator tip to the top 

cylinders, and from the pressure applicator tip to the top conducting segment. Additional 

‘bonded contact’ pairs between the insulating segments and conducting segments of each fiber 

assume a perfect interface between the conducting and insulating materials. ‘No separation 

contact’ pairs were established between model components including from the top insulating 

segments to the bottom insulating segments.  

For each force level, first the mechanical simulation is performed to determine the level 

of deformation of the fibers. The results for element displacement are then uploaded to the 

element coordinates of the electrostatic model database using the UPCOORD command. This is 

followed by solution evaluation of the model electric field and capacitance between the upper 

and lower conductor of the deformed model.  

The results from modeling the effect of different force levels on the capacitance of 

different rounded sensing fiber geometries are shown in Figure 3.10c. For these models, the fiber 

insulator material elastic modulus was modeled as 1.84 MPa, which is representative of Sylgard 

184, which was utilized to produce the fibers detailed in Chapter 2. We found that, while 

maintaining a constant thickness insulating segment and a constant conductor width, increasing 

the insulator radius caused a decrease in capacitance sensitivity in the lower force regime, while 

increasing the force sensing range. This parametric study also indicated that maintaining a 

constant fiber radius while increasing the conductor width, led to higher capacitance sensitivity 
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in 

the lower force regimes, while reducing the force sensor range as shown in Figure 3.10c. An 

example of the induced fiber deformation profile of one fiber geometry under a force of 0.5 N is 

shown in Figure 3.10b.  

A second set of parametric models was evaluated to see how changing the elastic 

modulus of the insulating segments would affect the fiber sensor responsiveness. Two additional 

elastic moduli were evaluated including 0.7 MPa and 3.5 MPa, representing one softer and one 

harder material than what was used to produce the fibers described in this chapter. The results 

from these models are shown in Figure 3.10d. Evaluation of these models indicates that an 

increase in elastic modulus causes a reduction in the low force sensitivity, but extends the 

 
Figure 3.10: (a) Fiber pressure model setup showing force applicator tip; (b) Example of 

fiber crossover deformation under load; (c) Parametric pressure model results for different 

fiber geometries; (d) Parametric pressure model results for different insulating segment 

elastic moduli. 
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functional sensing range significantly, whereas decreasing the elastic modulus has the opposite 

effect. These model results indicate that if fiber geometry is a constraint, simply altering the fiber 

insulating segment material can either increase or decrease the sensing range based on the 

desired application.  

3.6. Physical Modeling of Wetness Sensing 

Detection of wetness across a fabric, and particularly across a body-worn fabric, can 

provide additional relevant clinical information for remote diagnostics and patient monitoring. 

For health monitoring, detection of urinary incontinence, bleeding, and profuse sweating can all 

provide useful information to physicians and care takers about the status of a patient [19,67]. The 

proposed wetness sensing mechanisms utilize the exposed conductor on the fibers to detect the 

presence of fluid as described in Chapter 2. Similar to capacitance measurements, wetness 

detection utilizes fiber-to-fiber impedance measurements to determine if wetness is present. This 

approach requires that the fluid to be detected penetrates the crossover point such that it is in full 

contact with both the upper and lower conductor simultaneously. A major challenge to this 

sensing approach is that when one crossover point is wet, it renders other impedance 

measurement techniques, such as capacitive pressure sensing, difficult on crossover points that 

share a fiber with the wet pixel. To overcome this, the silicone-based fibers presented here are 

fabricated using a silicone which is significantly hydrophobic when cured, such that any small 

amount of water present on the surface of the fiber will likely roll off and may not penetrate the 

crossover point easily. In some cases, having hydrophobic fibers which prevent entry of the fluid 

into the crossover point may be desirable, such as when only pressure sensing is needed. 

In order to gain some understanding of the wetness sensing capabilities of these fibers, as 

well as our ability to modify and enhance those properties, a model of crossover point wetness 
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penetration was developed using ANSYS Fluent CFD (Computational Fluid Dynamics) 

packages. Because of the fiber cross-section shape, these fibers have an inherent fluidic channel 

which is produced in the area between the two insulating segments. This channel is expected to 

aid in fluid intake into the crossover point, especially for smaller fibers, since capillary action 

may draw the fluid into the crossover point. Fluid intake is expected to be more likely for fibers 

with a hydrophilic surface since the fluid can more easily move along the surface of the fiber 

against any surface tension forces that are present.  

A crossover point consisting of fibers similar in shape, size, and material to those which 

were experimentally evaluated in this chapter was modeled using ANSYS DesignModeler 

software. The model consisted of air surrounding the fibers as well as a sphere of water located 

just next to the fiber crossover point and just above the conducting segment of the lower fiber. A 

single plane of symmetry oriented axially along the center of the lower fiber was used to simplify 

the model. This model was meshed using ANSYS Fluent meshing algorithms with mesh 

refinement applied around the sphere of water. A 3D, Volume-of-Fluid (VOF) Multi-phase 

model was used to model the system, with the effects of gravity included to emulate the sphere 

of water dropping onto the surface of the lower fiber conductor. The fiber surfaces were modeled 

as a stationary wall boundary condition with the air-water contact angle specified for the fiber 

walls. The no-slip wall boundary condition was also applied. A single symmetry boundary 

condition was applied along the symmetry plane to simplify the model computational time. The 

Pressure-Implicit with Splitting of Operators (PISO) Pressure-Velocity coupling method was 

used for the solution method. The Pressure Staggering Option (PRESTO!) method was applied 

for pressure interpolation across the mesh. For solution initialization, the model was patched 

such that the sphere of water contained a volume fraction of 1.0 of water, with the surrounding 
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environment being ambient air. A very small timestep of 0.5e-4 seconds per time step was used 

to evaluate the model, as this small time step was required to produce a converging solution with 

the selected mesh size. Each model was evaluated for at least 200 time steps, which was enough 

time for the model to indicate fluid movement from the spherical droplet to a stable position 

along the fiber surface.  

 Both hydrophilic and hydrophobic models were evaluated to determine the effect that the 

sensing fiber surface properties would have on wetness sensing capabilities. In each case, the 

entire surface of each fiber (including both insulating and conducting segments) is assumed to 

have the same water-air surface tension by applying a single contact angle value to the wall 

 
Figure 3.11: Wetness models results for two different air-water contact angles on the fiber 

surface show significantly different behaviors for hydrophilic and hydrophobic sensing fibers.  
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boundary used to model the fiber surfaces. For the hydrophobic model, a contact angle of 117° 

was used which is typical of many polydimethylsiloxane (PDMS) materials, including those used 

to produce the fibers presented in this chapter. For the hydrophilic model, a contact angle of 70° 

was used which is typical of most nylon materials.  

For these models, a spherical droplet of water representative of 10 μL of fluid was 

implemented. The results at three different model times for both the hydrophilic and hydrophobic 

model are shown in Figure 3.11. The models indicated that the passive introduction of a water 

droplet near the crossover point of two hydrophobic fibers of this size would not lead to the 

immediate movement of the fluid into the crossover point sensing area. This same effect was 

observed experimentally when applying saline solutions directly beside the crossover point of 

our silicone fibers. In order to get the fluid into the crossover point, the upper fiber had to often 

be moved so that the fluid would be located in the crossover point for sensing. In the model case 

for hydrophilic fibers, nearly the entire droplet of fluid was observed to move passively into the 

crossover point almost immediately where it remained even at the end of the simulated time. 

Another small portion of the fluid spread away from the crossover point along the fluidic channel 

formed by the fiber. The large size of these fibers likely prevents capillary action from pulling all 

of the fluid into the crossover point area. These results indicate that it may be possible to change 

only the fiber material to produce multi-modal sensing fibers for different sensing applications. 

In cases where only pressure sensing is desired, hydrophobic fibers can help maintain a 

crossover point which is free of fluid that may interfere with capacitive sensing approaches. If 

wetness sensing is desired, hydrophilic fibers may aid in rapid detection of fluid presence within 

the sensing fiber crossover point.  
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3.7. Potential for Pixel-Based System Calibration 

Based on the extensive characterization that was performed on the silicone fiber samples, 

we saw significant variations in sensor crossover point response for pressure measurements. 

Though this variation makes it difficult to identify a characteristic sensor response that represents 

all pixels, our studies indicate the potential for individual crossover-point based calibration and 

characterization. From the tests that were performed, we saw that each individual pixel exhibited 

a relatively stable, repeatable response when tested at different times and over multiple days. The 

tested sensor array allows some lateral shifting/movement of fibers within the array because the 

fibers were not woven together in a tight weave pattern, which may have contributed partially to 

the observed variations. The spacing between fibers allows them to move a few millimeters in 

either direction, yet even with this movement, we observed little change in each crossover point 

response. If the crossover point sensing variations are due in part to variations in the fiber 

geometry at distant axial locations within a single fiber, the variations of proximal neighboring 

segments are less evident. This could explain why, even with our sample, the sensor readings are 

relatively repeatable. Calibration of an array of crossover points could be executed by 

individually applying forces of different levels to each pixel using a system such as the three-axis 

stage that was used to evaluate sensor response for these tests, while evaluating the impedance 

across a range of frequencies. A three-axis stage could be programmed to automatically align to 

each individual crossover point and then apply cycles of force at each point for calibration. This 

method has potential for calibration of the array for pressure sensing, where frequency response 

curves can be generated for each crossover points under the desired range of normal forces. 
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3.8. Potential Applications 

The fibers presented here would be best suited for applications where monitoring relative 

pressures or wetness levels is desired, since the fiber variations present inherent challenges to 

calibrating the sensors for absolute pressure measurements. Because of their hydrophobic surface 

and large size, these fibers are not well suited for detecting very small amounts of fluid, but they 

may be able to detect large amounts of fluid (at least 20 μL) near a crossover point. Though these 

fibers were not directly evaluated for biopotential measurements, we have demonstrated that 

their geometry enables efficient skin-electrode contact at very low forces, so they could 

potentially be used to create chest straps for heart rate monitoring, without the need for large 

amounts of electrode gel to obtain an adequate signal. 

The sensing fibers presented here are also fairly large to be practically implemented into 

a fabric substrate or textile substrate which would be used for body-worn applications, however, 

they may still find utility in large area textile systems for array-based monitoring of pressure and 

wetness. An array of these flexible, conformal sensing fibers could be embedded underneath 

textiles or in layered textile systems. These sensors may find utility in floor mats or carpets 

where they could be used to identify presence and detect spills. Under mattresses or in seat 

cushions, a sensing array may be able to detect pressure points and could be used to adaptively 

adjust for comfort.  

3.9. Conclusion 

Though the silicone fibers were not highly uniform, they served as useful samples for 

evaluating multiple characterization and modeling techniques in order to better understand the 

multi-modal sensing behavior of our novel fiber sensor geometry. As we work to scale these 

fibers down to sizes that are more relevant for textile embedded sensing, similar methods can be 
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employed to quickly understand the behavior of different sensor geometries and materials and to 

quickly calibrate larger arrays consisting of significantly greater numbers of row and column 

fibers. Though modeling efforts can be used to predict the relative behavior of the fibers, a major 

challenge with this fiber geometry is developing modeling techniques that can be experimentally 

validated. The sensing fibers evaluated here employ materials with non-linear elastic behaviors 

which are significantly more difficult to model, however, our model simplifications enable us to 

quickly evaluate relative sensing behaviors by comparing the expected pressure sensing 

sensitivity, and crossover point wetting capabilities of fibers with different component materials 

and geometries.  
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CHAPTER 4: Fully-Textile Insole Seam-Line for Multi-Modal Sensor Mapping 

4.1. Introduction  

Pressure mapping is used extensively in clinical and commercial applications to map foot 

pressure and gait and to suggest solutions such as customized orthotic inserts and shoes for 

improved comfort. Similar systems are also used in clinics to map pressure points inside of 

lower-limb prostheses to customize prosthetics for improved patient comfort and reduced risk of 

skin problems. Skin problems such as contact dermatitis, infections and ulceration are expected 

to be a result of a combination of factors present at the skin surface including pressure, shear, 

temperature, and moisture, however it is difficult to quantize all of these factors both spatially 

and temporally [68,69]. Commercially available pressure mapping systems on the market are 

highly accurate, but do not afford the flexibility and breathability that is needed for long term 

use. As such, these expensive systems are often utilized by trained professionals in labs or clinics 

to perform a one-time mapping of pressure points which is used to suggest customized solutions. 

A major challenge with this approach, particularly for prosthetic limb sensing, is that residual 

lower limbs tend to experience significant volume changes throughout the day based on an 

individual’s activity levels [70]. During clinical visits, the limb volume and corresponding 

measured pressure points may not reflect the same pressure points that occur throughout the day 

for a patient during their normal activities. To address these shortcomings, we are developing 

fully textile sensing systems capable of providing long-term pressure and wetness mapping 

capabilities which could be worn by patients at home or for long durations without adverse 

effects. Fully textile mapping systems afford the breathability and comfort necessary for long-

term shoe insole or prosthetic socket pressure mapping. This chapter explores the design 

approach for developing a fully textile, pressure mapping array for shoe insoles, including 
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mechanisms for sensor calibration, and compares our system to a commercially available 

pressure mapping system.   

4.2. Design Approaches for Developing Fully Textile Sensor Arrays 

Since textile-based electronics first emerged, the integration of conductive fibers, threads, 

or yarns into fabrics has been extensively explored for body worn sensing applications. There are 

three primary methods in which these conductive materials are typically integrated and utilized 

in fabrics. First, conductive materials may be integrated as textile interconnects, in which they 

are routed through a fabric substrate and used to connect one electronic system to another system 

or to a sensor or actuator [71]. Second, conductive materials may be sewn or woven to produce 

large surface area conductive pads which act as electrodes [72].  This approach is often used for 

producing textile embedded electrodes for biopotential measurements [66,73]. Third, the 

conductive thread or fiber alone may itself be used as a sensor as is often done for textile-based 

tactile sensors, and fabric-based touch input devices [26]. Pressure sensing arrays have been 

demonstrated using textiles for pressure mapping of plantar pressures and prosthetic limb 

interfaces, with varying degrees of pressure sensitivity and sensing ranges [74,75]. For lower-

limb prosthetic sensing, sensors capable of measuring socket-limb interface pressures up to 300 

kPa are needed [76,77], while for plantar pressure measurements, sensors capable of measuring 

pressures up to 600 kPa are often utilized. 

4.3. Seam-Line Integration Methods for Multi-Modal Sensing 

Single-layer fabric sensing arrays for pressure mapping have been designed which 

incorporate rows of conductive threads, or grids of woven or knit pressure sensors to provide 

pressure mapping [16,17].  These structures function well, however the sensitivity and sensor 

range are limited by the compressive response of the fabric material as well as the material 

thickness. By incorporating thicker, compressible materials as a dielectric layer between two knit 
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fabrics, we can achieve a greater capacitive sensing sensitivity while maintaining sample 

comfort. Additionally, we aim to enable wetness sensing and mapping within the fabric structure, 

with the goal of detecting moisture present in the prosthetic socket liner environment. It is 

suspected that a combination of moisture and pressure may lead to pressure ulcer development in 

lower-limb amputees and the ability to quantify both is desired [68]. Some amputees use a knit 

material as the first layer beneath their prosthetic limb to maintain comfort at the distal limb, and 

these materials often become very wet due to sweating.  The ability to indicate to a user when the 

material is too wet and to suggest to the user that they change this layer would be beneficial. 

Because of this, we select a hydrophobic nonwoven dielectric material, so that any fluid present 

at the limb will remain on the inner knit fabric layer for detection.  Additionally, the use of a 

hydrophobic dielectric allows us to continue performing capacitive pressure sensing between the 

two knit layers even when the inner knit layer is partially wet.   

4.4. Material Evaluation and Selection 

Our goal with the fully textile system was to obtain reasonable resolution of pressures 

from 0 kPa to 400 kPa, which would be suitable for plantar pressure mapping as well as residual 

lower-limb pressure mapping. A commercial insole pressure sensing system (Pedar®, Novel) 

was selected to verify our system’s capabilities.  This commercial sensor is typically calibrated 

for a pressure sensing range from 0 kPa to 600 kPa for each sensor pixel. Materials selection for 

the sensor stack was based on preliminary mechanical testing that was performed on different 

materials stacks, which led to the selection of a three-layer fabric design consisting of 500 gsm 

Kraton layers sandwiched between two PET-interlock knit fabrics. The inner Kraton material has 

a high dielectric constant for enhanced capacitance sensing sensitivity, while also providing 

additional capacitive sensing range due to its compressibility. Studies on the compressive 
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mechanical response of different material stacks were performed in collaboration with the 

College of Textiles and will be detailed in an additional publication.  

Because the expected capacitance response is directly related to the mechanical behavior 

of the material, this evaluation provided us with an indication of the approximate pressure 

sensing range for the capacitive pressure sensors. Slight differences between the mechanical 

response of the material stack and the final array-based system may exist because the addition of 

sewn-in fibers adds some mechanical resistance into the system.  Also, under compression, 

conductive threads may flatten out, thus increasing the respective area of the capacitor, making 

the capacitance a function of both the fiber flattening and the inner material compression. We 

expect that this fiber flattening occurs at relatively low loads, beyond which it remains constant 

and thus does not have much effect on the response at higher loads. Different crossover points 

are likely to have different baseline capacitance (capacitance measurement under no normal 

load) due to the fiber routing throughout the sample. Some rows/column pairs run closer to one 

another than others throughout the length of the sample. Grounding of the fibers that are not 

currently being used for measurement can help to reduce these effects. 

4.5. Pressure Sensing Insole Design and Fabrication 

In addition to producing a desirable mechanical response, a PET knit material was 

selected because it was shown to have better absorption properties for wetness testing than cotton 

knit material. For simplified demonstration of the sensing capabilities, we embedded two 

pressure sensing arrays of 3 rows and 3 columns each into the insole, for a total of 18 pressure 

sensing pixels (9 pixels each array). One array was located in the anterior portion of the insole, 

designed to primarily capture movements associated with toe strike, and the other was located in 

the posterior portion of the insole to capture movements associated with heel strike. The location 
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of each sensing pixel was matched to selected positions corresponding to the pressure sensor 

locations of the available commercial insole. Each conductive thread was also routed out of the 

insole along a strip of fabric as shown in Figure 4.1b such that they could easily pass through the 

opening in the shoe to connect to the electronic sensing circuitry.  Additionally, three column 

fibers were routed to the area between the anterior and posterior pressure sensing arrays for 

wetness sensing only. These fibers were located opposite the row fibers on the foot-facing knit 

fabric layer as shown in Figure 4.1a.  The completed sample with pressure sensing fibers labeled 

is shown in Figure 4.1b.   

There is a great deal of ongoing research examining methods for interfacing soft 

electronic textiles and conductive fibers with the rigid electronic systems that are often required 

for system power and sensor readout. We implemented a simple approach to this interface by 

utilizing an intermediate flexible printed circuit board as an interconnect. This circuit board 

consists of exposed copper pads to connect each conductive thread to interface with external 

 
Figure 4.1: (a) Tri-layer fabric sensor layout for array-based pressure and wetness sensing. (b) 

Fabricated sensor with pressure sensing pixels labeled. 
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circuitry. A strip of anisotropic conductive Z-axis tape (3M) was placed over the row of copper 

pads and each conductive thread was aligned and pressed onto the Z-axis tape, being careful not 

to allow stray fibers from the thread to be in contact with neighboring pads or threads. A 

subsequent strip of Kapton tape was placed over the area just above the pads on the connector to 

prevent any stray fibers from moving around. A layer of polyurethane film can be applied around 

the connector area with the pads and sealed using a benchtop heat press, however, for the 

primary evaluated sample this was not done in case adjustments to the connector were needed. 

The flexible circuit board contains FFC (flexible flat cable) connectors for interfacing the sample 

with either a wireless sensing system or a breakout board for testing individual pixels.   

Most of the tests described in this chapter utilize data collected using our customized 

array sensing circuit board which measures capacitance across all pixels by switching 

sequentially to select the yarns corresponding to a selected row and column, while 

simultaneously grounding all other yarns. Capacitance is measured using AC signal frequencies 

of 100 kHz to induce a capacitive response between the two selected yarns. Capacitance results 

shown here have undergone outlier removal and signal smoothing to reduce signal noise. 

4.6. Pressure Sensor Impedance Characterization 

4.6.1. Dynamic Pressure Sensing/Calibration 

A regimen of tests similar to those described in Chapter 3 were performed to understand 

the sensing capabilities of the seam-line sensing system. The sensors were evaluated for baseline 

pressure sensing capabilities by subjecting all 18 pressure sensing pixels to cyclic normal force 

application from 0 to 600 kPa (approximately 0-25 N), while measuring simultaneously from the 

selected row/column yarn pair using our wireless sensing system. Force was applied using the 

customized three-axis stage described in Chapter 3. A force application tip with a diameter of 
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0.71 cm was used to apply 10 cycles of force on each pixel. The wireless recording system was 

used to record the capacitive response of the entire pixel array while pressure was applied. This 

recording system works by grounding all rows and columns that are not currently being used for 

sensing, and rapidly switching between each selected pixel. The results from these tests were 

evaluated using MATLAB. The first force application cycle was removed from all tests because 

the first cycle generally exhibits slightly different behavior, likely due to the conductive threads 

undergoing some initial compression and orientation against the fabric substrates. The remaining 

cycles were then used to fit a two-term exponential expression according to the form:  

𝑌 = 𝑎𝑒𝑏𝑥 + 𝑐𝑒𝑑𝑥 

 
Figure 4.2: Dynamic capacitive response to 10 cycles of pressure application for 9 anterior 

sensing pixels from insole sample. Calibrated fit curves for each sensing pixel are shown in 

red. 
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where x is the pressure being applied to the crossover point in kPa, and Y is the change in 

capacitance (∆C) from the beginning of the second cycle where no force is being applied. a, b, c, 

and d are fit parameters based on the exponential fitting algorithm. The exponential expressions 

were fit to the portion of the cycles during both increasing and decreasing force though there is 

some hysteresis between these two regimes. To fit the curves, the baseline (reading when no 

pressure is being applied) is removed and the curve is fit to the value of change in capacitance 

(∆C). Since the sensor will be used for blind testing in which the prior and future sensor states 

may be unknown, the sensor will be unable to distinguish whether force is increasing or 

decreasing.  

The capacitive response curves under pressure application and the corresponding fit 

curve for each of the 9 sensing points located in the anterior portion of the insole are shown in 

Figure 4.2. Similar results were obtained for the sensing pixels in the anterior portion of the 

insole. We see that the calibration curves generally track through the space between the 

increasing and decreasing force cycle curves, such that they should provide a fair approximation 

of the relative level of pressure for each pixel. The mean exponential curve fit parameters for all 

18 pixels are listed in Table 4.1. The standard deviation for each of these parameters are 

relatively small compared to the means, indicating that it may be reasonable to use a single curve 

fit for all pixels, however, individual calibration curves for each pixel are used here for greater 

accuracy. The curves are most accurate for the low force regime where sensor hysteresis is lower 

Table 4.1: Mean two-term exponential fit parameters for 18 insole sensing pixels. 
Fit parameter a b c d 

Mean Value 

(Std. Dev) 

0.0570 

(±0.009) 

6.51e-4 

(±7.63e-5) 

-0.0525 

(±0.0074) 

-0.0114 

(±0.0013) 
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and sensitivity is higher. At higher pressures, the exponential fit will generally overestimate the 

pressure level based on capacitance. Though this dynamic pressure calibration approach 

produces significant hysteresis it is representative of the dynamic pressure environment the 

sensors are subjected to in a shoe insole. Due to the nature of the gaits being measured, it is fair 

to expect that on pixels where force is increasing, it is likely increasing on neighboring pixels as 

well, such that a comparison of the relative measurement of force between two neighboring 

pixels may still be accurate. 

4.6.2. Static and Dynamic Drift Response 

A 10 Hour sensor drift test was performed on all 18 sensing points of the sample by 

recording from all 18 points for 10 hours with no load applied to the sample. Measurements were 

obtained using the wireless sensing system throughout the test.  All 18 sensing points exhibited 

no significant drift during the 10-hour time frame (Figure 4.3), with only a negligible drop in 

capacitance (0.0011 pF) observed after 10 hours. A subsequent test was performed on multiple 

pixels to evaluate drift during consecutive loading/unloading pressure cycles.  Three pixels were 

 
Figure 4.3: 10 Hour static capacitance drift of insole sample sensors under no load. 

Responses for all 18 sensing points are shown. 
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subjected to at least 500 cycles of pressures from 12-300 kPa (approx. 0.5-12 N) while 

measuring the capacitive response of the selected sensor.  A characteristic result from cyclic 

pressure testing on pixel A2 is shown in Figure 4.4a. The midpoint capacitance (halfway 

between max. peak capacitance and min. peak capacitance) for each cycle was extracted and 

utilized to examine the cyclic drift.  A slight upward drift in capacitance was observed to appear 

throughout the cycle drift test. For pixel A2, an upward drift of 0.0077 pF occurred over a period 

of 500 force cycles. The force-capacitance curves show the change in response from cycles 1 to 

500. Three cycles of force are shown in Figure 4.2c, indicating that a majority of upward drift 

occurred during the first force application cycles. This indicates that the sensor array could 

possibly be conditioned by subjecting it to at least 250 cycles of pressure prior to use as an insole 

sensor. 

 

 
Figure 4.4: (a) Capacitive response of pixel A2 to 500 cycles of pressure. Average midpoint 

value for cycle peak-to-peak ∆C is shown in purple. (b) Corresponding pressure level for 500-

cycle drift testing. (c) Capacitive response for cycles 1, 250, and 500. 

(a)

(b)

(c)
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4.6.3. Static Pressure Sensing 

A static pressure test was also performed on pixel A2 by loading the pixel to different 

force levels for 60 seconds before removing the force for around 30 seconds.  Two cycles of 

static pressure were applied to reach force levels corresponding to 100, 200, 300 and 400 kPa of 

pressure.  The results for the static pressure test are shown in Figure 4.5.  The capacitive 

response for each pressure level was observed to be consistent from cycle to cycle, with only 

minor drift occurring in the capacitance when holding the pressure at a given level.  Each level of 

higher force produces a corresponding higher capacitance up to 400 kPa, indicating that the 

sensors can be used in both static and dynamic pressure sensing applications for the desired 

sensing range. 

4.7. Plantar Pressure Mapping Demonstration 

4.7.1. Sensor Comparison with Commercial System 

The system was demonstrated for plantar pressure mapping applications as a shoe insole 

in collaboration with and using the facilities at the Neuromuscular Rehabilitation Engineering 

 
Figure 4.5: Static pressure response of Pixel A2 at pressure levels ranging from 100-400 

kPa. 
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Laboratory (NREL) at North Carolina State University. All human trial results collected and 

presented here were performed using the researchers as subjects for the experiments. Based on 

best judgment of the researchers and the low risk of the use of commercially available materials, 

little risk to the researcher subjects was perceived. Verification of our system via comparison 

with the commercial insole system was performed by aligning our textile sensor directly on top 

of the commercial sensing insole. Our sensor was connected to the customized wireless array-

based recording system. For ease of system diagnostics, the wireless recording system was 

connected to a PC for power and serial monitoring of the incoming data. The commercial sensor 

 
Figure 4.6: Timeseries comparison of commercial insole pressure sensor vs seamline insole 

pressure sensor. Results from 9 anterior sensing points are shown. 
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system was used to send a voltage trigger signal to the wireless measurement system in order to 

facilitate data time syncing and initiate the data collection process. For the first test, an insulated 

object was used to press sequentially on each sensor pixel while observing the simultaneous 

responses of the commercial system and our textile insole system. Visual feedback from the 

commercial insole sensor was used to press each pixel until the pressure indicated by the 

commercial system was between 100-150 kPa. This was done to ensure that each pixel from our 

sensor was functioning as expected. Following the test, the results were processed in MATLAB 

and the pixel sensor calibration curves generated during sensor calibration described in section 

4.6.1 were used to approximate the corresponding force shown in the results figures.  

Representative time series results from the 9 anterior sensing points are shown in Figure 

4.6.  The measured pressures from our fully-textile sensor tracked the measured pressures from 

the commercial sensing system well. The average difference in measurement of peak pressures 

between the two sensor systems are shown in Table 4.2. Overall, the calibrated seamline sensor 

slightly underestimates the pressure level measured by the commercial sensing system, however, 

there is still significant sample variation as indicated by the standard deviation of the peak height 

differences for all pixels. The 9 anterior pixels performed well, indicating that they generally 

underestimate the force by less than 45 kPa. Note that the results for both the textile system and 

the Pedar system are only shown on the range from 0 to 150 kPa, which was demonstrated to be 

a reliable sensing range for these sensors when applying force using insulated objects. It is 

Table 4.2: Average measured peak pressure difference between commercial sensor and 

seamline sensor. 
 Anterior Pixels Posterior Pixels Overall 

Peak Height Difference 

Seamline-Pedar (kPa) (± Std.Dev.) 

-13.75 

(± 32.05) 

-13.44 

(± 80.53) 

-14.14 

(± 58.15) 
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evident that there is more signal noise on the corresponding sensors from our customized system, 

which is likely due to the fact that our sensor does not have any conductive grounding layer. We 

suspect that the commercial sensor does have such a grounding layer which prevents detection of 

force on neighboring pixels, however, when the foot is present against the sensor array it 

influences the nearby capacitance measurements, effectively serving as a grounding layer for our 

system. 

We performed timeseries correlation calculation on the results from each pixel region. 

Pearson’s linear correlation coefficients were calculated in MATLAB by comparing the time 

series matrices from each sensing point of the commercial sample to each sensing point of the 

fabricated seamline sample. The calculated correlation between pixels that are expected to be 

directly aligned, pixels that share a sensing row/column, and pixels that share neither a row nor a 

column are shown in Table 4.3.  Pixels that were directly overlapped exhibited the highest 

correlation, while pixels that contained a shared row/column exhibited a lower correlation (half 

the correlation level of directly overlapped pixels). Pixels that shared neither a row nor column 

exhibited no correlation from the timeseries.   

 

4.7.2. Plantar Pressure Mapping Test 

A second test was performed in which the stack of the Pedar sensor and our fully-textile 

sensor was placed on the sensing force plate and an individual performed a series of stepping 

tasks on the sensor stacks. The individual was wearing only a sock on their foot while stepping 

Table 4.3: Timeseries correlation values between pixels from commercial sensor and 

seamline sensor. 
Sensing Pixel Relationship Mean Correlation ρ (Std. Dev.) 

Direct Overlap (n=18) 0.72 (0.22) 

Shared Column or Row (n=36) 0.31 (0.20) 

No Shared Column or Row (n=108) -0.14 (0.07) 
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on the sensor arrays for this test. First, the individual stepped on and off the sensor three times; 

the individual then stood on the sensor and rocked back and forth three times, adjusting his/her 

weight from the heel to the toe. Results measured from the seamline sensor during four different 

stages of the test are shown in Figure 4.7a-d. The baseline capacitance for the seamline sample 

was taken as the capacitance when the test was started while no object or foot was present on the 

sensor. The calibration curves utilized for insulated object detection/mapping were found to be 

unsuitable for applications where a foot is nearby, as the capacitive effects of the foot cause a 

significant change in the capacitive response.  This is because the foot acts as a grounding plane, 

rendering the previously generated calibration curves inaccurate. Sample results from this test 

show scenarios including (1) calibrated with no load, ie. ‘foot off’, (2) individual balancing 

weight equally on both feet, ie ‘foot on’, (3) individual pressing on heel, and (4) individual 

pressing on toe. These results verify that we can obtain a reliable map of relative pressures across 

 
Figure 4.7: Pressure mapping from the insole sample outside of shoe, showing four different 

scenarios including foot off (a), foot on (b), heel pressure (c) and toe pressure (d). 

Foot off Foot On Heel Press Toe Press

(a) (b) (c) (d)
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the insole using our fully textile system. The inclusion of an additional conductive textile layer as 

a ground plane between the foot and the pressure sensing layers would likely allow us to better 

calibrate the system for insole sensing. Such a system would go beyond the capabilities of other 

demonstrated textile pressure detection systems by using individually calibrated pixels to provide 

quantified approximations of the force level at each pixel.   

4.7.3. Treadmill Walking Demonstration 

A subsequent test was performed by placing only the textile insole into a shoe to perform 

a walking test. For this test, the sensing circuitry was placed inside a 3D printed box which was 

affixed around the subject’s leg as shown in Figure 4.8c.  The subject started the test on a 

stationary dual platform treadmill. After some time, the treadmill was activated and accelerated 

to a velocity of 0.4 m/s.  The subject then walked for 30 seconds before the treadmill was turned 

off and the subject remained standing stationary.  A subsequent walking test was repeated using 

a higher treadmill velocity of 0.8 m/s.  The measured change in capacitance values are shown for 

these tests in Figure 4.8a/b. In this case, the baseline capacitance is the measured capacitance 

white the subject was standing balanced prior to walking. A representation of the timeseries 

showing the change in capacitance for the central anterior and posterior pixel at each walking 

velocity are shown. Despite the measured sensor hysteresis, the sensor was able to resolve the 

walking speed for both tests, and in both tests, the posterior pixel indicates an earlier increase in 

pressure compared to the anterior pixel for each cycle.  The phase difference may be slightly 

affected by the sensor hysteresis, however, the time difference between the peaks of the anterior 

and posterior pixels likely match well with heel strike and toe strike events during walking. This 

indicates that our sensor array not only provides adequate pressure mapping, but also could 

enable sufficient resolution of gait patterns and time-resolved walking events during low-speed 
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walking tests.   

4.8. Seam-Line Wetness Measurement Technique 

In a shoe insole, the presence of moisture in the shoe combined with pressure could lead 

to ulcers or athlete’s foot. Similarly, in lower-limb prosthetics, it is suspected that a combination 

of friction, pressure, and moisture lead to ulceration and discomfort following extended periods 

of use. In addition to moisture caused by sweating, moisture such as urine and blood can provide 

relevant clinical information for monitoring and diagnosis. The ability to quantity wetness could 

help physicians and scientists obtain objective information about these environments to help 

reduce the severity of the described cases. Using a similar technique to that used for pressure 

sensing, we can employ a fully-textile array of conductive yarns embedded into the fabric 

structure to obtain quantification of the presence and extent of wetness. This sensing approach is 

facilitated by the ionic conductivity of biological fluids such as sweat and urine, which enable 

impedance-based wetness detection, and by the absorptive properties of the knit fabrics, which 

allow the fabric to be incorporated as a functional part of the sensing mechanism.   

 
Figure 4.8: (a) Timeseries recorded from central anterior and posterior seamline insole 

sensing points at two walking speeds (0.4 m/s; 0.8 m/s). (b) 6 secs of timeseries shown. (c) 

Sensor in insole with sensing circuitry secured to leg. 

(a) (b) (c)
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For performing wetness detection on the textile substrate, a technique which measures the 

impedance between pairs of rows and pairs of columns to produce an array-based map of 

wetness is utilized. As any portion of the fabric along the area between two selected rows (or 

columns) becomes wet with an ionic solution (i.e. blood, sweat), the measured impedance 

through low frequency AC signals will drop significantly. For classification of pixels, the fibers 

for rows and columns are referred to as R# and C#, respectively. When using this technique, the 

area between two pairs of conductive yarns (ie. pairs R1-R2 and C1-C2) are designated as 

wetness pixels and are numbered as PXY. As an example, the pixel measured from yarn pairs 

R1-R2 and C1-C2 is designated as P11 (Figure 4.9a).  

This technique could enable a fabric-wide scan of multiple fabric locations for wetness. 

First, the impedance between the outer rows and outer columns (such as pairs C1-C36 and R1-

R5 in Figure 4.9a) are measured to determine if the entire area is wet. If that is the case, scanning 

between sub-groups of rows/columns inside of the given area (i.e. pairs R1-R2, C2-C3) will not 

yield much additional information. If the larger area does not register as wet, the system may 

 
Figure 4.9: (a) Wetness sensor layout showing row, column, and sensing pixel designations. (b) 

Knit-kraton-knit sample for four-pixel array sensing, showing locations where fluid is applied 

for full sample wetness test. 
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subsequently scan smaller areas (i.e. pairs R1-R2 or C2-C3) comprising the large area to 

determine if wetness is present. Subsequently, smaller scans can be made until wet areas are 

identified. One additional advantage of this technique is that it utilizes fewer measurements than 

the wetness technique described in Chapter 2 and our previous paper [8] to evaluate the same 

number of pixels for wetness, enabling faster measurement across higher-density arrays. 

4.9. Seam-Line Insole Wetness Testing 

Because the inner Kraton material used in the insole sample is primarily hydrophobic, it 

prevents movement of most fluid present on one side of the sensing sample from passing to the 

other side of the sample. As such, any fluid present on the foot side of the insole sample will 

mostly maintain itself within the porous knit PET material facing the foot. The column yarns 

placed on the knit material for wetness sensing are placed on the foot-facing PET knit layer on 

the fabric side opposite from the row yarns.  These fibers were woven orthogonal to the column 

yarns to enable array-based wetness sensing.   

A smaller sample with the same knit-Kraton-knit structure as the insole sample was 

fabricated to demonstrate wetness sensing capabilities of this configuration.  This sample 

consists of three row yarns and three column yarns woven on either side of the upper knit 

material, producing a total of four wetness sensing pixels. The yarns were spaced to 

approximately match yarn spacing on the insole sample. All measurements for wetness 

demonstration were recorded via electrochemical impedance spectroscopy (EIS) using a Gamry 

Reference 600 Potentiostat system. For these tests, AC frequency sweeps from 10 Hz to 1 MHz 

with a signal level of 100 mV were used to evaluate sensing behavior.   

In order to perform a full impedance analysis across the array, we developed a custom 

board capable of switching the EIS leads between different row-to-row and column-to-column 
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yarn pairs. This Arduino based multiplexing system is coupled with the Gamry Reference 600 

(Figure 4.10). Although Gamry offers a multiplexing system, it was not able to afford the 

customizable switching capabilities we required for our measurements. The custom board 

consists of 4 single-pole, single-throw reed relays (Standex-Meder, DIP05-1A72-11L) controlled 

by the Arduino’s digital I/O pins to switch either the counter/reference electrode pair or the 

working/working sense electrode pair. The modular nature of this board allows us to test 

incrementally larger yarn sensor arrays simply by adding additional boards to the system and 

adjusting the Arduino code. Each board is capable of controlling two counter electrode pairs and 

two working electrode pairs. For this demonstration, two boards were combined to allow us to 

perform the measurements across 3 row yarns and 3 column yarns. One limitation with this 

modular board is that each connected yarn can act as either a working or a counter electrode, but 

not as both without manually changing the connection. The switching between the desired 

electrode pairs in the desired order is handled by a custom Gamry code interfacing the Arduino’s 

digital I/O pins. 

 

 
Figure 4.10: Custom experimental setup for multiplexing selected rows and columns of 

sample for array-based wetness detection. 
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We simulated sweat accumulation onto the sensor by applying 100 μL of three different 

solutions (Deionized H2O, and 0.5% and 1.0% wt/vol NaCl/H2O) onto 5 different locations of 

the array sample as shown in Figure 4.9b for a total of 500 μL. Frequency sweep impedance 

measurements were obtained by scanning sequentially across 4 row-to-row and column-to-

column pairs. Prior to applying the fluid, at least 5 scans were taken on the dry sample to obtain 

a baseline measurement. Fluid was then applied and measurements were taken sequentially for at 

least 100 runs. Each measurement run was obtained at a rate of 1 frequency point/decade for a 

total of 6 frequency measurements per yarn pair in order to obtain rapid measurement scans 

across all pairs. Between each test, the sample was washed with deionized water and allowed to 

dry.   

The time series response of a selected measurement pair from all three wetness tests (at a 

selected frequency of 100 Hz) are shown in Figure 4.11. In all cases, the impedance measured 

across all yarn pairs was observed to drop by 3-5 orders of magnitude following wetting. When 

left to dry, the impedance measurements from all four pairs are seen to return to their dry levels 

 
Figure 4.11: Seamline insole wetness testing timeseries for various saline solutions 

(Deionized H2O, 0.5% NaCl, 1.0% NaCl). Solution is applied after 5 minutes and samples are 

drying is observed over the following 75 minutes. 
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at about the same rate, indicating uniform drying of the sample. Though all wet samples indicate 

a drop in impedance, the deionized water caused the least significant drop in low frequency 

impedance, while the saline solutions produced a greater impedance drop due to the presence of 

conductive ions. This indicates that most any fluid that is absorbed by the knit material could be 

detected. Because all bodily fluids contain some ionic content, this technique could possibly 

distinguish whether measured wetness is from a biological or non-biological fluid.   

These results were used to classify each sensing pixel as wet or dry by analyzing two 

measurement pairs (1 row-row pair, 1 column-column pair) corresponding to a given pixel. For 

simple classification and visualization, we examined the maximum value of the two 

measurements. Figure 4.12 shows the results from the test when the entire array was wet at 

different time periods before and after wetness application.  The impedance measurements when 

deionized water was applied did not decrease significantly, so the drop in impedance is not as 

pronounced. For tests where saline solution was applied, the entire array indicated wetness 5 

 
Figure 4.12: Pixel-based wetness mapping showing different phases of sample wetting 

and drying following application of saline solutions and deionized water.  



79 

 

minutes after applying fluid. 60 minutes after applying the solutions, all three samples had 

indicated some drying across all four sensing pixels. 

A similar test was performed by applying 50 μL of 1.0% NaCl solution only on the upper 

left pixel (P11) of the sample to demonstrate the ability to spatially resolve wetness. 5 minutes 

after the solution was applied, pixel P11 indicated wetness (Figure 4.13).  After 10 minutes, both 

pixels P11 and P21 indicate some wetness and by 40 minutes following fluid application the 

entire sample had dried. This demonstrates the ability to use insole seam-lines to determine 

wetness location and extent within an absorbent fabric.  

It is worth noting that although this method of obtaining row-to-row and column-to-

column measurements from the outside to the inside can be rapid, it may sometimes provide a 

slightly inaccurate picture of which portion of the fabric is wet. Figure 4.14 shows two cases in 

which this technique would incorrectly indicate certain cross-over points as wet (4.14c/e). The 

crossover points that would provide false positive readings using this technique are denoted by 

dark blue dots. In the case shown in Figure 4.14e, where multi-point wetness is detected, it is still 

possible to employ the technique which we previously demonstrated by measuring impedance 

between the crossover points consisting of one row and one column to identify which areas are 

actually wet. 

 

 
Figure 4.13: Pixel-based wetness mapping showing different phases of sample wetting and 

drying following application of 1.0% NaCl solution on a the upper-left pixel (P11).  
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We also would like to highlight that our technique can be employed using any conductive 

yarns or yarns as long as they can be sewn onto an absorbent fabric substrate. As new e-textile 

materials with better textile properties (e.g. washability and durability) emerge, we aim to assess 

the integration of these into our modular system. 

Going forward, we will combine the technique we presented here with our previously 

explored row-to-column measurement technique to achieve more robust and accurate detection 

of the presence and extent of wetness [8]. Based on these results, the system will be modified for 

impedance sensing at certain frequencies depending on the sequence of the crossover points. The 

wetness detection technique we presented here is also guiding our on-going efforts on integration 

of wetness sensing into a wireless, multi-modal, high-density, fully-textile sensor array. Moisture 

and pressure are known to be factors that contribute to prosthetic discomfort, and the wetness 

 

Figure 4.14: Fabric array wetting scenarios. Some scenarios may be accurately measured 

(A, B, D) and other scenarios (C,E) may cause false positives. These can be avoided with 

extra measures. Different yarn pairs may be selected to identify wetting by measuring from 

the outside to the inside (F). 
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detection technique presented here will also feed in to this parallel textile-based multimodal 

sensor effort. 

4.10. Conclusion 

The sensing textile seam-lines demonstrated here for multi-modal insole sensing indicate 

the possibilities of performing both wetness and pressure mapping using a fully-textile sensor 

system. Because of the nature of the fabrics and yarns utilized to produce this multi-layer insole 

sensor, the sensing mechanisms are best suited for applications where relative mapping of 

pressures/wetness would be adequate. Further work is needed to develop samples with lower 

pressure sensor hysteresis which would enable more accurate detection of pressure levels. 

Inclusion of a fully-textile conductive grounding layer in the sample could enable more accurate 

pressure measurements in applications where a foot or limb is placed nearby. A major goal of 

this project is to translate the technology used here into a sock which can be used beneath the 

prosthetic socket liner of lower limb amputees to map relative pressures and wetness over 

extended periods of time for quantification of the effects of pressure and moisture on skin 

problem formation. 
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CHAPTER 5: Melt Extruded Multi-Functional Sensing Fibers 

5.1. Introduction 

The ability to fabricate multi-modal sensing fibers using conventional textile fiber 

manufacturing techniques will help enable next generation sensing textiles. Conventional 

techniques such as melt extrusion, dry spinning, and wet spinning have significant advantages 

over benchtop and cleanroom fabrication techniques, such as the ability to produce very long 

fiber lengths, the ability to draw and quench fibers to reduce size [78], and the ability to spool 

large quantities of fibers for post-production textile integration. Additionally, the extrusion 

behavior of available component materials, such as nylons and polyesters, used for textile fiber 

production is well understood. By implementing our dumbbell shaped cross-section for multi-

modal sensing using conventional textile materials, we aim to produce sensing fibers which look 

and feel like those found extensively in consumer textiles. Advancements in using carbonaceous 

fillers to produce conductive nylon [79] and PET [80,81] fibers, combined with the availability 

of multi-component extrusion techniques enable us to produce multi-modal sensing fibers much 

smaller than those that have been produced using benchtop extrusion or printing methods. 

Characterization and analysis of these sensing fibers demands special consideration of textile 

integration techniques, including how integration might affect sensor functionality. This chapter 

explores the first efforts to characterize melt extruded sensing fibers using different textile sensor 

configurations.  

5.2. Multi-Component Melt Extrusion Fabrication 

Different methods have been used to produce conducting polymer-based fibers, including 

electrospinning [82,83], vapor polymerization [79], and fiber coating techniques [80], however 

melt extrusion provides the most appropriate mechanism for multi-component fiber production. 
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In melt extruded carbonaceous conducting polymers, drawing speed significantly affects both the 

viscosity and storage modulus of the extruded material [84].  Bi-component melt extrusion is 

also affected by shear rates of the flowing polymers as they pass through the spinneret [85].  

Conventional spinnerets are designed to extrude fibers with circular cross-sections, and exhibit 

differences in flow shear rates from the outer edge of the fiber, where they are highest, to the 

center of the fiber, where they are lowest.  When multiple immiscible polymers are extruded, the 

differences in shear flow contribute to differences in interfacial forces between materials.  Even 

polymeric materials with similar viscosities may suffer from elastic layer rearrangement which 

causes alterations in the desired cross-sectional geometry.  The effects of elastic layer 

rearrangement are greater for extruded cross-sections of square or teardrop shape than for 

circular shape, when the co-laminar flow path is longer, and when more elastic materials are 

used [86]. Two extrudate deformation modes which typically occur and must be considered to 

pre-determine the extrudate shape include die swell and sharkskin [78]. Die swell is a function of 

the material rheology, extrusion speeds, and die outlet, and can be well modeled using 

computational fluid modeling tools. Sharkskin deformations occur as roughness at the polymer 

surface which may be caused due to poor polymer-wall adhesion within the die, especially if 

extrusion pump speeds are not well tuned. 

The sensing fibers studied here were produced in collaboration with the College of 

Textiles at North Carolina State University. Fiber melt extrusion fabrication utilizes a series of 

specially designed plates which form the customized extrusion die, to produce multi-component 

fibers. Using a single die outlet on the extrusion die, our collaborators altered the extrusion 

parameters such as pump speeds to form fibers of four different component material ratios. The 

component material ratios are represented as the ratio of sacrificial polymer: insulating polymer: 
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conducting polymer. Fibers with component material ratios of 70:20:10, 60:30:10, 60:25:10, and 

50:40:10 were fabricated. The procedure and process parameters used to fabricate the fibers will 

be provided in further detail in an additional publication, however the samples used here were 

not subjected to any form of quenching, drawing, or spooling upon extrusion. The conducting 

segments, insulating segments, and encapsulation were formed using nylon/carbon-black, nylon, 

and polylactic acid (PLA), respectively. The PLA encapsulation of fibers used for these 

experiments was removed manually by peeling the PLA segments off by hand.   

5.3. Electrical Characterization of Melt Extruded Fibers 

Because these fibers are designed to be used for impedance-based sensing, it is important 

to evaluate their electrical properties. Due to the small size of the fiber cross-section, and the use 

of a conductive filler added to nylon as the conducting segment, the fiber resistance is expected 

to be relatively high. A high resistance fiber may still be used for capacitive based pressure 

sensing as long as charges can readily mobilize within the fiber, however, highly resistive fibers 

may exhibit significant piezoresistive effects. Piezoresistive behaviors of these sensing fibers 

will be evaluated in an additional publication which evaluates the optimization of the melt 

extruded fiber fabrication process. 

Fibers produced using the four different material ratios were evaluated for their resistance 

using samples that measured 4.5 cm in length. The resistance per length of each fiber type found 

is shown in Table 5.1. The sample produced with a ratio of 70:20:10 did not produce a reliable 

resistance reading for these measurements. The 50:40:10 fibers were found to have the lowest 

resistance and were selected for further experimentation and validation. Fiber samples from 

different sections of the fiber extrusion batch were selected and used to create two samples 

consisting of multiple individual crossover points, as shown in Figure 5.1a.  
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In these crossover points, two fibers are aligned orthogonal to one another, such that one 

fiber passes over the other. Because of the high aspect ratio of the fiber cross-section (width >> 

length), a small amount of tension in the fibers causes the fibers to flatten, producing the desired 

fiber orientation at the fiber crossover. Care was taken to ensure that the fibers were flat 

throughout their entire length with no fiber twisting. For interconnection with electronic testing 

equipment, the ends of the fibers were connected to copper pads on a printed circuit board using 

a conductive epoxy adhesive (MG Chemicals) and allowed to dry for at least 4 hours. The LCR 

meter was connected to the crossover point of interest via the printed circuit board for 

measurement. Each of the crossover points was subjected to cyclic compressive testing from 0 to 

0.9 N using a three-axis stage with force measurement unit, while measuring the parallel 

capacitance and resistance components using the LCR meter. A pressure head measuring 7.1 mm 

in diameter was manually aligned to the crossover point and used to apply cyclic normal force.  

Inaccuracies are introduced due to the high impedance of the fibers, however, a measurable 

change in capacitance is still observed using a 1 kHz AC signal with a signal voltage of 1 V.  

The capacitive responses to dynamic force application for three individual crossover 

points are shown in Figure 5.2. For all capacitance measurements presented in this chapter, 

Table 5.1: Resistance of melt extruded fibers produced using different 

material ratios. 

Fiber Sample Ratio Mean Resistance (n=2) (MΩ/cm) 

50:40:10 3.48 

60:25:15 15.97 

60:30:10 15.73 

70:20:10 N/A 

  



86 

 

signal smoothing and outlier removal have been applied to reduce the signal noise. The first 

cycle showing initial pressure application has been removed for ease of comparison.  The first 

cycle contained lower capacitance readings as the fibers initially move into contact with one 

another.  For all three pixels, significant hysteresis is present between the increasing and 

decreasing segments of dynamic force application, likely due to the insulating material’s 

compressive response and relaxation behavior, which will be further evaluated as part of the 

fiber fabrication studies. Two different force sensitivity regimes are evident, with a lower force 

 
Figure 5.1: (a) 1x1 sample containing 3 sensing points; (b) Imprinting deformation of 

component fibers of 1x1 pixel following high load application; (c) 3x3 basketweave sample; 

(d) 5x5 basketweave sample; (e) 3x3 1-up,1-down weave sample showing natural fiber 

spacing. 
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regime from around 0 to 0.2 N exhibiting slightly higher sensitivity and less hysteresis.  This is 

likely the period during which the fibers are coming into contact with one another and with the 

rigid base plate beneath them. A higher force regime from 0.2 N to 0.9 N exhibits slightly lower 

sensitivity and larger hysteresis, though this region still appears to produce a linearly increasing 

response to force application. 

The amount of force applied here represents a relatively large pressure of 100’s of kPa 

being applied to the fiber. Attempts to apply significantly higher forces to individual crossover 

points resulted in permanent deformation in the form of imprinting as shown in Figure 5.1b. We 

refer to force levels for these fibers rather than pressure levels because assumptions would need 

to be made regarding the area of the fibers in contact with the pressure head in order to 

accurately convert force to pressure. A reasonable approach to textile integration of these fibers 

for individual fiber pixel-based sensing would be to ensure that fiber tension within the woven 

substrate induces at least 0.1-0.2 N of force at each fiber pixel, in order to achieve a normal force 

at which the fibers could not easily separate from one another.    

 
Figure 5.2: Dynamic pressure cycling of single crossover points from 50:40:10 melt 

extruded fibers shown for three samples. 3 cycles of increasing and decreasing force are 

shown for each. 
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When these fibers are integrated into a fabric for measurement, there are many different 

integration methods that can be used, all of which may produce a slightly different response. The 

most straightforward methods for fabricating a textile substrate using these fibers are the (a) 1-

up, 1-down plain weave or the (b) basketweave. It is also possible to group multiple fibers 

together to act as a single sensing stripe. Combining fibers together can be easily done by 

attaching the fibers ends to the same connector pad. This approach increases the baseline 

capacitance and sensing range for each sensing point, though the effective fabric area occupied 

by each sensing point will also increase. Using the grouped sensing fiber approach introduces a 

trade-off because it also reduces the effective sensor density. In this study, we explore two 

grouped fiber scenarios with a basketweave (consisting of 3 lumped fibers and 5 lumped fibers, 

respectively). The assembled samples for each case are shown in Figure 5.1c/d.  A sample was 

made using the 1-up, 1-down plain weave technique (consisting of 3 fibers for rows and 3 for 

columns) for demonstration, however. this sample was not used for experimentation because the 

fibers tended to spread significantly due to the tension from weaving (Figure 5.1e).  For each of 

 
Figure 5.3: (a) Capacitance response curve for lumped 3x3 and 5x5 basketweave samples. (b) 

Low-force capacitive response of lumped 5x5 basketweave. 
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these samples, all row fibers and all column fibers are grouped together by connecting them to 

the same copper pads on a printed circuit board using silver conductive epoxy.  

Both of the grouped basketweave samples were subjected to dynamic force cycling to 

evaluate the sensor response. Cycles of force up to approximately 1.6 N for the 3x3 sample and 

2.6 N for the 5x5 sample, respectively, were applied to evaluate the capacitive response to force 

application.  The force response was measured using the LCR meter and measurements were 

obtained in the series resistance and capacitance (Cs-Rs) mode. The signal frequency for 

measurements was 30 kHz with a signal level of 1 V. The results for each of these tests is shown 

in Figure 5.3. Again, two regions of force sensitivity arise with the lower force regime exhibiting 

much higher sensitivity and much lower hysteresis. The low force regime for the two samples 

exists up to 0.1 and 0.15 N, respectively.  In Figure 5.3a, the low force sensitivity regime has 

been removed as this is likely the region where all fibers are coming into contact with one 

another and with the rigid base plate. The change in capacitance due to force is presented  

relative to the capacitance at the force level cutoff (0.1 N and 0.15 N, respectively). In an 

 
Figure 5.4: 12-Hr Capacitance drift of 5x5 basketweave sensor under constant load. 
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application where these fibers are used, a woven substrate would need to have at least 0.15 N of 

normal force produced by tension in the fabric weave so that capacitive sensing occurs beyond 

this low-force regime. For both samples, an anomaly is seen during increasing force cycles, 

possibly due to the fibers coming into full contact with the rigid base plate. Figure 5.3b shows 

the force-capacitance response of the 5x5 basketweave sample with the low force sensitivity 

region included. The increase in capacitance in this region indicates very high sensitivity under 

application of very low normal forces, though the signal noise in this regime is higher.   

Sensor drift was evaluated by applying a constant load of 1.5 N to the 5x5 crossover 

point for 12 hours, while measuring the capacitance every 30 seconds (Figure 5.4).  The sensor 

exhibited capacitance drift under load of less than +0.003 pF over 12 hours, which is negligible 

compared to the force sensor sensitivity of the sample. The maximum drift from the initial 

capacitance observed during the test was +0.0041 N, which was observed at around 7 hours.  

5.4. Modeling Crossover Penetration of Micro-droplet  

Because these fibers are scaled down to much smaller sizes than the previously described 

fibers, they can potentially be used to detect much smaller amounts of fluid, making them more 

suitable for detection of small amounts of sweat, urine, or blood within the fabric. Additionally, 

these fibers are made of nylon materials which exhibit much better wetting properties than 

silicone materials [87].  

A wetness model similar to that described in Chapter 3 was developed for a much smaller 

fiber cross-section geometry, which more closely matches the geometry of the 50:40:10 fibers 

that were produced experimentally. The geometry for the fiber model is shown in Figure 5.5. 

Model setup followed the same approach previously described with the water droplet size scaled 
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down significantly to represent a droplet of 0.01 μL of water dropping onto the lower fiber 

surface. The fiber surfaces were modeled as a wall interface with a water-air contact angle of 70° 

along all surfaces of the fiber to reflect the typical surface behavior of nylon materials [87]. The 

time step size for this model was 5e-7 seconds per time step. Figure 5.5 shows the model results 

from three selected time steps in the model. The initial model time shows the modeled spherical 

water droplet just before it falls onto the fiber surface. The second time step shown represents a 

model time of t=1e-4 s. This demonstrates when the droplet is being passively pulled into the 

crossover point via capillary action and surface tension. The third time step shown is at the 

model conclusion (t=2e-4s). At this point, the droplet has mostly stabilized and remains fully 

inside the fiber crossover point.  This model suggests that even a very small amount of fluid next 

to the crossover point can rapidly penetrate the crossover point due to surface tension and 

capillary action in the channel formed by the fiber. In this case, the entire fluid droplet moved 

into the crossover point area and remains there once the fluid movement stabilizes. These 

 
Figure 5.5: Wetness model results of 50:40:10 silicone fiber. Water volume fraction is 

shown before droplet falls to fiber surface (left), as fluid passively moves into the crossover 

point (center), and as the fluid has stabilized in the crossover point space (right). 
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simplified fluid models can be used to rapidly evaluate the effects of changing fiber dimensions 

and materials on the wetting behavior of an ideal fiber cross-over point in order to predict 

relative sensing capabilities.  

5.5. Wetness Sensing Validation 

Wetness sensing capabilities were demonstrated experimentally using the lumped fiber 

array samples by performing impedance spectroscopy on the samples before and after wetting. 

Wetting was induced by applying 0.1 μL droplets of 1.0% NaCl solution to areas just next to 

fiber crossover points.  The Gamry potentiostat was first used to test dry samples by performing 

a frequency sweep from 10 Hz to 1 MHz with a signal voltage of 100 mV.  The fluid droplet was 

then applied using a micropipette just beside the crossover point and was observed to almost 

immediately wet the surface of the fiber and move into the nearby crossover point. Both an 

individual fiber cross-over point and the 3x3 basketweave array were evaluated. The frequency 

response for both samples indicate a significant drop in the low frequency impedance, indicative 

of a resistive response within the crossover point (Figure 5.6c).  The drop in impedance for the 

3x3 sample was significantly greater than for the 1x1 sample, likely because the fluid was able to 

penetrate three crossover points in the 3x3 sample (Figure 5.6d). A subsequent droplet of 0.1 uL 

was applied on the 3x3 sample as shown in Figure 5.6e, which resulted in a total of 6 crossover 

points being wetted.  

The ability of the samples to rapidly detect fluid presence was evaluated by performing 

repeated impedance sweeps on the sample both before and after applying the fluid. The 5x5 

basketweave sample was utilized and a 5 μL droplet was applied after 3 minutes as shown in 

Figure 5.6a. The sample was then allowed to dry at room temperature while recording the 

impedance periodically. Solutions of three different salinities were applied (0.5%, 1.0%, and 
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1.5% NaCl) during each of three consecutive tests.  In between tests, the sample was rinsed with 

deionized water and allowed to dry to remove any NaCl residue. The measured drop in low 

frequency impedance was observed to correspond to the salt concentration of the solution, with a 

higher concentration resulting in a greater drop in impedance.  The drying times varied 

significantly during each test and may be a related to the droplet placement on the surface of the 

crossover point. As shown in Figure 5.6b, the droplet did not always contact all of the crossover 

points of the 5x5 sample. This test indicates that wetness sensing using grouped basketweave 

samples is possible and may function for detection of the relative salinity of fluids that are 

present in the crossover points.  

 

 
Figure 5.6: (a) Wetness timeseries (|Z| at 1 kHz) of 5 μL of different salinities applied on a 

5x5 crossover point (b); (c) Frequency response of samples to different amounts and different 

salinities; Wetting of 3x3 crossover point when 0.1 μL (d) and 0.2 μL (e) is applied. 

0.1 μL applied 0.2 μL applied

5 μL Droplet
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5.6. Conclusions/Future Work  

The preliminary experiments discussed here show the first efforts to validate multi-modal 

sensing capabilities using sensing fibers that are mass produced using conventional melt 

extrusion fabrication techniques. Future production runs are necessary to produce fibers with 

drawing and spooling, which may alter the fiber cross-section shape as well as the fiber material 

properties. Evaluation of the mechanical properties of the fabricated fibers are also necessary to 

understand the effect that these properties have on sensing capabilities. Alternative conducting 

polymer fillers may be evaluated to increase the fiber conducting segment conductivity. The 

fibers evaluated here also have geometries which do not exactly match the desired output 

geometry for the extrudate, which may be optimized with further testing, such that the insulating 

segments become more rounded in cross-section shape. The results presented here indicate that 

special weaving techniques in which fibers are grouped together such as the 5x5 basketweave, 

are worth pursuing when producing the first large-scale woven textile substrates from these 

sensing fibers. Not only will this approach improve sensor stability and sensitivity, but it will 

make evaluation of sensor properties much more straightforward since the effective crossover 

point areas are larger. Static pressure testing has not yet been performed using these fibers, but 

they are expected to perform well under static loads based on the responses that were observed 

during dynamic loading.  

These fibers are primarily designed for healthcare sensing applications and future fiber 

iterations will be tailored to enable sensing of pressure and wetness in prosthetic socket 

environments, however, there are many other useful applications for such fibers. In fabric form, 

these fibers could provide long-term monitoring of utility and structural infrastructure. They 

could also be integrated into fabrics used for object detection, touch detection, or presence 
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monitoring. Because these fibers are made from conventional textile materials using common 

fiber production techniques, manufacturing scale-up of fiber and fabric production using these 

fibers should be straightforward. A major challenge to integrating these fibers into commercial 

products will be developing interconnect mechanisms for connecting hundreds to thousands of 

sensing fibers to sensing circuitry.  Approaches such as the lumped fiber approach described here 

can make interconnection more straightforward for large surface area sensing fabrics.   
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CHAPTER 6: Conclusion 

Next-generation electronic textiles aim to provide ubiquitous and inconspicuous 

platforms for sensing and actuation. The development of next-generation e-textiles will require 

further advancements in materials development, interconnect technologies, integration 

techniques, and advanced algorithms for data collection and processing. Here, we have presented 

novel fiber geometries and textile integration techniques for achieving multi-functional sensing 

using fully textile systems. By designing textile fibers that can be used for different sensing 

modalities, textile substrates can be fabricated with customizable and adaptable functionalities. 

This will allow engineers, designers, and consumers to customize the sensing functionality of 

finished fabrics made of multi-modal sensing fibers.  

In these studies, we focused primarily on designing fibers capable of impedimetric 

sensing of pressure, strain, wetness and biopotentials. By evaluating alternative fiber base 

materials, filler particles, and/or different fiber cross-section geometries it may be possible to 

enable sensing of humidity, temperature, proximity, and fluid flow using impedance sensing 

techniques. Alternatively, fibers may be functionalized for potentiometric sensing of gases, ions, 

or compounds. When designing multi-modal fibers, the complexity of interactions between 

sensing modalities will often dictate the limitations of the sensing fibers, which requires the 

development of new characterization schemes. Here, we have developed characterization 

schemes for evaluating multiple fiber-based impedance sensing modalities, with the aim of 

decoupling some of these modalities, such as normal pressure and axial strain. A combinatorial 

approach which measures impedance using a number of key frequencies is likely to yield more 

accurate decoupling of multiple sensing modes, while still allowing rapid sensing from an array 

of many sensing points.  
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Another major advantage of the sensing fibers we have demonstrated is their 

manufacturability. Because the tri-segment fibers are designed to have a uniform cross-section 

throughout the entire fiber length, they can be mass produced using multiple production 

methods. We have demonstrated fibers made using a sequential extrusion printing technique, a 

customized benchtop co-extrusion setup, and using conventional textile fiber melt extrusion 

processes. We have also demonstrated a low-cost method for achieving multi-modal array-based 

sensing using commercially available fabrics and conductive yarns. 

The multi-modal sensing fibers and sensing fabrics presented here could find great utility 

in the healthcare field, for both long-term monitoring and rapid diagnostics. Conformable, 

textile-based pressure sensing arrays could be used in insoles for monitoring gait, in prosthetics 

for monitoring pressure points to avoid ulceration, in beds/mattresses to prevent bed sores, and in 

sports/military uniforms to detect blunt force impact. These solutions could be utilized internally 

in clinics or designed for long-term at-home use. There is still a need for development of 

adequate interconnect technologies and control circuitry, however, simple sensing textiles would 

enable a low barrier-to-entry for use by patients outside of the clinical setting. Wetness 

monitoring fabrics could be used in scenarios to rapidly detect bleeding or sweating of soldiers 

and first responders in order to remotely classify their physical state. Wetness sensing arrays 

could also be used to remotely sense incontinence of the elderly to alert caretakers immediately. 

The inclusion of fibers specifically designed for heart rate detection could aid remote diagnosis 

of patients or soldiers, by providing information about physical exertion/excitement levels. When 

combined with the information from other sensing modalities, new insights could be gained 

about how to use multiple sensor data streams to identify care needs.  
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Despite the technical challenges that still exist for bringing textile arrays consisting of 

hundreds to thousands of sensing fibers to market, advancements in processing power and 

penetration of wireless device solutions will eventually help make these textiles a reality. The 

toolkit demonstrated here provides a starting point for materials scientists, textile engineers, and 

electrical engineers to produce optimized fibers which maximize sensing possibilities while 

minimizing the market barrier-to-entry. 
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Appendix A: Agar Sample Preparation 

 

Agars samples with the desired mechanical and electrical properties were produced by 

first heating the necessary amount of deionized water using a hotplate with the probe temperature 

set to 90° C. Agar powder was then slowly poured into the heated water and manually mixed 

using a stir rod until all powder clumps were visibly dissolved. The hotplate temperature was 

lowered and the mixture was left to sit for 5 minutes before being poured into a glass pyrex dish. 

The agar was left to sit for 24 hours at room temperature to solidify before being placed in a 

refrigerator until further use.  

Agars were produced in batches of 1.00%, 1.50% and 2.00% wt/vol solutions of 

Agar/H2O. After 24 hours in the refrigerator the agar samples were removed and cut into samples 

measuring 1 cm x 1cm x 0.7-1.2 cm. These samples were subjected to compressive testing in a 

Material Testing System (MTS) to evaluate the sample mechanical response and cyclic 

compression testing to 20% compression was repeated on each day for days. The compression 

moduli of the samples were extracted from the cyclic testing results (Figure A1). In addition to 

 
Figure A1:  Compression moduli of tested agar samples 
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mechanical testing, each sample was subjected to evaluation of the sample electrical conductivity 

by sandwiching each sample between two copper pads and performing a frequency sweep across 

the two electrodes with an AC signal voltage of 100 mV using the Gamry Reference 600 

Potentiostat. The results for this preliminary electrical characterization at two selected 

frequencies (10 Hz and 100 Hz) are shown in Figures A2. Based on these results, we determined 

that a better mechanical representation of a skin model could be obtained with samples centered 

around the 2.00% agar sample, so further testing was performed using agar samples of 1.75%, 

2.00% and 2.25%, respectively.  

 

 

 

 

  

 
Figure A2: Bulk resistivity of tested agar samples 
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