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Figure 1. Sensing Surface



In the current state of research, detailed information relating to textile structures is 

missing from the e-textile development, because the research papers are often 

theoretically written and pay more attention to the material and engineering principles. 

That makes it extremely hard for future textile designers to follow the studied structure 

designs. Therefore, this thesis intends to complement the current research by 

embedding textile thinking into the woven e-textile development process. With 

thorough documentation of the ideation, prototyping, and analyzing processes, this 

work helps to form a way of thinking and fill in the gap between engineers and 

designers. Being a multidisciplinary subject by nature, textile design deserves to get 

more attention, instead of being neglected and remaining in the minds of weavers. 

The outcome of this thesis includes a collection of woven textile designs with tested 

results on their pressure-sensing properties generated through experimentation and 

observations, as well as a guideline for future designers or engineers to construct 

pressure-sensitive multi-layered woven textiles. With this guideline, they can choose 

the proper woven structures based on their applications or get inspired by the mindset 

carried out through this research. As this study uses only one kind of resistive material, 

the results cannot be generalized to other materials. However, this thesis can still be an 

example of exploring pressure-sensitive multi-layered woven fabrics for future 

research when more potential materials are tested. 

Keywords: e-textiles, pressure-sensitive e-textiles, multi-layer woven fabrics, woven 

structure design, textile thinking, interdisciplinary research

Abstract

Sensing Surface 3

As multidisciplinary collaborations among different fields are increasing, textiles have 

become a very popular carrier, especially when working with electronics. Pressure-

sensing textiles, for example, are one of the applications. In the future, many textile 

products may sense the pressure given to them by our bodies and provide versatile 

forms of feedback based on their functions. For now, many additive textile fabrication 

methods like printing, sewing, or laminating printed electronics on top of fabrics are 

used to achieve the pressure-sensing property. These methods use textiles merely as 

substrates instead of utilizing unique possibilities created by textile design and 

construction.

This practice-based research focuses on constructing multi-layered woven textiles with 

pressure-sensing functions. More specifically, it investigates how to achieve different 

textile performances by altering the woven structures. The background research aims to 

build an initial understanding of e-textiles and pressure sensors, then outline the state-

of-the-art in pressure-sensing textiles research. During the practice-based research 

process, multiple design methods are integrated into woven textile prototyping and 

testing. This thesis combines textile thinking, which refers to prototype development, 

with a logical mindset, which refers to data analysis. The textile designer's knowledge 

of weaving is also essential in mapping the relevant variables, designing suitable 

structures, or solving technical problems through the practice of weaving. Compared 

with existing research on pressure-sensitive textiles, this thesis takes a rather micro 

perspective by zooming into multi-layer structures through textile thinking to find out 

how variables of woven textiles affect the pressure-sensing properties. 
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Piezoresistive Sensing:

When attaching more pressure, the resistance inside the sensor is reduced, and the 

sensor translates the resistance change into electrical signals (Xu, et al, 2018)

Sensor: 

A device that detects or measures a physical property and records, indicates, or 

otherwise responds to it (Oxford languages, 2021)

Sensitivity: 

The changes in reading when under different weights, indicate how sensitive the sensor 

reacts to weight changing

Stability of Structure: 

The stability of textiles under movement

Supporting Yarns:

Supporting yarns are added by using one extra weft after every planned weft. Normally 

with plain weave

Textile Thinking:

The indivisibility of thinking, making, knowing with, in and of itself, bound up with 

the agency of materials themselves, becomes the premise of textile thinking (Igoe, 

2021)

TC 2 Loom:
The Thread Controller 2 (TC2) is a Digital Jacquard loom manufactured by Tronrud 
Engineering Moss, Dept. Digital Weaving Norway.

Velostat: 

A conductive pressure-sensitive material

Glossary
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Arduino:
Arduino is an open-source electronics platform based on easy-to-use hardware and 
software

CNTs:

Carbon Nanotubes 

Consistency:

Having similar readings among different copies

E-textiles: 

E-textiles intertwine electronic functionality within textile materials either on a fiber or 

structural level (Ilen, 2015)

Float:

The stretches of yarn that run between intersection points (Pouta & Mikkonen, 2022)

Range of Sensing:
How heavy the weight the sensor can take before the circuit is fully connected  

MEK:

Methyl ethyl ketone

Optical Fibers:

Optical fibers are flexible and thin fibers (around 0.1 to 0,5 mm) made out of plastic or 

glass, based on a coaxial structure capable of transporting light (Orelma et al., 2020) 
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The core of this thesis is how to combine textile design with technology, which has 

been one of my biggest passions. Thus, it is such a great opportunity to explore this 

topic further. Moreover, my obsession with weaving has already struck me since the 

first time I touched the loom. I am always fascinated by all the possibilities weft and 

warp can give and how they can combine into a woven fabric with different textures. 

Luckily, in this thesis, I get to dig deeper into the world of weaving. Having a 

background in textile engineering, I always find myself having a technical mindset, and 

sometimes it is a bit challenging for me to regard myself as a designer since I tend to 

think in a different way. Therefore, this time I feel very thrilled to be able to find a 

topic that fits my educational background and interests so perfectly. I can embrace my 

role as a combination of both designer and engineer, to come up with a research topic 

that could possibly benefit both.

As I described above, I dive into this research with passion, and my strong motivations 

carry me through the challenges. 
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Figure 2. Sensing Surface, Textile collection



Sensing Surface 9

Textiles traditionally serve the purpose of wearing. However, recently they are added 

multiple values and functions (Zaman et al., 2021). At the research level, many 

researchers are seeking the possibilities to pursue multidisciplinary collaborations, in 

which e-textile is one of the most popular fields for them to blur the boundary between 

different fields. As for commercial purposes, e-textiles are used in multiple 

applications, for example, sportswear, clothes for special weather conditions, and 

increasingly, medical uses. A recent Market Research Future report predicts that the 

market for e-textile products will increase by 9.5 percent from 2018 to 2027 (Cobb, 

2019). This indicates that e-textiles are receiving attention from both researchers and 

markets, especially when integrating sensors, solar cells, and other electronics.

Among all the potential combinations, e-textiles are very commonly tied with sensor 

technology. Sensors include but are not limited to temperature, light intensity, pressure, 

and humidity. They detect stimuli from the environment and convert that into 

measurable signals (Stoppa & Chiolerio, 2014). To narrow down the research range, 

this thesis focuses on the development of pressure-sensitive e-textiles. At present, 

research on e-textiles pressure sensors has been trying to either integrate electronics 

into textiles, like sewing or laminating electronics on top of fabrics, or create electronic 

textiles using textile construction methods, such as knitting and weaving. Among them, 

weaving is the technique that provides many unique possibilities and potentials to 

adjust sensor behaviors by changing the woven structures and yarn combinations. The 

process of weaving creates many variables, for example, float lengths, the three-

dimensionality of layers, weft density, and more. This thesis intends to understand 

which of these variables created via weaving influence the sensing properties and in 

what ways. Concentrating on the conductive and resistive layers separately, this work 

takes a micro perspective from the standpoint of a textile researcher to observe the 

sensors in the form of yarns and weave structures. 



1.1 Relevance of Research
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To form essential research questions, it is necessary to point out the current research 

situation, leading to the research purposes. In recent years, pressure sensors combined 

with e-textiles attract much attention (Kim & Oh, 2020). Compared with traditional 

pressure sensors, pressure-sensitive e-textiles provides both flexibility and pressure-

sensing capability, which allows a broader range of applications. In addition, the 

development of pressure-sensitive e-textiles gets further boosted due to the trend in 

wearable technology (Kim & Oh). Many universities the Eindhoven University of 

Technology (Netherlands), the University of Borås (Sweden), and Aalto University 

(Finland), are all conducting research extensively in the field of sensitive e-textiles. 

These facts show that this topic has the potential and necessaries to be studied. 

However, there are also some limitations in current research. The previous studies 

relating to multi-layered woven e-textiles are mostly theoretically written. Instead of 

focusing on the weave structures and textile design, they pay more attention to the 

materials and electric engineering principles, which makes it very hard to replicate the 

design process. Moreover, the lack of design perspective makes it hard to find a 

research framework to follow when it comes to woven e-textile development. 

Additionally, the current studies hardly utilize the specialties of weaving, which has 

been regarded as simply a technique to integrate electronics with textiles, instead of 

finding out the relations between weave structures and sensing properties. In 

conclusion, as a very multidisciplinary topic, the current research is missing the 

perspective of textile designers and weavers to complement this field better. 

Figure 3. Sensing Surface, Testing Process



How to better utilize multi-layer weaving when 

constructing resistive pressure sensors? 

- Do different weave structures and dimensions of 

layers influence the performance of resistive 

pressure sensing?

- If they do, what are the variables that influence 

the performances? And how does altering the 

variables change the electrical behavior?
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Based on the current research situation, this thesis intends to fill in the 

research gap by creating an organized guideline for pressure-sensitive 

multi-layered woven fabrics. From the perspective of a textile designer 

with an engineering background, one main research question and two 

sub-questions are formed focusing on the structural design created by 

weaving as a technique. They build the structure of the thesis. The 

main question is to understand how to utilize features of multi-layer 

weaving better in pressure-sensitive e-textiles. The first sub-question 

discusses if different weave structures and dimensions of layers 

influence the resistive pressure sensing performance, while the second 

one continues to explore what variables will influence and how will 

the performance be affected. Answers are sought by both theoretical 

and practical investigations. First, the theoretical research is aiming at 

understanding the principle of pressure-sensitive woven fabrics and 

then choosing the suitable category of pressure-sensing for further 

prototyping. Second, the prototyping process is organized as control-

variates experiments in the empirical cycle structure: from prototyping 

to evaluation, and then back to prototype development. For each 

round, only one variable is studied to find the connection. With the 

answers to the research questions, designers can have a reference when 

choosing the proper weave structures based on their applications. They 

can also pursue research on a similar topic with inspiration from the 

framing of this thesis.  

1.2 Research Questions



1.3 Contributions
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This research focuses on understanding what variables created through the hand-

weaving process with functional yarns influence the sensing properties of multi-layered 

woven sensors and how. The research results would be helpful when trying to develop 

samples with better performance. They would also provide a structural design 

guideline for designers when making woven samples with different pressure-sensing 

performances to meet the requirements of needed applications. In addition, this thesis 

has value when discussing how to balance design and engineering. Taking challenges 

to put itself in the multidisciplinary research field, this thesis would show some 

interesting insights as a designer in the engineer’s world. 

Moreover, the essence of this thesis is the indication of textile thinking. To explain, if 

the designer possesses "both a personal and collective tacit understanding of a specific 

blend of knowledge" (Igoe 2010) along the process, that way of thinking is regarded as 

"textile thinking". It includes both the processes of designing and practical making. At 

present, because the tacit nature of the knowledge involved in textiles is often seen as 

experience-based, thus only stored in the hands of practitioners or embodied in the 

products (Kane & Philpott, 2013). Therefore, in current research, when the concept of 

"textile design" is mentioned, the design results are usually highlighted, while the 

analytical side of the design process is neglected. This thesis instead, emphasizes the 

importance of textile thinking. By documenting and showcasing the prototyping 

process along with the analytical and technical sides of the decision-making process, 

this thesis pays attention to materials and their behavior, instinctual analytical thinking, 

and structures of textiles. The process is no longer neglected, which makes it easier to 

be continued by future researchers.

1.4 Framing

This thesis is a design research journey that evaluates old knowledge and creates new 

knowledge through the process. The background of current research needs to be 

studied and explored well to provide the theoretical and contextual background, which 

stands for the evaluation of old knowledge. After that, with the collected information, 

woven textile design and the hand-weaving prototyping process become the centric 

parts of the work, together with pressure-sensitive property development. Through the 

design and prototyping process, new knowledge is created. The outcome of the 

practical part is a collection of samples with different pressure-sensing performances. 

With observations and analyses of the practical process, thoughts and expectations on 

future development are shared based on the research results. 

The thesis is divided into four main parts. The first part includes Sections 2.1 and 2.2, 

giving an overall introduction to e-textiles and pressure sensors. The knowledge 

collects through this process becomes the background for further design and 

prototyping. Sections 2.3 and 2.4 are the second part, which works as a connection 

between background research and experimental textile design. The focus at this stage is 

to understand e-textile properties and current research situations. The third part, 

Sections 4.1, 4.2, and 4.3, document the weaving prototyping exploration. The 

practice-based process is elaborated during this stage while collecting data, comparing 

samples, observing, and analyzing. Photographs, data visualizations, and results gained 

during the process are also documented in this part. Moreover, during and after this 

part, research questions are answered. The last section includes Sections 4.4, 4.5, and 

4.6, Chapters 5 and 6, which is a summary of the research to reflect on the journey and 

provide insights for future research. 
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Figure 4. Sensing Surface, Textile Collection
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As the visualized theoretical framework (Figure 5) shows, this research is positioned at 

the intersection of two research areas: woven textile structure design and e-textile 

development. Each of the three elements needs to be studied and explored well before 

combining them together successfully.

Following the framework, this chapter presents the relevant background to understand 

the context of multi-layered woven pressure-sensitive textiles. To build up a solid 

knowledge foundation, the section breaks into four sub-chapters. First, Section 2.1 

gives an introduction to e-textiles, including the definition, categories, potential 

applications, and the present stage. Second, Section 2.2 provides an overlook of how 

pressure sensors work, which is very important when trying to combine its theory with 

e-textiles in further research. Section 2.3 explains the common structures for pressure-

sensitive e-textiles and shares examples of some existing research. Then Section 2.4 

narrows down the research range to focus on the topic of pressure-sensitive woven 

fabrics. All in all, this chapter constructs a thorough knowledge background for the 

thesis. It not only helps to understand the concepts and introduces existing research, but 

also offers a research direction for further exploration. 

Figure 5. Theoretical Framework



2.1 E-textiles
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In the last decades, researchers have identified the potential of textiles to combine with 

technical intelligence. Development in electronic technology and textile structures has 

led to the birth of many new research topics. One of them is e-textile (Tao, 2001). 

E-textiles intertwine electronic functionality within textile materials either on a fiber or 

structural level (Ilen, 2015). As Figure 6 shows, e-textiles are one of the enablers to 

create textile-based wearable electronics, as well as smart textile applications for other 

domains. The figure also illustrates the differences between smart textiles and e-

textiles. Smart textiles include textiles that have emerged with other technologies, for 

example, thermal, magnetic, mechanical, and chemical, whereas e-textiles are a sub-

group within smart textiles, with intelligence based on electrical functionality (Ilen). 

According to the definition given by Ilen, e-textiles include textiles embedded with 

electronics and electronic textiles. This thesis work is positioned within the category of 

electronic textiles.

After understanding the definitions, e-textiles can be categorized in accordance with 

the integration technology and construction methods. As Varga (2017) describes, textile 

electronics can be classified into three levels: fiber, textile, and garment level, based on 

the integration technology. The fiber level means the transistors, digital circuits, 

sensors, and actuators are integrated into fibers. Textile level refers to embedding 

functionalities within structures, and garment level is using additive methods to attach 

electronics to a textile substrate (Varga). This thesis is interested mainly in the textile 

level. Besides these integration levels, methods to create e-textiles can also be divided 

into two types. One type is constructive techniques, referring to methods like weaving, 

knitting, or crocheting that involve functional yarns as the basis for interactive textiles 

(Parzer, et al., 2018). Another type is additive techniques, including laminating 

functional textiles together, printing or painting functional inks on fabrics, sewing, 

seaming, or embroidering using functional yarns to create interactive textiles (Parzer, et 

al). 

The field of e-textiles has seen great development in the past two decades for three 

reasons. First, textiles provide a soft carrier that allows electronics to be incorporated 

into applications like healthcare devices and wearable technology for sports. Second, 

advances in materials science create a variety of functional fibers and add many 

potential functions to e-textiles, such as energy harvesting, sensors, and artificial 

muscles (Pouta & Mikkonen, 2022). Furthermore, combining the characteristics of 

textiles with electronic properties offer many possibilities (Veja, 2015). They can be 

endowed with multiple elements, for example, conductors, flexible circuits, and 

flexible electronics such as sensors, which will be further explained in the next chapter. Figure 6. Position of E-textiles in Wearable Electronics and Smart Technology, (Ilén, 2015). 



2.2 Pressure Sensors
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Research about pressure sensors has appeared since 1954, relying on the discovery of 

the compressive resistance effects of silicon and germanium (Xu, et al., 2018). Sensor 

technology opens the gate of collaboration among many different fields for researchers. 

At present, sensor technology becomes closer to daily life because technologies like 

smart materials, wearable devices, and intelligent homes are rapidly developing. In the 

current research, three kinds of sensors are commonly used (Figure 7): resistive (a), 

capacitive (b), and piezoelectric (c) sensors (Zhang, et al., 2021).

These three kinds of pressure sensors have different working fundamentals. The first 

kind is the resistive sensor. According to Xu, et al (2018), when attaching more 

pressure, the resistance inside the sensor is reduced, and the sensor translates the 

resistance change into electrical signals. Technically speaking, this kind of pressure 

sensor has five advantages: simple sensor structure, low power consumption, a wide 

range of pressure sensing, easy read-out mechanism, and potentially high pixel density 

(Xu, et al). Because of these advantages, it is generally used in medical devices and 

many other applications (Xu, et al).

The second kind is the capacitive pressure sensor. This type of sensor is based on the 

principle of parallel plate capacitors (Xu, et al., 2018). When more pressure is applied, 

the capacitance of the sensor is influenced due to the decrease in the distance between 

plate capacitors. The bigger the force, the shorter the distance, and the smaller the 

capacitance. Capacitive sensors have the advantages of good sensitivity, short response 

time, and wide dynamic sensing range (Xu, et al). 

The last kind is the piezoelectric sensor, which utilizes the property of piezoelectric-

sensitive materials to convert mechanical energy to electric energy (Xu, et al., 2018). 

When the functional material is under pressure, the positive and negative charges are 

separated inside. They appear in opposite directions on different sides of the material, 

forming an electric charge inside. Piezoelectric sensors have great potential in research 

because of their simple materials preparation, low cost, and easy acquisition of 

electrical signals (Xu, et al).
Figure 7. Position of E-textiles in Wearable Electronics and Smart Technology, (Zhang, et al., 2021), 



2.2 Pressure-sensitive E-textiles
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To achieve flexibility for pressure sensors, research has generally focused on the 

achievement of pressure-sensing properties, the development of structures, and the 

selection of techniques, and. Researchers first developed a technology that fabricates 

functional microstructural films with molds. For example, Park et al. (2014) used a 

silicon mold with periodic spherical holes to cast a mixture of carbon nanotubes and 

Polydimethylsiloxane (PDMS). However, although this film technology provides great 

sensitivity and performance, the price is very high. Compared with that, textile requires 

lower manufacturing price. Moreover, besides having great flexibility, textile also 

provides breathability, comfort, and the possibility to combine with electronics. 

Consumers are also more familiar with textiles as materials. Because of these 

advantages, e-textiles become ideal carriers for flexible pressure sensors (Chen & Yan, 

2020). 

Among the three categories of pressure sensors, resistive and capacitive sensors are 

often used in pressure-sensitive e-textiles (Zhang, et al., 2021). In many cases, resistive 

sensors have a three-layer structure. Like a sandwich, the top and bottom layers are 

conductive, and the middle layer is either resistive or piezoresistive (Figure 8). When 

the "sandwich" is pressed, more electricity passes through the (piezo)resistive material, 

causing a decrease in resistance. Therefore, the pressure changes can be sensed by 

tracking its resistance (Zhang, et al., 2021). It can also be simplified to a two-layer 

structure with two electrodes on both sides, and two (piezo)resistive layers in between 

(Figure 9). And capacitive sensors' structure usually has an elastic dielectric layer 

between two electrode plates (Figure 10). Electrodes plates are mostly conductive 

fabrics, and the dielectric layer can be spatial materials like foams and the waffle 

weave (Zhang et al). These two kinds of pressure sensing are both ideal for lower-

pressure sensing, for example, body monitoring (Zhang et al). 

Figure 8. The three-layer resistive sensor structure

Figure 9 The two-layer resistive sensor structure

Figure 10. The three-layer capacitive sensor structure
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To create pressure-sensitive e-textiles, researchers have tried additive and constructive 

techniques. For additive techniques, Rofouei and colleagues (2010) produced a smart 

textile sample with a sandwich structure by stitching one resistive fabric between two 

conductive fabrics (Figure 11). For constructive techniques, Wojdalska (2021) twisted 

silver-coated nylon yarns and Spandex together to weave into two pieces of 2 x 2 

matrixes. Then a PDMS layer is placed in between to complete the function (Figure 

12). For yarn-based pressure sensors, they have the potential to be applied with both 

additive and constructive methods. As Figure 13 shows, a project called RESi is an 

approach that exemplifies the resistive pressure sensing principle on a yarn basis. The 

yarn is a conductive metal thread with a resistive coating, which is an organic polymer 

solution with conductive carbon-based particles. Pressure attached to the resistive yarn 

compresses the coating and increases the density of conductive particles inside, thereby 

the resistance of the coating is reduced (Parzer, et al., 2018). In this case, the yarn can 

be sewn or embroidered on base fabrics using additive techniques. It can also get 

woven or knitted into a fabric using constructive techniques.  

These examples show that many production methods have been tried for textile 

pressure sensors by researchers. The next section will narrow down the range of 

discussion and focus on weaving only, which is in the category of constructive 

techniques. When integrating pressure sensors with weaving, researchers commonly 

apply principles of resistive and capacitive sensing. 

Figure 11. Sandwich structure with resistive fabric 
in between two conductive fabrics, (Rofouei, Xu & 
Sarrafzadeh, 2010) 

Figure 12. 2 x 2 matrixes woven with twisted 
silver-coated nylon yarns and Spandex, PDMS 
layer in between, (Wojdalska, 2021)

Figure 13. RESi: yarn basis pressure sensor. (Parzer et al., 2018)
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2.2 Pressure-sensitive Woven Fabrics

To provide a general understanding of weaving as a textile technique, weaving in one 

sentence means producing textiles by interlacing warp and weft, vertically and 

horizontally. Weave design decides the way that weft and warp intertwine, resulting in 

different variables such as floats length, weft density, and the ratio of intersections. 

These variables further influence the tactile surface of woven textiles. Moreover, by 

changing the way weft and warp interlace, or adding more yarn systems, more 

complicated weaving structures can be created. For example, the simplest structure is 

single-layer textile, and when another set of warp yarns is added, it creates double 

weaves in which two separate layers are woven simultaneously with the two sets of 

warp and weft (Pouta & Mikkonen, 2022).

The current research on pressure-sensitive woven fabrics can also be divided into 

single-layer and multi-layer, depending on how the working principles of pressure 

sensors are utilized. The first type in current research is single-layer weaving, which is 

mainly yarn-basis. For example, Wojdalska (2021) twists Spandex yarns and silver-

coated nylon yarns coated with PDMS, then weaves the yarns into a 1 x 1 matrix

(Figure 14). Similarly, Rothmaier, Luong & Clemens (2008) use weaving to integrate 

flexible plastic optical fibers into fabrics to achieve pressure sensitivity (Figure 15). In 

addition, Kim, Vu, & Kim (2020) fabricated a special yarn by impregnating 

nonconductive wool yarns with an ink bath that contains carbon nanotubes (CNTs) 

dispersed methyl ethyl ketone (MEK). The single-layer pressure sensor is fabricated by 

weaving electrode threads, spacing yarns, and functional wool yarns together (Figure 

16). Concluding from these examples, single-layer pressure-sensitive woven fabrics are 

highly dependent on yarn properties. 

Figure 14. Single-layer 1 x 1 matrix woven with twisted silver-coated nylon yarns 
and Spandex coated with PDMS, (Wojdalska, 2021)

Figure 15. Single-layer woven pressure sensor with flexible optical fibers. 
(Rothmaier, Luong & Clemens, 2008) 

Figure 16. The fabrication process of woven pressure sensor with functional wool 
yarns. (Kim, Vu & Kim, 2020)
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The other type of weaving in current research is multi-layer weaving. It is more 

structure-based compared with single-layer weaving. First, for resistive sensing, the 

woven structure is often three-layer. Designers can create a pocket weave to place 

functional materials in between and seal the edges to maintain the position and 

orientation of the placement. For instance, Perner-Wilson and Satomi (2012) weaved a 

button fabric that can serve as a small pocket with conductive material on both sides. 

When a (piezo)resistive material is inserted into the pocket, it would work as a pressure 

sensor (Figure 17 left). Similarly, Devendorf & Di Lauro (2019, March) created a 

pocket weave with conductive yarn for the top and bottom layers. Then they inserted a 

piece of Velostat, a conductive pressure-sensitive material, in between. Thereby, the 

pocket weave and the Velostat formed a piezoresistive pressure sensor. In addition, if 

the middle layers use piezoresistive weft yarns whereas the top and bottom layers are 

using conductive weft yarns, the fabric also behaves as resistive pressure sensors. For 

example, Perner-Wilson and Satomi (2012) inserted resistive floats between conductive 

material on both sides (Figure 17 right). By doing so, the fabric became pressure 

sensitive. Second, for capacitive sensing, the three-layered structure requires a spatial 

structure in the middle. For example, to create space between layers for capacitive 

sensing, Eriksson and colleagues (2011) stitched the middle cloth to the upper and 

bottom layers (Figure 18). 

Figure 17. Button fabric (left), Revised version with conductive yarns in between (right). (Perner-
Wilson & Satomi, 2012)

Figure 18. The 3D woven structure with conductive yarns, (Eriksson et al., 2011)
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Compared with other techniques, woven textiles have five special advantages. First, by 

using structural manipulations, weaving provides the possibility to control different 

parts of the fabric. With combinations of several warp and weft systems (Figure 19), it 

is easy to integrate various functions in the same piece (Balgale & Baltina, 2020). This 

enables designers to decide where to apply the pressure-sensitive property. For 

example, to track pressure changes at certain spots, it is very convenient to create a 

matrix with multiple pressure-sensing areas using conductive and non-conductive yarns 

as the weft and warp. Different matrix densities can also be achieved to control the 

precision of sensing by changing the yarn proportion. Moreover, in the weaving 

process, the tension is evenly controlled to incorporate delicate electronics and fine 

materials. On the contrary, in a continuous loop-to-loop structure created by knitting 

under higher tension, those materials tend to break more easily (Sun et al., 2020). For 

the second advantage, from a textile design perspective, weaving opens the opportunity 

to add aesthetic pattern design to functional textiles. A research project Involving the 

Machines is a perfect example (Perner-Wilson & Satomi, 2012). It showcases a 

collection of woven conductive fabrics with bright colors and creative patterns. 

Moreover, the fabrics also have various electrical properties such as continuous and 

discrete areas of conduction or resistance, pressure-sensitive properties, and tilt-sensing 

capabilities (Perner-Wilson & Satomi). The feature of weaving makes it a suitable 

technique for interdisciplinary collaborations between designers and engineers. 

Considering the possibility of mass production with industrial looms, the third 

advantage of weaving is that it can create larger textile pieces at high speed compared 

with other production methods. Furthermore, weaving has great scalability. Once the 

structures are set through experimental prototyping, they can be scaled up into mass 

manufacturing (Sun et al., 2020). As the fourth advantage, multi-layer weaving can 

better control conductive and resistive layers for their alignment and material 

constraints (Sun et al). 

Lastly, by using different weave structures, weaving allows changing the electrical 

functionality of conductive fabric within the same textile made with the same 

materials. This is also where the focus of this thesis will land on. Previously, Terada, 

Toyoura, and Mao (2018) researched how to access different pressure-sensing 

properties of capacitive woven pressure sensors. They found that by utilizing the 

weaving structures, it is not only possible to hide metal electrodes within layers, but 

also reduced the need for large numbers of cables since conductive yarns themselves 

can be used as connecting cables. To sum up, weaving is a highly beneficial production 

method for pressure-sensing textiles.

Figure 19. Conductive Tracks in pressure-sensitive Woven Textile. (Balgale & Baltina, 2020)



Sensing Surface 22

Despite the many advantages, current research about pressure-sensitive woven fabrics 

still has many limitations. Although e-textile structures are very crucial, reports on the 

structural design of flexible pressure sensors are relatively rare (Chen & Yan, 2020). 

This is even more obvious for woven pressure sensors. According to Pouta and 

Mikkonen (2022), the present literature review about woven pressure sensors is more 

focused on electric engineering development. However, the weaving structures are not 

properly documented, which would be very hard for further development and industrial 

production to follow. In addition, comprehensive research on how variables created via 

weaving structures can interfere with the pressure-sensing properties is missing from 

the context. There is only few research that attempted to find how performance would 

change based on different structures. For example, Parzer and colleagues (2018) 

compared the performance of two woven pressure sensors with different woven 

structures. They discovered that samples with the panama structure perform better 

compared to samples with the canvas structure. Because in canvas weaving, there are 

multiple intersections between weft and warp, which created a bigger initial internal 

tension. Therefore, the yarns were already compressed from the starting state, resulting 

in a smaller range of sensing (Figure 20). Moreover, Perner-Wilson and Satomi (2015) 

conducted a test on woven pressure-sensitive samples with waffle and satin structures 

to observe the performance differences. They noticed that for the waffle structure, its 

three-dimensionality separates the yarns under the initial state, and it bounces back 

after the pressure is released. According to their collected results, the resistance in the 

waffle structure changed between 66k Ω to 8k Ω. Whereas the resistance of satin 

changed between 1200 Ω to 240 Ω under the same amount of weight. Hence, the waffle 

structure has a wider range of sensing (Figure 21). However, this test is not 

systematically conducted because there are many different variables between waffle 

and satin structures that might influence the results, such as three-dimensionality, the 

number of intersections between weft and warp, and float length. 

Furthermore, Glover (2016) performed similar experiments but with a controlled 

variable. By shortening the floats, she focused on the different performances among 

waffle structures with various three-dimensionality. However, her tests remained in the 

state of tryouts. Neither concrete results nor analyses were reported after testing. 

Terada, Toyoura, and Mao (2018) also did a study focusing on exploring the 

possibilities to manipulate the electrical performances of capacitive sensors by altering 

weave structures. Like most of the research papers, they paid more attention to 

scientific analysis instead of documenting the textile design process. However, they did 

come up with the conclusion that weave structures can make difference in pressure-

sensing behaviors, which provides a standpoint for this thesis, proving the necessity of 

this field to be deeper researched.

Figure 20. RESi: canvas weave (left) and panama weave (right). (Parzer et al., 2018)

Figure 21. Waffle weave (left) and satin weave (right). (Perner-Wilson, H., & Satomi, 2015)
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As the previous content expresses, the structure design of pressure-sensitive woven 

fabrics needs to be highlighted and focused on. Therefore, this thesis takes a micro 

perspective to explore the relationships between variables created by weaving and the 

pressure-sensing properties. Unlike the present literature review, it also documents the 

design and prototyping process to provide technical support for future research. Results 

analysis is also highlighted so future researchers can use this thesis as a guideline.
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Figure 22. Sensing Surface, Textile Collection
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According to Faste and Faste (2012), design research combines the studies of design 

and the process of knowledge production that takes place through design. Being a topic 

that tries to integrate pressure sensitivity into textiles, the thesis considers design as a 

part of interdisciplinary research, and the process of knowledge production happens 

through design with an engineering mindset. 

In addition, to understand what methods to use, it is very helpful to locate the design in 

its placement (Figure 23). As Mata Garcia (2012) explains, design can be separated 

horizontally into Creative Act and Technical Act. For this thesis, the design behaves as 

answers to questions that are more engineering than romantic, for example, how to 

achieve different pressure sensing performances for multi-layered woven e-textiles. 

Therefore, it is more of a Technical Act, in which design is seen as a rational activity. It 

follows orderly sequences that lead to the development of potential problems and then 

solutions to them (Mata Garcia). Vertically, this thesis takes a pragmatic way and tries 

to interpret a problem of the present situation (Fallman, 2003). Thus, its location in the 

design landscape is situational design, where constructive design research is commonly 

used. 

3.1 Practice-based Research

First of all, this thesis is practice-based. As Candy explained (2006), "Practice-based 

Research is an original investigation undertaken in order to gain new knowledge partly 

by means of practice and the outcomes of that practice." It means that a full 

understanding of the research topic can only be obtained with direct references to the 

collected outcomes. In the case of this thesis, the knowledge is created through woven 

textile design practices, combined with methods from experimental research. 

Therefore, it is impossible to conduct the research without directly referring to creative 

outcomes (Candy, 2006). The process includes documentation of notes, sketches, 

photographs, data, and textile samples.

Figure 23. Design in its Placement. (Mata Garcia., 2012)
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Being practice-based, this thesis will follow the constructive design research approach, 

which refers to design research that centers on knowledge-building construction 

(Koskinen et al., 2011). It welcomes collaborations with other disciplines and 

integrates design with research (Koskinen et al). As Veja (2015) illustrated in Figure 

24, the process works in a cycle, and each step is constantly evaluated before the next 

step starts. Thus, it follows this circular structure of researching, prototyping, and 

evaluating to construct knowledge and answer the research questions in an interactive 

and reflective way. Veja (2015) further explained that by analyzing the results, woven 

e-textiles prototypes can return to the same design process for further iterative designs. 

Because reflective thoughts can provide feedback to the design process flow, and later 

develop into new ideas. To utilize this design structure better, Figure 25 shows how this 

thesis proceeded with a circular design process. Starting with ideation, experiments are 

planned based on the theoretical background and textile knowledge. Later, weave 

structures are designed to achieve the research goal of each experiment. Following the 

execution, weaving results are created and analyzed to prove the hypothesis of each 

experiment. Afterward, the analysis results can be applied to the weave plan stage to 

provide better performance in the next round. The analysis results refer to both design 

insights and technical tips.

Within the design process, the most important part would be prototyping. In this thesis, 

weaving results are prototypes. During a constructive design research process, the 

purpose of prototyping can be many things. It could either help to formulate the 

question or prove the research concept (Sanders & Stappers, 2014). According to 

Koskinen and Krogh (2015), prototypes are scientific hypotheses than preparation for 

production, which reassure that in this thesis, multi-layered woven samples are 

designed, created, and analyzed as a part of the research. 

Figure 24. Illustration of the design process for the thesis, (Veja, 2015) 

Figure 25. Illustration of the design process of this thesis, based on Veja (2015)
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Prototyping, as a verb, refers to the process of making prototypes. To further use 

prototyping in research, a fundamental understanding needs to be built. According to 

Lim et al. (2008), prototypes are how designers organically and evolutionarily learn, 

discover, generate, and refine designs. They are not just tools for assessing or proving 

whether design outcomes are successful, instead, prototyping is deeply rooted in design 

practice and enables design thinking along the process. 

When coming to the question of why prototyping is needed in design research, Lim and 

colleagues (2008) endow prototypes with a metaphorical description as filters, since 

they work as incomplete portrayals of design ideas. The role that prototyping plays in 

design is different from its role in scientific experiments. Instead of trying to filter out 

disturbing variables and proving solutions, it works as a part of the design process to 

observe problems and explore research directions. Surely, they can be used for other 

purposes, but in design, prototyping mainly helps generate and evaluate findings. In 

one sentence, it is purposefully forming manifestations of design ideas (Lim et al). 

Prototyping in design also serves multiple roles. Some research values the prototypes 

more, where they work as experimental components, means of inquiry, or research 

archetypes. In those cases, the process of prototyping is often invisible, and they tend 

to focus on the design principles of artifacts, or critically reflect on what researchers 

have learned by evaluating prototypes (Wensveen & Matthews, 2014). In some 

research, the process of prototyping is crucial to the generation of research. It does not 

only serve as a research method but also a research outcome. This kind of research 

values the prototyping process and regards it as a vehicle of inquiry. In this thesis, the 

prototypes serve as filters into the functional and practical aspects of pressure-sensitive 

woven fabrics. They help the researcher to zoom into the structural level and material 

combinations. The process of weaving is documented, analyzed, assessed, and the 

research contribution consists of the woven samples, the weaving process, and the 

analyzed results prototypes (Wensveen & Matthews). 3.2.1 Prototyping
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The definition of quantitative research is that it explains a particular phenomenon by 

collecting numerical data and analyzing them mathematically (Creswell, 1994). It has 

many advantages during the prototyping process. It suggests a precise, definitive, and 

standardized evaluation process that generates empirical results. By choosing the 

proper method, statistical comparison between various groups will be gained 

(Sukamolson, 2007). Therefore, during the research process of this thesis, it uses 

methods from the quantitative research methodology. 

Among all the methods, experimental research is the most essential one, more 

specifically, control-variates experiments. Experimental research is used to examine a 

hypothesis of an expected relationship between two or more variables. And in control-

variates experiments, it is designed to change only one variable at a time to check its 

functions, the cause, and the effect (Kravitz, 2005). In this thesis, there are many 

variables like float length, conductive yarn coverage, etc, created by different weave 

structures and dimensions of layers, that will be discussed. And for each sample, there 

will also be three copies, providing a variety of data. Therefore, the experimental 

research method fits this prototyping process because by focusing on each variable 

independently, the influences each variable would bring to the performance of multi-

layered woven pressure-sensitive fabrics can be learned. Experimental research 

methods are also very useful when analyzing those data and making conclusions. 

Furthermore, utilizing this statistical research method throughout the practice process, 

the thesis generates the answer to the first research question.
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Textile design is distinct and interdisciplinary research by nature: yarn selection is very 

material-based, structure development is very engineering, and the production process 

is very physically practical. The ability to create fabrics with inherent structural, 

performance, functional, and aesthetic qualities at the same time means that designers 

integrate knowledge from various areas and balance many elements in the textile 

design process (Valentine et al., 2017). This can be called textile thinking, which really 

deserves to be better documented, yet it is often unarticulated. Textile design has often 

been an invisible role that easily gets neglected by people outside of the field. People 

sometimes underestimate the efforts of finding the right textile structures and materials.

To further explain the interdisciplinarity of textile thinking, it has two perspectives, 

from micro to macro. Micro refers to technical details such as weave structures, and 

macro refers to the general function. This puts textile designers in a unique position to 

solve problems that require multiple angles of consideration. In this sense, textile 

thinking can be specifically proposed as a cognitive model and used in the process of 

fabricating textiles in order to draw transferable insights from both the process and the 

outcome (Forst, 2022). It builds an internal language for textile designers to learn from 

each other. As Igoe said: “The indivisibility of thinking, making, knowing with, in and 

of itself, bound up with the agency of materials themselves, becomes the premise of 

textile thinking. (Igoe, 2021)” 

Similar to what Pouta and Mikkonen (2019) expressed, the design process of this thesis 

focuses on weaving, which defines how the yarns are intersecting in the fabric. 

Therefore, the skill of a textile designer is to determine the combination of yarns, yarn 

densities, binding points, float length, float coverage, and dynamicity to justify each 

hypothetical subject.
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Figure 26. Sensing Surface, Weaving Process
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The direction for this thesis narrows down to resistive pressure sensing in order to 

better focus on variables created by woven structures. The principle of resistive 

pressure sensing allows more possibilities to dive deep into the structure level because 

it is highly related to the properties of the middle resistive layer. On the contrary, 

although capacitive pressure sensing allows more design potential when trying to 

create the spacer layer in between, it does not have so many variables that can be 

considered, since the capacity is only dependent on the distance between layers. 

As explained in 2.4, in a lot of previous research, the sensors applied a sandwich

structure with conductive layers on the top and bottom and resistive layer(s) in the 

middle. Therefore, the woven structure design for this thesis follows this typical multi-

layer structure. The focus of textile prototyping is divided into two parts: conductive 

layers and resistive layers, providing this thesis with a research logic. 

The prototyping process aims to answer the research questions through control-variates 

experiments. To start with, the prototypes are intended to provide evidence to test 

hypotheses of whether different weave structures and dimensions of layers influence 

the performance of resistive pressure sensing. Later, the prototyping results helped to 

find what variables influence the behavior and how altering the variables would change 

the electrical behaviors. First, section 4.1 explains the technical aspect of how the tests 

proceeded. Second, section 4.2 gives a basic introduction to how resistive sensors work 

using the lamination technique, a fast-prototyping method. The test results also provide 

comparisons when analyzing the pros and cons of weaving as a production method. 

Later, as the literature review shows that the sensor consists of two conductive layers 

on top and bottom, with resistive layers in between, the weaving prototyping process 

was divided into two parts. Section 4.3 presents the experimentation focusing only on 

the variables of conductive layers, where a pocket weave structure was used and 

piezoresistive fabrics were inserted inside to reduce possible deviations. Afterward, 

section 4.4 describes the second experimentation phase, where the focus was redirected 

to the resistive layer in between. Due to material limitations, it is hard to source 

piezoresistive yarns for weaving. Therefore, starting from this stage, all three layers 

were created through weaving, and the middle layers are created using resistive yarns 

instead of piezoresistive materials. Following, section 4.5 summarizes the observations 

gained by analyzing the collected data, the relationships between each variable on 

either conductive or resistive layers, and the performance of resistive pressure sensing 

properties. Section 4.6 later reflects on the textile design and weaving process to share 

what has been done and what can be improved in future research. In the end, section 

4.7 discusses weaving as a technique when combined with pressure sensitivity by 

comparing it to laminated samples. All samples are handwoven on a TC 2 Loom.
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The data measurement tool for this thesis is an Arduino set. The code was created by 

Shah Fahad Farooqi for the Nosore project, as documented in appendix 1.  

The construction of the Arduino and breadboard is shown in Figure 27. Conductive 

weft yarns were tied together with metal strings on the edges. During each 

measurement, two crocodile clips were attached to the conductive yarns on the top and 

bottom to complete the circuit. Likewise, in the measurements for laminated samples, 

two crocodile clips were attached to the conductive layers on the top and bottom. In 

addition, a plug-in created by Indrek Luuk (no date) that saves serial data from Arduino 

as a CSV file was used to save the sensed pressure as data. For each structure within 

every experiment, there were three copies for repeating the test three times. The data 

was collected by putting weights on top of the sample, from 10g, 20g, 50g, 100g, to 

200g, each for 1 minute. The reading frequency was every 0.5 seconds. The data shown 

in the tables are the average of the total 120 readings of each sample under that weight, 

and the reading refers to the resistance (Ω). As for the data analysis, all data was 

processed in Excel using the Average Formula, Standard Deviation Formula, and 

Scatter Chart function. The scatter charts are used to compare the trend of readings.

Figure 27. Sensing Surface, The construction of Arduino and breadboard
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4.2 Laminated Samples

At the beginning of the prototyping process, some samples were made with laminating 

to understand how resistive sensors work and to find out some common variables that 

may influence the performance (Figure 28). Lamination is a fast-prototyping method 

that is commonly used in pressure sensor development. It usually utilizes the three-

layer structure by having two conductive fabrics as the top and bottom layers, with a 

piezoresistive fabric in between. 

Since laminated samples use the same materials for all samples, the variables are 

limited to the size of conductive layers, the size of the resistive layer, and the number 

of resistive layers in between. After the testing, the following observations were found. 

Firstly, focusing on the size of conductive layers, samples with the biggest overlapping 

area are more consistent, but the samples with the smaller overlapping areas have 

better sensitivity. Secondly, the size of the resistive layer does not influence the 

pressure-sensing properties. Thirdly, samples with fewer layers in between seem to 

have better sensitivity. However, with more layers of piezoresistive fabrics in between, 

the sensor can take heavier weights without becoming fully connected that the reading 

turns into 0. These conclusions were later compared with the results of woven samples, 

to see if they are common facts of resistive sensors. 

In addition, during the experiments on laminated samples, it was noticed that the 

production environment like the temperature and the pressure of heat pressing also 

influence the sensor behaviors. Samples made under lower temperatures or lower 

pressure seem to have better sensitivity, yet samples made under higher temperatures or 

higher pressure have a better consistency. These findings can be later used as 

comparisons in order to evaluate the pros and cons of weaving as a production method 

for resistive pressure sensors. 

Figure 28. Laminated Samples
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The overall weave structure for the experiments of conductive layers is a two-layer 

double weave structure, creating a pocket in between the conductive layers to put the 

piezoresistive materials inside. Focusing on conductive layers, one question needs to be 

considered before starting the experiments: what are the possible variables that may be 

caused during the weaving of conductive layers? To answer that question, the principle 

is to make sure that each time there will only be one variable changing. For example, 

weft density can be a variable, but after changing the density, it also leads to a size 

change of the sample. Therefore, it will not be taken into consideration. Also, due to 

the three-layer structure, the variables are happening on the sides of the conductive 

clothes that touch the resistive layer, which refers to the back of the top layer, and the 

face of the bottom layer. Thus, the variables that will be discussed in this section are 1. 

Coverage size of conductive yarns facing the resistive layers. 2. Float length of 

conductive yarns facing the resistive layers. 3. The use of supporting yarns in between 

conductive yarns. 4. Size of the conductive layer (number of conductive yarns).

For each experiment, all the samples are woven with the same weft and warp materials. 

The sample sizes are the same, and afterward, the same kind of piezoresistive fabric is 

inserted into the pocket structures (Figure 29). Except for experiment 4, three layers 

are all woven, and the middle layer is woven with resistive yarns. Moreover, one 

variable is changed at a time while the others stay the same. 

Figure 29. Samples with conductive yarns on top and bottom, piezoresistive fabric in the middle
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Figure 30. Samples with different conductive yarns’ coverage 

Table 1. Details of Experiment 4.3.1
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Table 2. Test data of Experiment 4.3.1

Figure 31. Linear data mapping for samples with medium conductive yarns’ coverage 

Figure 32. Linear data mapping for samples with big conductive yarns’ coverage 
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As the collected data indicates (Table 2), the performance of pressure sensing is 
related to the conductive coverage based on the structure. 

Consistency: When under heavier weights, the readings are quite consistent 
among all the samples, despite less or more conductive coverage (Figure 31, 
32). But under lighter weights (10g-50g), readings of samples with less 
conductive coverage are more unstable. Overall, samples with more conductive 
coverage tend to have more similar readings among copies. 

Sensitivity: The samples with less conductive coverage have better sensitivity 
(which means the changes in reading between different weights are bigger). The 
more conductive coverage they have, the less sensitive it reacts to weight 
change. 

Range of sensing: For samples with smaller conductive coverage, they need to 
be pressed harder in order to reach 0. But for samples having more conductive 
coverage, they require a smaller pressure to reach 0. Therefore, if the ideal 
application requires a bigger range of sensing, may consider using structures 
with less conductive coverage. 

Stability of Structure: When the weft and warp have more intersections, the 
structure is more stable and is harder to get distorted under movement. 
Therefore, plain weave (medium coverage) has the best stability. 
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Figure 33. Samples with different conductive yarns’ coverage 

Table 3. Details of Experiment 4.3.2
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Table 4. Test data of Experiment 4.3.2

Figure 34. Linear data mapping for samples with short conductive yarns’ floats

Figure 35. Linear data mapping for samples with medium conductive yarns’ floats

Figure 36. Linear data mapping for samples with long conductive yarns’ floats
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As the collected data indicates (Table 4), the performance of pressure sensing is 
not related to the float length of conductive yarn based on the structure.

Consistency: According to the data mapping (Figure 34, 35, 36), readings of all 
samples under weights over 50g (50g, 100g, 200g), despite the float length, are 
very similar, and very consistent among copies. Under 10g and 20g, the 
pressure is too low to press the layers well together, which is why there is more 
inconsistency.

Sensitivity and Range of Sensing: Because of the same conductive coverage, 
the readings are quite similar although the float length differs. Therefore, float 
length doesn’t affect sensitivity and range of pressure-sensing.

Stability of Structure: When the weft and warp have more intersection, in 
another word, shorter weft floats, the structure is more stable and is harder to 
get distorted under movement.
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Figure 37. Samples with or without supporting yarns in the conductive layers

Table 5. Details of Experiment 4.3.3
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Table 6. Test data of Experiment 4.3.3

Figure 38. Linear data mapping for samples without supporting yarns

Figure 39. Linear data mapping for samples with supporting yarns
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As the collected data indicates (Table 6), the performance of pressure sensing is 
related to the supporting yarns.

Consistency: According to the data mapping (Figure 38, 39), samples without 
supporting yarns have a better consistency, especially for readings under lighter 
weights like 10g, and 20g. 

Sensitivity The samples with supporting yarns have better sensitivity (which 
means the changes in reading between different weights are bigger).

Range of sensing: Generally speaking, samples with supporting yarns have 
higher resistance when pressed. Because when there are supporting yarns, or in 
another word, more space in between each conductive weft yarn, the conductive 
layer is disturbed and does not behave as a whole fabric but as separated yarns, 
leading to a worse connection between layers. Therefore, it takes more pressure 
to reduce the resistance. 

Stability of Structure: The supporting yarns use plain weave, so they make the 
fabric more stable and harder to get distorted. 



4.3.4 The Size of Conductive Layers
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Table 7. Details of Experiment 4.3.4

Figure 40. Samples with different sizes of conductive layers
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Table 8. Test data of Experiment 4.3.4

Figure 41. Linear data mapping for samples with small conductive size

Figure 42. Linear data mapping for samples with medium conductive size

Figure 43. Linear data mapping for samples with big conductive size 
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As the data shows (Table 8), the performance of pressure sensing is related to 
the size of the conductive layers.

Consistency: According to the data mapping (Figure 41, 42, 43), the data with 
the biggest conductive layers are more consistent compared with the other two. 

Sensitivity: The changes in reading between different weights are very similar 
despite the different conductive layers’ sizes. 

Range of sensing: If the conductive layer’s size is bigger, the sample will 
distribute the weight better and allow more electricity to pass through. 
Therefore, the smaller the conductive area, the bigger the resistance is when 
under heavier weights, leading to a bigger range of pressure-sensing.

Stability of Structure: The stability of the structure depends on the woven 
structures and will not be influenced by the size of the conductive layers.

Compared to the laminated samples, the conclusion on the consistency is the 
same, yet the sensitivity is not influenced by the size of the conductive layers.



4.4 Resistive Layers
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Based on the results of the experiments relating to the conductive layers, in tests 

focusing on the resistive layers, warp-faced 8-1 satin was used in the face cloth, and 

weft-faced 8-1 was used in the backcloth, to create a maximum conductive yarn 

coverage, so they have a better consistency. 

In order to weave resistive sensors, it requires using resistive materials in the middle 

layer. Unlike the samples focusing on conductive layers, where piezoresistive fabrics 

were inserted as resistive materials, in the experiments of woven resistive layers, it is 

hard to find and buy piezoresistive yarns for weaving. Therefore, in this section, the 

used yarns are resistive yarns, which mix Inox steel fiber with PET (Figure 44). 

Principle speaking, piezoresistive yarns and resistive yarns behave similarly in that the 

resistance changes under pressure. However, the property of resistive yarns is not as 

stable as piezoresistive materials, for the steel fibers are not evenly distributed. Thus, 

the data and results collected after this section may not work as regular patterns for all 

materials, but more like an example of how to conduct experiments on multi-layered 

woven pressure sensors. 

As what has been done with conductive layers, the possible variables need to be 

learned to start exploring the features of the resistive layers. Since all the samples were 

woven with the same weft and warp materials, and the sample sizes were the same, in 

this section, the discussed variables are 1. Float length of resistive yarns. 2. Direction 

of resistive yarns’ coverage (which side of the conductive layers the most resistive yarn 

floats are facing). 3. Three-dimensionality of the resistive layer. 4. The use of 

supporting yarns in between resistive yarns. 5. Size of resistive layer (number of 

resistive yarns). 6. Number of resistive layers. The overall weave structures in the 

experiments focusing on resistive layers are three-layer and multi-layer weave 

structures. For each experiment, one variable is changed at a time while the others stay 

the same. However, due to the instability and loud noise created by the resistive yarns, 

each test started from the moment the readings become consistent.Figure 44. Samples with conductive yarns on top and bottom, resistive yarns in the middle 



4.4.1 Float Length of Resistive Yarns
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Figure 45. Samples with different float lengths of resistive yarns 

Table 9. Details of Experiment 4.4.1
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Table 10. Test data of Experiment 4.4.1

Figure 46. Linear data mapping for samples with short floats of resistive yarns

Figure 47. Linear data mapping for samples with medium floats of resistive yarns

Figure 48. Linear data mapping for samples with long floats of resistive yarns
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As the collected data indicates (Table 10), the performance of pressure sensing 
is related to the float length of resistive yarns based on the structure. 

Consistency: According to the data mapping (Figure 46, 47, 48), samples with 
long floats have the best consistency. 

Sensitivity: Generally speaking, readings of all samples under 50g (50g, 20g, 
10g), despite the float length, are very similar, referring to similar sensitivity. 
Because the pressure is too low to press the layers well together. But samples 
with longer floats have better sensitivity under heavier weights (100g, 200g).

Range of sensing: The longer the floats, the smaller the reading. Therefore, if 
the application is requiring a bigger range of sensing, then shorter-float 
structures are more suitable. But long-float structures are ideal if the application 
requires a smaller range and better consistency. 

Stability of Structure: Structures with shorter weft float provide more stability. 



4.4.2 The Direction of More Resistive Yarns’ Coverage 
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Figure 49. Samples with different directions of more resistive yarns’ coverage 

Table 11. Details of Experiment 4.4.2
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Table 12. Test data of Experiment 4.4.2

Figure 50. Linear data mapping for samples with resistive yarns’ coverage facing up

Figure 51. Linear data mapping for samples with resistive yarns’ coverage facing down

Figure 52. Linear data mapping for samples with resistive yarns’ coverage facing both sides
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The data shows that the performance of pressure sensing is related to the 
coverage direction of the resistive yarns (Table 12).

Consistency: According to data mapping (Figure 50, 51, 52), samples with 
weft-faced satin in the middle layer have the best consistency. But the samples, 
despite the coverage direction of resistive yarn, are all considerably consistent. 

Sensitivity: For weights under 100g, the one-direction structures (weft-faced 
and warp-faced satin) are not so sensitive. But samples with demask in the 
middle can still sense the pressure differences very well even under light 
weights. This may be when the coverage direction is facing up or facing down, 
they are either very well-connected or not so connected. But demask is in 
between these two extremes. Therefore, if the application is requiring a better 
sensitivity, then structures with resistive yarn coverage facing both sides are 
more suitable. 

Range of sensing: Under heavier weights (200g), samples with weft-faced satin 
in the middle layer have smaller readings. Samples with warp-faced satin have 
the biggest readings. Since the pressure is attached to the face cloth, weft-faced 
satin has more conductivity towards the face cloth, leading to a smaller range of 
sensing.

Stability of Structure: Stabilities are similar since they have the same length 
of floats. 



4.4.3 The Three-dimensionality of The Resistive Layer
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Table 13. Details of Experiment 4.4.3

Figure 53. Samples with different three-dimensionality of the resistive layer
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Table 14. Test data of Experiment 4.4.3

Figure 54. Linear data mapping for samples with the most 3D resistive layer

Figure 55. Linear data mapping for samples with the less 3D resistive layer

Figure 56. Linear data mapping for samples with the least 3D resistive layer
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According to Table 14, the performance of pressure sensing is related to the 
three-dimensionality of resistive yarn based on the structure. 

Consistency: According to the data mapping  (Figure 54, 55, 56) samples with 
the least three-dimensionality have the best consistency. Samples with less 
three-dimensionality have slightly worse consistency. 

Sensitivity: Generally speaking, readings under 50g (50g, 20g, 10g) of all 
samples, despite the three-dimensionality, are very similar. For flat samples, 
there are bigger gaps between readings under 50g and 100g. But for samples 
with more three-dimensionality, the readings change more gradually.   

Range of sensing: Under heavier weights (100g, 200g), the more three-
dimensional the samples are, the bigger the readings. Samples with waffle 
structure in the middle layer have the biggest readings. The special structures 
require a higher pressure to press three layers together. But flat structures can 
be well-pressed with less pressure, which leads to the situation that flat 
structures have smaller readings under 200g. 

Stability of Structure: Structures with shorter weft float provide more stability. 
In this case, the less three-dimensional the sample is, the more stable the 
structure is.



4.4.4 Supporting Yarns in Resistive Layers
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Table 15. Details of Experiment 4.4.4

Figure 57. Samples with or without supportive yarns in the resistive layer
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Table 16. Test data of Experiment 4.4.4

Figure 58. Linear data mapping for samples without supporting yarns in the resistive layer

Figure 59. Linear data mapping for samples with supporting yarns in the resistive layer
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As the collected data indicates (Table 16), the performance of pressure sensing 
is not related to having supporting yarns in the resistive yarns.

Consistency: According to the data mapping (Figure 58, 59), samples all are 
similarly consistent. Samples without supporting yarns have better consistency 
with lower weights (12g, 20g). Samples with supporting yarns have better 
consistency with higher weights (50g, 100g, 200g).

Sensitivity and Range of sensing: The readings from the samples are very 
similar. The cotton supporting yarn does not influence the electric conductivity 
of the resistive yarns. The electricity that passes through is the same amount. 
So, all samples have the same sensitivity and range of sensing. 

Stability of Structure: The supporting yarn makes the fabric more stable and 
harder to get distorted.



4.4.5 The Size of Resistive Layers
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Table 17. Details of Experiment 4.4.5 Figure 60. Samples with different sizes of resistive layers
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Table 18. Test data of Experiment 4.4.5

Figure 61. Linear data mapping for samples with a small resistive layer size

Figure 62. Linear data mapping for samples with a medium resistive layer size

Figure 63. Linear data mapping for samples with a big resistive layer size
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As Table 18 shows, the performance of pressure sensing is not related to the 
size of the resistive fabrics.  

Consistency: According to the data mapping (Figure 61, 62, 63), despite the 
different sizes of resistive layers, the consistency of all the samples is very 
similar. But the samples with the biggest resistive size have a better 
consistency. 

Sensitivity and Range of sensing: The changes in reading between different 
weights are very similar despite the different overlapping sizes. The readings 
are very similar among all the samples as well. Therefore, the sensitivity and 
range of sensing are the same.    

Stability of Structure: The stability of the structure depends on the woven 
structures and will not be influenced by the size of the conductive layers.

Compared to the laminated samples, the conclusions are the same.



4.4.6 The Number of Resistive Layers 
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Table 19. Details of Experiment 4.4.6

Figure 64. Samples with different numbers of resistive layers
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Table 20. Test data of Experiment 4.4.6

Figure 65. Linear data mapping for samples with one resistive layer

Figure 66. Linear data mapping for samples with two resistive layers 

Figure 67. Linear data mapping for samples with three resistive layers
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The performance of pressure sensing is related to the number of resistive 
layers. 

Consistency: The consistency of samples is related to the number of layers. 
Samples with fewer layers in between have better consistency according to the 
data mapping (Figure 65, 66, 67). The resistive layers are pressed together very 
well which leaves smaller gaps between layers, leading to better consistency 
among samples.

Sensitivity: Generally speaking, woven samples have similar sensitivity among 
all samples.

Range of sensing: With more resistive layers in between, the sensor can take 
heavier weights without becoming fully connected so the reading turns into 0. 
For example, under 200g, the resistance reading of samples with 1 layer is very 
low (around 60 Ω), but the resistance reading of samples with 3 layers is higher 
(around 800 Ω). 

Stability of Structure: The stability of structure depends on the woven 
structures and will not be influenced by the number of resistive layers.

Compared to the results of laminated samples, the conclusion relating to the 
consistency is the same. However, the sensitivity of woven samples is not 
related to the number of resistive layers in between.



4.5 Summary of the Prototyping Outcomes
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Summarizing the results of the previous experiments, the discussed variables are 

ranked with “very relevant”, “relevant”, and “irrelevant” in Table 21 below, depending 

on whether they influence the resistive sensing properties.

As the table indicates, there are more variables on the resistive layers, and they make 

more drastic changes to the overall pressure-sensing properties. On the conductive 

layers, the variable that matters the most is the conductive yarns’ coverage facing the 

resistive layers. Having the same principle, the size of conductive layers also makes a 

difference in the properties. On the resistive layers, the more space created in between 

the conductive layers, the more different the sensing properties will be, which refers to 

the three-dimensionality and the number of the resistive layer. 

Table 21. How relevant variables are to the resistive sensing properties
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After understanding what variables will lead to properties changing, the next question 

is how the properties can be influenced, and how to use these rules in the further textile 

design process. In the Table 22 below, these variables are categorized into different 

features. By using this table, designers can understand what kind of structures are 

needed according to the applied situation.

Based on the table, designers can adjust each variable to meet the requirement of the 

application. For example, if the product is designed to sense body pressure while 

sitting, then it would require a bigger range of pressure-sensing. Otherwise, the reading 

will turn to 0 very fast, since body weights tend to be high. In this situation, the 

designer can choose structures that have less conductive yarns’ coverage on conductive 

layers or use shorter-float structures for the resistive layer. They can also add some 

three-dimensionality to the resistive layer by using the waffle structure or adding more 

layers in between. Designers can sure apply multiple of these suggestions based on 

how big the range they expect. If the product is something more delicate that needs to 

sense very small weight changes, then designers can choose structures that provide 

more sensitivity. For instance, the demask structure can be used, because it has 

resistive yarns coverage that faces both sides. Furthermore, when the application 

demands precise and stable sensing, for example, for the use of healthcare, then it 

needs to choose consistency over other properties. Therefore, designers can go for 

structures with more conductive yarns coverage, or with supporting yarns in the 

conductive layers. They can also use structures with longer floats in the resistive layer 

or with less three-dimensionality. If the application may be stretched and moved 

frequently, then designers may need to choose structures that provide more stability, 

such as structures with shorter floats. This is how designers can make use of this 

research outcome. It proves the benefits of including textile thinking in 

interdisciplinary research so that the design process can be easily followed and further 

studied.

Table 22. How variables would influence the resistive sensing properties
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What has been written above is an explanation and examples of how to use the 

collected results from the experiments as a design guideline. However, as mentioned 

before, there are still many limitations in this research, due to restrictions such as the 

materials shortage and production environment. Therefore, besides using it as a 

guideline, this prototyping and data analysis process can also be kept as a template for 

future research. Designers can proceed with the same experiments with different 

materials, or they can evaluate and improve from this process and develop a new way 

of testing. 

Besides the collected data, the weaving process also generates many tips for textile 

designers in the future. Those technics and tips can save many times and reduce 

struggles when trying to create pressure-sensitive multi-layered woven fabrics through 

hand-weaving. 

Figure 68. Sensing Surface



4.6 Reflection on the Design during the Weaving Process
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Speaking from a personal perspective, the textile design and weaving process for this 

thesis is unique from previous theses. Normally, there are three aspects to care about 

while designing: the aesthetic aspect (pattern and color selection), the tactile aspect 

(visual and tactile aesthetics), and the technical aspect (weaving structure and yarn 

selection). For this thesis, the aesthetic and tactile values are minimized since the 

samples need to have the same size, and it is easiest to use a simple shape like a square 

with a flat surface. The color selection was set based on the color of conductive yarns. 

However, the technical aspect is divided into two parts, which are the research aspect 

and the functional aspect, and the structures and yarn combination need to fulfil the 

needs of those two aspects. 

For the research aspect, since all the woven samples were created to answer the 

research questions, it was the number one concern while designing structures. In this 

thesis, the research question is about how different variables created by weaving will 

influence pressure-sensing properties. Thus, the designed structures needed to focus on 

the chosen variable, while keeping the other variables constant. This created a direction 

for the designer. For example, when trying to understand the relationship between the 

three-dimensionality of the resistive layer and the pressure sensing property, the 

structures for the middle layers needed to have different three-dimensionality, but at 

the same time have the same number of resistive yarns facing both sides. Therefore, 

when designing other structures, the numbers of black (warp) and white (weft) needed 

to be the same as the waffle structure. All in all, to take care of the research aspect, the 

structure design must follow the research method and purpose. In control-variates 

experiments, it refers to changing one variable of structures at a time. 

In the functional aspect, it focuses on realizing the pressure-sensing property. Thus, 

when the reading is 0 or infinite, it means that either the structure or the yarn 

combination is incorrect. For example, at the beginning of the experiments that insert 

piezoresistive fabrics into woven pockets, the readings for some samples were 0 

without any pressure attached. Therefore, it is better to add 1-2 non-conductive yarns 

as the weft of both the face and back layers. Otherwise, the face and back layers may 

touch each other on the edges of the piezoresistive fabrics, which leads to shortages. 

This trick was continued in the tests for resistive layers as well. In addition, when 

trying to use resistive yarns for the middle layer, it was also a situation that requires 

changes in design due to the readings of the samples being 0. After observation, I 

noticed that the error was caused by a wrong combination of weaving structures and 

resistive yarns. When choosing the thickness of resistive yarns, structures used on all 

three layers need to be considered. In the tests, I was using satin on the top and bottom 

layers. In the middle, I used structures like rib, basket, and waffle, which contain more 

intersection and less weft density compared with satin (Figure 69). Therefore, if the 

resistive yarns’ thickness was the same as the conductive yarns, the fully packed 

conductive yarns on the face and back layers touch each other very easily through the 

holes created by low weft density in the middle layer. That may lead to a short circuit. 

However, if the resistive yarns were too thick, the face and back layers become 

distorted, especially on the edges. Also, the conductive yarns are forced to have a loose 

density compared with their regular state. To solve this problem, designers need to 

decide whether to change the structures or the yarn combination. Since the structures 

decide the variables that are being experimented on, it is not the best way to alter that. 

Therefore, in the conducted experiments, the used resistive yarns were a combination 

of one thick and one thin, to meet both requirements. As these two examples show, 

design needs to fulfil the functional needs based on the situation. 
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Besides these two aspects, textile thinking was also integrated when trying to optimize 

the sample performance. For instance, at the beginning of weaving, I found that the 

edge of each sample is very easily distorted when trying to tie the conductive yarns 

together. So, in the structure design, I added 0.5 cm of plain weaves on the edges of all 

layers. This is an example of how to improve samples for better performance. This will 

not make a big difference to the functions and properties but will smooth the weaving 

or testing process. Similarly, to make sure the size of each sample remains the same, it 

is better to weave different structures in the same row, to balance the size. Otherwise, 

different structures lead to different weft densities, which makes the sizes of samples 

very different from structure to structure. Furthermore, the weft density is depending 

on how hard the beater is drawn as well. Therefore, to keep the density and sample 

sizes in control, it is necessary to control that force while weaving. 

To sum up, the textile design process in this cross-disciplinary research that combines 

design and technology is more about textile thinking instead of creativity. At first, the 

design process is a method to meet the needs of research experiments: use the 

structures to prove the hypotheses and change the variables by changing the design. 

Then if there were problems created by the first prototype, it is important to use textile

thinking to solve them. That is how textile design is indicated in this kind of 

technology-related research. 

Figure 69. Sensing Surface, Yarn Selection



4.7 Evaluation of Weaving as a Production Method
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The conducted experiments help to find out what variables created through weaving 

influence the performance of resistive pressure sensing. Moreover, they also build a 

more detailed understanding of the properties of woven pressure sensors. This section 

is going to learn the advantages and disadvantages of weaving as a production method 

by evaluating the experiment results and comparing them with samples made with 

lamination.

In order to make comparisons, prototypes are made through lamination to learn what 

features will influence their sensing properties. Compared with weaving, the process of 

lamination is faster in time, but it allows fewer variables when designing. The process 

of creating woven samples requires deep thinking of structures and yarn combinations. 

However, the lamination doesn’t need much of those but is more about the principle of 

resistive pressure sensing. As a result, the variables that would affect laminated 

samples' sensing properties are only the fabrics' sizes and the number of resistive 

layers. Therefore, speaking from a textile designer’s perspective, weaving gives more 

potential to play with and involves more textile thinking in the process. 

If discussing the actual properties, weaving also has some advantages compared with 

lamination samples. First, as the weaving prototyping process indicates, the pressure-

sensing properties can be easily controlled by simply changing structures. This is one 

of the biggest advantages of weaving because sensors with different properties can be 

produced altogether at once. If the application requires different properties in one 

piece, for example, some areas need to be more sensitive than others, and some areas 

need to take more weight than other areas, these needed properties can all be fulfilled 

in one woven fabric. This can be very convenient in mass production. Secondly, 

weaving allows properties to change while remaining the same size by altering only the 

woven structures. This feature also allows more possibilities for designers to play with 

the sizes and patterns of sensors. However, if lamination is the production method, the 

only way to change the sensing properties is to change the dimensions of conductive 

layers or the number of resistive layers, which affects the sensor’s size as well. Thirdly, 

the sensitivity of woven samples is not influenced by common variables like the size of 

conductive layers as the laminated samples, which makes it easier for the decision-

making process. Lastly, through the prototyping, it is noticed that different 

temperatures and pressure during the laminating process also heavily influence 

samples’ pressure sensing properties. In this case, another advantage weaving has is 

that the samples are not influenced by the production environment, which is very 

suitable for prototyping since there is no need to pay extra attention to controlling the 

environment situation. 
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However, weaving also has some disadvantages. The most essential one is 

inconsistency. As weaving has space for creativities, it also opens the door to mistakes. 

During the weaving process, many elements, like entangled fibers and different beating 

forces, may influence the samples’ properties. Especially for samples with multiple 

resistive layers. In laminated samples, the piezoresistive fabrics in between are pressed 

very stiffly, especially under higher heat press temperature and pressure, which reduces 

the deviations. Hence, when attaching pressure on top, multiple copies with the same 

variables all behave very similarly and consistently. On the contrary, in the case of 

weaving samples, space is left between resistive layers due to the thickness of the 

yarns, leading to inconsistency. This may be solved by adding stitches on layers, which 

needs further experiments. All in all, when trying to increase the range of sensing by 

adding more resistive layers in between, lamination is the method that provides more 

stable readings. 

To sum up, weaving has its pros. First, it would be more interesting for designers to 

play with the structures and multiple approaches. Second, from the aesthetic 

perspective, weaving also allows more patterning and shapes since changing the 

dimensions of conductive and resistive layers is not the only way to achieve different 

properties. Moreover, if it is hard to control the production environment or the 

application may be put into situations like high temperatures, then weaving is the better 

production method to prevent unnecessary deviations. As for cons, in research that 

requires fast prototyping, lamination allows a shorter time to reach similar results. 

Moreover, in very technology-based research that only aims at realizing pressure 

sensing function, lamination is a better method as well, for giving more consistent 

results. Lastly, laminating is also very useful when trying to understand some basic 

principles of resistive pressure sensing. Based on these features, designers can decide 

the suitable methods. 

Figure 70. Sensing Surface, Weaving Process
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Figure 71. Sensing Surface
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5.1 Evaluation of Individual Work

As the previous content has expressed, this thesis tries to fill the gap between pressure-

sensitive e-textile and textile design. Instead of taking only an engineering perspective 

or a creative approach, this thesis aims to find a balance between those two and provide 

a guideline for future researchers who are interested in similar topics. Since this topic 

is very easy to become technology-focused, textile thinking is kept along the journey to 

maintain the research design-based. It has been applied from learning what a pressure 

sensor is to the experimental design and prototyping. 

First, the topic of this thesis requires much knowledge from other disciplines, which 

was very challenging for me at the beginning to learn and further utilized those 

concepts in the research. To start the exploration, I needed to build a general 

understanding of what are pressure sensors and how to achieve them. And as the 

research went deeper and more specific, resistive pressure sensing was focused. Instead 

of simply knowing the concept, it demanded comprehending its principle and 

construction so I could build the sensors with weaving. I decided to regard prototyping 

as a part of learning to understand the concept and get inspired about how to design the 

weave structures for later uses at the same time. 

Later, in the experiment design and prototyping processes, the main challenge was 

balancing engineering and design. The goal I kept through the prototyping process was 

not how to make samples functional, but more focused on how to design the weave 

structures. If thinking from an engineering mindset, the experiments would be more 

centered on dimensions, materials, and properties. But from a designer’s perspective, 

the experiments are centered on structures, and how to make the weaving samples 

more structurally stable. After the prototyping, I faced difficulty to analyze the data in a 

more scientific and engineering way of thinking. In the beginning, I had no idea how to 

analyze those data, but then I got some help from experts in the electronic field. As a 

designer, I combined the knowledge they handed me with my weaving results, and 

came up with the conclusion of how to use the weaving structures in future research. 

All in all, the individual work was carried out utilizing textile thinking, and the 

research was continued by designing different experiments based on structural 

differences. For data analysis, the research took a more engineering approach, by 

observing and generating data mapping. In the end, the engineering and design aspects 

still came together and generated a guideline for future researchers. 
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Along the journey, there are a few things that I would change or go deeper into in 

future research. The first one would be in the experiment about the number of resistive 

layers in between, I did not consider the fact that by adding the number of layers, the 

density of warp for each layer is reduced (Devendorf & Di Lauro, 2019). Thus, the 

structure for each layer needs to be altered based on the number of layers. The second 

would be that after the exploration of resistive layers, it would be more accurate if I 

redo the experiments of conductive layers using resistive yarns in the middle layer. In 

the current experiments of conductive layers, I was using piezoresistive fabrics in the 

middle. If the middle layer is woven, there are possibilities that the properties of 

conductive layers will be changed as well. So, to make sure that they have the same 

performance, it is better to run the test again. But in general, I am pleased with the 

results compared to the current research on similar topics considering the limitations in 

the material selection of piezoresistive yarns. 
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5.2 Possibilities for Future Research

By dividing the structure into conductive layers and resistive layers, the thesis takes a 

micro perspective on the woven structures and explores how variables created through 

weaving will make differences in the resistive pressure-sensing properties. After data 

analysis, this work provides a fundamental guideline of how to use weaving structures 

based on the aiming application. It also provides some insights into what situations 

weaving will be a suitable method for this application. 

For the field of woven resistive pressure-sensitive e-textiles, this thesis fills a part of 

the missing content. It can be helpful for future researchers who want to weave 

resistive pressure sensors so they can use this guideline and select the ideal structures. 

For instance, for research groups that want to use weaving to create some pressure-

sensitive fabrics for the use of healthcare, this thesis will shorten their time of mass 

prototyping. It can also be very handy if future researchers want to explore a similar 

topic, for example, how woven structures will influence the properties of capacitive 

pressure sensors, then this thesis sets an example of how to conduct this kind of 

research question indicating textile design thinking along with an engineering mindset. 

However, it still has some limitations and leaves more opportunities for future research. 

The prototypes are all made with resistive yarns consisting of Inox steel fiber and PET, 

which are not very electronically stable. Therefore, the results collected through the 

process of this thesis may differ if another material is selected for the middle layer. In 

the future of this field, it would be very beneficial if there are some stable 

piezoresistive yarns in the market to provide material support for researchers. After 

having a yarn supply, researchers can carry out the same experiments with 

piezoresistive yarns to see if the results change. Moreover, this thesis only focuses on 

multi-layered woven samples. There are other ways to achieve resistive pressure 

sensing via weaving, like two-layer and single-layer. After researching those two areas, 

this field will be better covered. Also, the techniques that are discussed in the thesis are 

only for the prototyping phase using hand-weaving on a TC 2 loom. No tests have been 

transitioned into industrial weaving for mass production. As industrial textile 

manufacturing tends to use aggressive and often destructive procedures that expose 

them to high stresses (Devendorf & Di Lauro, 2019), there is no proof that the 

materials and structures used in this thesis can stand that production conditions. After 

all, this thesis only takes a glance at this field and sets an example for similar research 

interests. In the future, designers and researchers can build on this foundation and grow 

into a mature field.

Figure 72. Sensing Surface
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Figure 73. Sensing Surface
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As e-textiles have become more and more popular in multidisciplinary research, this 

thesis attempts to explore multi-layered woven pressure-sensitive fabrics from a 

designer’s perspective. The practice-based approach discusses the research questions 

by combining textile thinking, which refers to prototype development, with a logical 

mindset, which refers to data analysis.  As a textile designer, textile thinking, and 

knowledge of weaving are highlighted and thoughtfully used when designing suitable 

structures and solving weaving problems. Compared with existing research in the field 

of pressure-sensitive textiles, this thesis takes a rather micro perspective by looking 

into structures and layers, to find out how these variables of weaving textiles affect the 

resistive pressure-sensing properties. 

In the end, the thesis develops into a textile guideline for future designers and 

researchers, on how to use weaving and how to select structures. The process presents 

how designers with textile knowledge can balance design with engineering in such an 

interdisciplinary topic, and how to use the knowledge to contribute to similar fields in 

the future. 



Sensing Surface 79

Figure 74. Sensing Surface, Textile Collection
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Appendix 1: Arduino Code
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const int sensorPin = A0; // Analog input pin that senses Vout

int sensorValue = 0; // sensorPin default value

float Vin = 5; // Input voltage

float Vout = 0; // Vout default value

float Rref = 10170; // Reference resistor's value in ohms (you can give this value 

in kiloohms or megaohms - the resistance of the tested resistor will be given in the 

same units)

float R = 0; // Tested resistors default value

void setup ()

{

Serial.begin(9600); // Initialize serial communications at 9600 bps

}

void loop ()

{

sensorValue = analogRead(sensorPin); // Read Vout on analog input pin A0 (Arduino 

can sense from 0-1023, 1023 is 5V)

Vout = (Vin * sensorValue) / 1023; // Convert Vout to volts

R = Rref * (1 / ((Vin / Vout) - 1)); // Formula to calculate tested resistor's value

Serial.print("R: "); 

Serial.println(R); // Give calculated resistance in Serial Monitor

delay(250); // Delay in milliseconds between reeds
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Figure 75. Sensing Surface


